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Heme-stress activated NRF2 skews fate trajectories of bone
marrow cells from dendritic cells towards red pulp-like
macrophages in hemolytic anemia
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Heme is an erythrocyte-derived toxin that drives disease progression in hemolytic anemias, such as sickle cell disease. During
hemolysis, specialized bone marrow-derived macrophages with a high heme-metabolism capacity orchestrate disease adaptation
by removing damaged erythrocytes and heme-protein complexes from the blood and supporting iron recycling for erythropoiesis.
Since chronic heme-stress is noxious for macrophages, erythrophagocytes in the spleen are continuously replenished from bone
marrow-derived progenitors. Here, we hypothesized that adaptation to heme stress progressively shifts differentiation trajectories
of bone marrow progenitors to expand the capacity of heme-handling monocyte-derived macrophages at the expense of the
homeostatic generation of dendritic cells, which emerge from shared myeloid precursors. This heme-induced redirection of
differentiation trajectories may contribute to hemolysis-induced secondary immunodeficiency. We performed single-cell
RNA-sequencing with directional RNA velocity analysis of GM-CSF-supplemented mouse bone marrow cultures to assess myeloid
differentiation under heme stress. We found that heme-activated NRF2 signaling shifted the differentiation of bone marrow cells
towards antioxidant, iron-recycling macrophages, suppressing the generation of dendritic cells in heme-exposed bone marrow
cultures. Heme eliminated the capacity of GM-CSF-supplemented bone marrow cultures to activate antigen-specific CD4 T cells. The
generation of functionally competent dendritic cells was restored by NRF2 loss. The heme-induced phenotype of macrophage
expansion with concurrent dendritic cell depletion was reproduced in hemolytic mice with sickle cell disease and spherocytosis and
associated with reduced dendritic cell functions in the spleen. Our data provide a novel mechanistic underpinning of hemolytic
stress as a driver of hyposplenism-related secondary immunodeficiency.
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INTRODUCTION
The hemolytic destruction of red blood cells (RBCs) generates
large quantities of cell-free hemoglobin and heme, which
accumulate in the blood and tissues. These RBC-derived toxins
drive morbidity and mortality in hemolytic anemias via a number
of pathophysiological pathways that cause nitric oxide depletion,
lipid peroxidation, and heme engagement of cellular signaling
receptors [1–4]. While primary heme toxicities are localized in the
cardiovascular system and kidneys, more recent research has
identified heme as a context-dependent stimulator and suppres-
sor of immunity and inflammation [3–5]. Immunosuppressive
functions of heme may contribute towards a poorly understood
secondary immunodeficiency, called hyposplenism, which is a
critical contributor to mortality in patients with genetic hemolytic
anemia [6–9].
Hemolytic anemias such as sickle cell disease (SCD), thalasse-

mia, and spherocytosis are the most frequent monogenic diseases
worldwide and have exerted strong evolutionary pressure on
physiological adaptation enhancing disease tolerance to anemia

and heme-stress [10, 11]. A key role of this adaptation is provided
by mononuclear phagocytes in the liver and spleen. These
macrophages remove damaged RBCs and toxic heme-protein
complexes from the blood, which limits hemolysis-related tissue
toxicity and ultimately sustains iron metabolism and erythropoi-
esis [12–17]. However, chronic heme stress, such as that in
hemolytic anemias, is noxious for erythrophagocytic macro-
phages, and their continuous replacement by bone marrow
(BM)-derived monocytes is thus needed to maintain homeostasis
[18–23]. This replacement is driven by a regulatory network that
includes the heme-activated transcription factor Spi-C [22] and
PPARγ [24]. The antioxidant and iron-recycling functions are
further supported by ATF1 [25] and the basic leucine zipper
protein transcription factor NFE2L2 (NRF2), which is known as the
master regulator of the cellular response to oxidative stress [26].
Like monocyte-derived macrophages, dendritic cells (DCs)

emerge from myeloid-rooted BM progenitors. DCs are the
professional antigen-presenting cells and are essential for the
initiation of effector T cell responses [27]. Despite their key role at
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the interface of innate and adaptive immunity, there is a lack of
research defining the influence of hemolysis and heme stress on
DCs and how a potential deregulation of DC homeostasis could
contribute to hemolysis-associated immunodeficiency. Similar to
heme-handling macrophages in the hemolytic spleen, DCs are
short-lived cells that continuously emerge from the BM and
differentiate into mature antigen-presenting cells in tissues [27–
29]. Monocyte-derived macrophages and DCs are progenies of
common myeloid BM-precursors, which implies a potential
competition of macrophage and DC generation [30–32]. Based
on this prior knowledge, we reasoned that adaptation to chronic
heme stress may progressively shift the differentiation trajectories
of myeloid BM progenitors to expand the capacity of heme-
handling macrophages at the expense of homeostatic DC
production. Although such a hematopoietic deviation may
support adaptive physiology in hemolytic stress, the resulting
deficiency in DCs may contribute to hyposplenism.
Therefore, to explore how heme-stress could perturbate

macrophage and DC homeostasis, we performed time-resolved
single-cell RNA-sequencing (scRNA-seq) experiments with mouse
BM cultures. We found that heme redirected the differentiation
trajectory of BM cells toward antioxidant and iron-recycling
macrophages rather than DCs via an NRF2-dependent signaling
pathway. Heme stress in mice with SCD replicated this phenotype
in vivo and showed the expansion of heme-handling macro-
phages and a concomitant reduction in DCs with an impaired
capacity to prime antigen-specific T cells. Our data reveal a new
regulatory function of heme in the immune system and points to a
novel mechanistic understanding of secondary immunodeficiency
in hemolytic anemia.

RESULTS
Heme exposure suppressed the phenotype of functional DCs
in mouse BM cultures
To investigate the impact of heme-exposure on myeloid cell
differentiation trajectories in vitro, we cultured lineage-depleted
(Lin−) BM cells from C57BL/6 mice supplemented with recombinant
M-CSF or GM-CSF, which are known to induce BM cells into
macrophages and DCs, respectively. Within 7 days, these M-CSF- and
GM-CSF BM cultures generated populations of CD11b+/CD115+/
MHC-class IIlow macrophages and CD11c+/CD115−/MHC-class IIhigh

DC-like cells, respectively (Supplementary Fig. 1A) [30, 33]. We
characterized the potential heme-handling function of these cells by
measuring the uptake of SnMP, a fluorescent heme-analog, using a
spectral flow analyzer. In contrast to the DC-like cells, we detected a
strong SnMP-typical fluorescence signal in the macrophages,
suggesting functional heterogeneity (Supplementary Fig. 1B).
To fully characterize the cell-type heterogeneity and changes

induced by heme under the two culture conditions, we exposed
M-CSF BM cultures and GM-CSF BM cultures to heme-albumin
(heme) or albumin (vehicle control) and then performed a
multiplexed scRNA-seq experiment (Fig. 1A). Cells under each
condition were labeled with DNA-barcoded antibodies, pooled
and processed for sequencing. Figure 1A shows a uniform
manifold approximation and projection (UMAP) of the 4852 cells
merged across the four treatment conditions (growth factor ×
treatment). The 15 clusters were assigned to cell types using an
unbiased approach with an algorithm that performs a per-cluster
search for populations with similar gene expression in a database
of >15 million annotated single-cell transcriptomes [34] (Supple-
mentary Fig. 1C). The M-CSF BM cultures generated only
macrophages, with minor database hits consistent with mono-
cytes and microglia. In contrast, the GM-CSF BM cultures were
more heterogeneous and consisted of macrophages, DCs and
neutrophils (Fig. 1B). Split UMAP plots for the four conditions
showed clear segregation of the GM-CSF and M-CSF BM cultures
and also of the control and heme-exposed cells, which implies a

strong effect of heme-exposure on the overall gene expression
profile (Fig. 1C).
The key strength of this experiment was the precise definition

of how the presence of heme changed the cell types that were
generated. In the M-CSF BM cultures all cells were assigned a
macrophage phenotype regardless of whether heme was present
in the culture or not. In contrast and unexpectedly, in the GM-CSF
BM cultures, we found that the prevailing DC population
represented by clusters 12 and 13 completely disappeared in
the presence of heme, whereas a small population exhibiting
neutrophil-specific gene expression emerged in only the heme-
treated cells (cluster 14) (Fig. 1C, Supplementary Fig. 1C). The
expression of canonical marker genes for DCs [35, 36], macro-
phages, and neutrophils is shown in Supplementary Fig. 1D.
To infer potential functional implications from the gene

expression phenotype induced by heme, we performed gene-set
enrichment analysis (GSEA) of differentially expressed genes
identified from a pseudo-bulk analysis of heme-treated versus
control samples (Fig. 1D and Supplementary Fig. 2A). In both GM-
CSF and M-CSF BM cultures, heme strongly induced the hallmark
gene set for the reactive oxygen species (ROS) pathway including
the antioxidant genes Gclm, Prdx1, Gsr, Txnrd1, and Cat (Fig. 1E).
We also found that heme enhanced expression of the iron-
recycling machinery, defined by the heme transporter Slc48a1, the
heme-degradation enzyme heme oxygenase (Hmox1), and genes
related to iron storage (Ftl1, Fth1) and iron export (Slc40a1)
(Fig. 1E). In contrast, we found consistent suppression (i.e.,
negative enrichment) of genes classified as IFN alpha and IFN
gamma responses in the heme-treated compared to the control
cells (Fig. 1D and Supplementary Fig. 2A). Collectively, these GSEA
results suggest that heme enhances antioxidant and iron-recycling
functions, while specific immune functions may be suppressed.
The defining immune function of DCs is their capacity for

antigen-specific priming of naive T cells [27, 37]. Therefore, to
functionally validate our scRNA-seq study, we analyzed the
activation and proliferation of T cells isolated from OVA-specific
recombinant T cell receptor transgenic mice (OT-2 and OT-1 mice)
in cocultures with antigen-pulsed BM cells by evaluating carboxy-
fluorescein succinimidyl ester (CFSE) dilution and cytokine
production. We performed these experiments under the assump-
tion that the observed T cell response would directly reflect the
output of mature and functionally competent DCs in the different
cell cultures. Importantly, before the coculture with T cells was
initiated, the BM cultures were washed to avoid direct interference
of heme with T cell activation and proliferation. Consistent with
our phenotype-based definition derived from the scRNA-seq data
(Fig. 1C), coculture of OT-2 CD4+ T cells with OVA323-339 peptide-
pulsed GM-CSF BM cultures, but not M-CSF BM cultures resulted in
the appearance of multiple CD69+ T cell populations with
progressively reduced (i.e., diluted) CFSE fluorescence, indicating
T cell activation and division (Fig. 1F, G). This activation was
accompanied by the secretion of IL-2, which was dose-dependent
in respect to the OVA323-339 peptide concentration used to pulse
BM cultures (Fig. 1H). Heme exposure completely suppressed the
CD4+ T cell-priming capacity of GM-CSF BM cultures (Fig. F, G, H),
which was consistent with the heme-suppressed DC phenotype
(Fig. 1D).
The ability of heme-treated GM-CSF BM culture to cross-present

ovalbumin-derived antigen to CD8+ T was also impaired as
indicated by the reduced proliferation of OT-1 cells in coculture
experiments (Supplementary Fig. 1E).
To verify that this effect of heme is maintained in vivo, we

adoptively transferred CFSE-labeled OT-2 CD4+ T cells and OVA323-

339 peptide-pulsed GM-CSF BM cells that were cultured with heme
or vehicle into CD45.1 Rag1−/− mice and analyzed the prolifera-
tion of the T cells in the spleen after 3 days by flow cytometry. In
this experiment, DC retained a strong antigen-presentation
capacity that was profoundly suppressed by heme
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Fig. 1 Heme exposure suppressed CD11c+/MHC class IIhigh/CD115 (Csf1R)− DC phenotype and function in GM-CSF mouse BM cultures. A
Left: Outline of the multiplexed scRNA-seq experiment. M-CSF- and GM-CSF BM cultures were stimulated with heme (300 µM) or vehicle on
day 3. On day 7, the cells were harvested, tagged with oligo-barcoded antibodies, and pooled into a single scRNA-seq sample for sequencing.
Demultiplexing and reassignment of treatment groups were performed after quality assessment, filtering, and cell-type attribution. Right:
UMAP plot showing cells colored by DNA-barcoded antibodies (hashtag labeling). B UMAP plot showing cells colored by cell type. C Factorial
UMAP plots of the dataset separated by culture supplement (M-CSF versus GM-CSF) and treatment condition (vehicle versus heme exposure).
The data points are colored by cell type (orange=macrophages, purple= neutrophils, green=DCs). D GSEA of differentially expressed genes
(heme exposure versus vehicle) in GM-CSF or M-CSF BM cultures. The heatmaps represent the running enrichment score per gene-set
category (red for positive enrichment, blue for negative enrichment). Each row represents one gene-set category. E UMAP plots showing the
expression levels of the top five enriched genes defining the ROS pathway and genes associated with iron recycling in the whole data set. F
M-CSF- and GM-CSF BM cells were cultured with heme (300 µM) or vehicle. On day 7, the cells were harvested, pulsed with OVA323-339 (1 µg/
ml), washed to remove any remaining heme, and then incubated with CFSE-labeled naive CD4+ T cells isolated from OT-2 mice in a 1/5 BM
cells to T cells ratio. The proliferation of CD4+ T cells was assessed by evaluating the degree of CFSE dilution measured by flow cytometry after
3 days in coculture. The cells were also stained for the T cell activation marker CD69. Representative data for cells gated based on positive CD4
expression are shown. G Cumulative T cell proliferation data from three independent coculture experiments. H GM-CSF BM cells were cultured
with heme (300 µM) or vehicle. On day 7, the cells were harvested, pulsed with OVA323-339 (1 or 10 µg/ml), washed to remove any remaining
heme, and then incubated with CFSE-labeled naive CD4+ T cells. The proliferation of CD4+ T cells was assessed after 3 days in coculture by
flow cytometry. Cumulative T cell proliferation data from three independent coculture experiments are shown. The data in G, H are presented
as the means ± SDs. Each dot represents one independent experiment. t-test (G); one-way ANOVA with Tukey’s multiple comparison test (H); n.
s. not significant, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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(Supplementary Fig. 1F, G). In summary, these experiments
indicated that heme-stress suppressed the capacity of GM-CSF
BM cultures to induce activation and proliferation of antigen-
specific T cells consistent with the disappearance of DCs.
Collectively, based on these experimental results, we hypothe-

sized that heme exposure redirects BM cell differentiation
trajectories in favor of antioxidant and iron-recycling macro-
phages at the expense of functionally mature DCs. Furthermore,
we found that cell-type heterogeneity in the GM-CSF BM cultures
provides a unique opportunity to explore heme-deviated myeloid
cell differentiation in a single culture dish, which prompted the
use of only GM-CSF BM cultures in the remainder of the study.

Heme skewed the cell differentiation fates of mouse BM
cultures from DCs towards macrophages
To capture the cell differentiation trajectories of GM-CSF BM cultures
and the effect of heme in more detail, we extended our studies with
another scRNA-seq experiment using a time-resolved scRNA-seq
experiment, as outlined in Fig. 2A. Briefly, we cultured Lin− BM cells
with GM-CSF, added heme or vehicle on day 3 of culture, and
cultured the cells for an additional 24, 72, or 96 h. Using CellRank [38],
we combined transcriptional similarity data with directional RNA
velocity information to delineate three terminal differentiation states,
or macrostates (Fig. 2B). CellSearch similarity matching attributed
these macrostates to DCs, macrophages, and neutrophils (Fig. 2C),
which is consistent with the expression of canonical marker genes für
these cell types shown in Fig. 2D. Additionally, we identified three
transitional cell states consistent with progenitors and cells at an
intermediate differentiation state (Fig. 2E). Figure 2F shows the UMAP
plots obtained in the experiment with data from cells under each
treatment condition and exposure time viewed separately. Over
time, the transcriptome profiles progressed along the RNA velocity
vectors calculated for the whole dataset (Fig. 2E), with the heme-
treated and control cultures showing very different outcomes. Cells
in the control culture initially progressed on day 3 along two
trajectories towards neutrophils and DCs. At the end of the study, on
day 7, the neutrophil arm had disappeared, leaving a prevailing
population of DCs (brown) alongside an intermediate state
population with marker gene expression consistent with immature
DCs and macrophages/monocytes. In the heme-exposed BM culture,
the propagation and collapse of the neutrophils were comparable to
those in the control culture, but the final differentiation fate of the
macrophage/DC population was strongly skewed away from DCs
towards Spic+ red pulp-like macrophages, with high expression of
key heme and iron metabolism genes such as the heme transporter
Slc48a1, Hmox1, ferritin genes (Fth1, Flt1), and the iron exporter
Slc40a1 (Supplementary Fig. 2B). This qualitative interpretation was
supported by a quantitative analysis of the discrete cell state
proportions (Fig. 2G) and by the day-wise cumulative absorption
probabilities (Fig. 2H), which represented the probabilistic fate that
any cell within the experiment would differentiate into one of the
three terminal states representing neutrophils, macrophages, or DCs.
Here, the highest absorption probability on day 7 suggested a
preferential DC cell fate for cells in the control condition and a
preferential macrophage cell fate for cells in the heme-treated
condition. Individual cell absorption probabilities for all cells across
timepoints and treatments are shown in Fig. 2I [38, 39]. A GSEA of
differentially expressed genes in heme versus control cells is
presented for each time point in Supplementary Fig. 3.
Collectively, these results reveal that heme exposure skewed the

probabilistic differentiation fates of GM-CSF BM cultures from DCs
and towards macrophages with a red pulp macrophage-like gene
expression profile supporting heme metabolism and iron recycling.

Suppression of DCs in heme-exposed BM cultures proceeds
via the transcription factor NRF2
Next, we aimed to identify the signaling pathway through which
heme suppresses the generation of mature DCs. We analysed the

genome-wide chromatin accessibility in single cells by ATAC-seq
(scATAC-seq) of GM-CSF supplemented BM cells that were
exposed on day 3 of the culture to heme or vehicle for 6 h.
Figure 3A shows UMAPs of 23,691 analyzed nuclei, which could be
classified as neutrophil or macrophage/DC precursors based on
the pseudo gene expression of cell-type specific genes. We
subsequently performed a motif enrichment analysis on the
differentially accessible regions in heme versus vehicle-treated BM
cells across the whole dataset. We found the most enriched motif
corresponded to the Nfe2l2 motif (MA0150.2), with a cell specific
Nfe2l2 enrichment in the heme-exposed macrophage/DC
precursors.
NRF2 activation proceeds via nuclear translocation of the

transcription factor after dissociation from its cytoplasmic captor
protein KEAP1. This model was consistent with a strong nuclear
accumulation of NRF2 antigen in HEK293 cells that were treated
with heme for 2, 4, and 6 h, suggesting that rapid NRF2 activation
and nuclear translocation is a highly conserved response to heme-
stress (Supplementary Fig. 4A).
To validate the function of NRF2, we performed a two-factorial

multiplexed scRNA-seq experiment using GM-CSF BM cultures
from Nrf2−/− mice and wild-type littermates that were treated
with heme or with the selective NRF2 activator ML-334
(Supplementary Fig. 4B). As an initial screen, we compared
differential gene expression data of the compound-treated (heme
or ML-334) versus vehicle-treated wild-type cells after functional
consolidation of the data by GSEA. Supplementary Fig. 4C
demonstrates the high correlation of the ranked GSEA results for
heme and ML-334, respectively. Under both treatment conditions,
genes involved in heme metabolism and the ROS pathway were
strongly upregulated, while IFN response genes were suppressed
to the greatest degree, suggesting that selective NRF2 activation
replicates the effect of heme on GM-CSF BM cultures.
Figure 3B shows UMAP plots of the scRNA-seq experiment for

the cell densities under each experimental condition separated by
genotype and treatment. Expression heatmaps of canonical
marker genes of mature DCs (Ccr7, Cd83), monocytes-
macrophages (Csf1r), and neutrophils (Csf3r) and that of
representative genes known to be regulated by NRF2 (Gclm,
Nqo1, Scl7a11, and Hmox1) are highlighted in Fig. 3C, and these
results are accompanied by a cumulative NRF2 target gene
expression score, which compares the mean expression of the
Nrf2 target genes from the TRRUST gene-set library to a randomly
selected reference set. The data indicated that both heme and ML-
334 activated Nrf2-related gene expression in wild-type cells and
almost completely blocked the emergence of Ccr7+ Cd83+ Csf1r−

DCs. Nrf2 deficiency rescued the generation of DCs in heme-
treated and ML-334-treated cells, which suggests that a linked
heme-NRF2 signaling pathway suppressed DC generation in the
heme-exposed BM cultures. In addition, we found that the heme-
induced suppression of DC generation was more pronounced in
Hmox1 knockout GM-CSF BM cell cultures (Supplementary Fig. 4D).
Hmox1 knockout cells accumulate intracellular heme, resulting in
stronger induction of NRF2 target genes compared to wild-type
BM cells (Supplementary Fig. 4E). These studies confirmed that the
DC-suppressive signaling was directly mediated by intracellular
heme and not by the primary heme-catabolites.
Collectively, the scRNA-seq results indicate that heme-activated

NRF2 suppresses the emergence of mature DCs from BM
progenitors.

Cell-intrinsic heme-NRF2 signaling suppressed DC and
functional antigen-presentation capacity in mouse BM
cultures
In the next step, we validated the function of the heme-NRF2
signaling pathway as a suppressor of DC generation by flow
cytometry and T cell proliferation assays. For these studies we
treated GM-CSF BM cultures with different concentrations of heme
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Fig. 2 Heme redirects the cell differentiation pathways in GM-CS mouse BM cultures from DCs towards macrophages. A Outline of the
multiplexed scRNA-seq experiment. GM-CSF BM-cultures were initiated on day 0, 1, 3, and 4. Each culture was treated with heme (300 µM) or
vehicle control (black arrows) on day 3 and cells were harvested on day 7 providing heme exposure periods of 0, 24, 72, and 96 h. After, the
cells were harvested, tagged with DNA-barcoded antibodies, pooled, and processed for sequencing. After quality assessment, filtering, and
cell-type attribution, the experiment was demultiplexed to reassign individual cells to their sample of origin. A UMAP plot of the scRNA-seq
results highlighting the cells that were automatically selected by the CellRank algorithm as most representative of one of three, yet undefined,
terminal differentiation states (1 brown, 2 blue, 3 violet). The terminal state-typical cell populations selected in B were used in a similarity
search against >15 million annotated cells from published studies. Similarity matching was performed using CellSearch (Bioturing). For each
macrostate (1, 2, or 3), the heatmap shows the number of high-quality matches for DCs, macrophages, and neutrophils that were then used
for cell-type attribution. C Expression intensity projections of the scRNA-seq data showing canonical marker genes for cDCs, neutrophils, and
macrophages. D UMAP plots of the scRNA-seq data separated by treatment status (control and heme). The superimposed arrows indicate RNA
velocity vectors that were calculated for each treatment condition across time points. The colors represent the three terminal states and three
additional transition states. The macrostate colors will be used for the remainder of the figure. E UMAP plots of the scRNA-seq data separated
by heme treatment status and time point illustrate the treatment-dependent differentiation pathways across the four time points. F Stack bar
charts illustrating discrete cell-type attributions as a proportion of the whole number of cells per sample, for each time and treatment
condition. Numbers are percentages. G Cumulative absorption probabilities summarizing the probability of each cell reaching each terminal
state defined as DCs, macrophages, and neutrophils given for each time point for both experimental conditions. H UMAP plots with the cells
colored according to their probability of reaching the terminal state defined as DCs, macrophages, or neutrophils. Data of all treatment
conditions (heme × time) are merged.
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and selective NRF2 activators for 4 days. The results demonstrated
that the absence of the Nrf2 gene blocked the heme-induced loss
of CD11c+/MHC class IIhigh/CD115 (Csf1R)− DCs (Fig. 4A, B).
Additionally, the two NRF2 activators ML-334 and RA-839 did not
suppress differentiation into the DCs in Nrf2−/− cells (Fig. 4C, D),
confirming the target-specificity of the observed effect. DC
generation was also reduced in Keap1 GM-CSF BM-cultures, which

have constitutively active NRF2, independent of the presence of a
pharmacological activator (Supplementary Fig. 4F). We also
performed heme treatment experiments with mixed cultures of
Nrf2−/− and wild-type BM cells in the same cell culture dish,
exploiting the congenic CD45.1/CD45.2 system, which can be used
with flow cytometry to discriminate cell origin [40] (Fig. 4E). The
results showed that in a mixed culture heme selectively

Fig. 3 Heme activates NRF2 and its signaling impaired DC differentiation in GM-CSF mouse BM cultures. A Single-cell ATAC-seq
experiment of GM-CSF BM precursors treated with heme (300 µM) or vehicle on day 3 for 6 h. From left to right, UMAP plots with cells colored
by treatment, by cell-type and by Nfe2l2 motif (MA0150.2) activity score computed using chromVAR. Cell type was attributed based on the
pseudogene expression of each cell for Mertk, Mrc1, and S100a9. Right: Top 10 overrepresented transcription factor motifs in differentially
accessible regions in heme versus vehicle-treated cells. B Factorial scRNA-seq analysis of GM-CSF BM cultures performed with BM from Nrf2+/+

and Nrf2−/− mice. The UMAP plots are colored to represent the cell densities (red) for each experimental condition (left panel: control, heme;
right panel: control, ML-334). Pink box highlights DC population. This illustration indicates that heme and ML-334 suppress the generation of
DCs in Nrf2+/+ but not Nrf2−/− BM cultures. C Expression intensity projections of selected marker genes in combined Nrf2+/+ and Nrf2−/− BM
cells treated with vehicle/heme (left) or vehicle/ML-334 (right). DCs were identified as the Ccr7high, Cd83high, and Csf1r− cell population
(highlighted by pink box). The UMAP on the lower right displays the scored expression of the full Nrf2-regulated gene set from the TRRUST
gene-set library. A high NRF2 score was detected in Nrf2+/+ cells treated with heme or ML-334.
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Fig. 4 The emergence of functional DCs was suppressed by cell-intrinsic heme-NRF2 signaling in GM-CSF mouse BM cultures. A Flow
cytometry contour plots of Nrf2+/+ and Nrf2−/− GM-CSF BM cultures treated with heme (150 or 300 µM) or vehicle for 96 h (culture days 3–7).
Based on the scRNA-seq data shown in Fig. 1, we defined DCs in this culture as CD11c+/MHC class IIhigh or CD11c+/CD115− (boxed in red). B
Proportion of DCs defined as CD11c+ MHC class IIhigh across treatment conditions and genotypes. C Flow cytometry contour plots of Nrf2+/+

and Nrf2−/− GM-CSF BM cultures treated with the Nrf2 activator ML-334 (10 µM) or RA-839 (15 µM) for 96 h. The data illustrate the Nrf2-
dependent depletion of MHC class IIhigh (yellow) cells in the CD11c+ CD115− population. D Proportions of DCs defined a CD11c+ MHC class
IIhigh across treatment conditions and genotypes. E Outline of BM coculture experiments: Nrf2−/− (CD45.2) and wild-type (CD45.1) BM cells
were cocultured in the same dish and treated with heme-albumin or vehicle for 96 h. During the final analysis, the original genotype of each
cell was assigned by flow cytometric analysis of the congenic CD45.1/CD45.2 markers. F Flow cytometry contour plots of a representative
coculture experiment. Heme exposure leads to selective depletion of CD11c+ CD115− DCs in the wild-type (CD45.1) cell population but not in
the Nrf2-knockout cell population. G Nrf2+/+ and Nrf2−/− GM-CSF BM cultures treated with vehicle, heme-albumin (150 µM), or ML-334 (10
µM) for 96 h were pulsed with OVA323-339 (1 µg/ml), washed to remove heme and excess peptide, and cocultured with CFSE-labeled OT-2
CD4+ T cells. The dilution of CFSE after 4 days was measured by flow cytometry. The cells were also stained for the T cell activation marker
CD69. Representative data for cells gated based on positive CD4 expression are shown. H IL-2 concentration in supernatants of coculture
experiments as described in G. The IL-2 concentration was measured using a Bio-Plex assay. The data in B and D, and H are presented as the
means ± SDs. Each dot represents one independent experiment. The data in F are representative of two independent experiments, and the
data in G are representative of six independent experiments. The data presented in B, D, and H were analyzed by one-way ANOVA with
Tukey’s multiple comparison test. n.s. not significant, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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suppressed the appearance of wild-type (CD45.1+) but not Nrf2−/

− (CD45.2+) CD11c+/CD115 (Csf1R)− DCs. These experiments
suggested that heme-NRF2 signaling functions as a cell-intrinsic
pathway and excluded significant paracrine effects of NRF2-
regulated metabolites or cytokines (Fig. 4F). Nrf2 gene knockout
also completely restored the impaired antigen-presentation
capacity of heme- and ML-334-treated BM cultures (Fig. 4G, H).
Taken together, these data support the existence of a cell-

intrinsic heme-NRF2 signaling pathway that prevents the genera-
tion of functionally competent DCs.

Phenotypical and functional DC depletion in the spleen of
heme-exposed mice with genetic hemolytic anemia or Hmox1
deficiency
To investigate the potential involvement of heme-mediated
effects on DCs in a pathophysiological context, we explored
mouse models of diseases related to heme exposure. These
investigations focused on the spleen, which has a dual function in
mice during hemolysis, acting as a clearance organ for damaged
RBCs and cell-free heme and as an extramedullary hematopoietic
organ [41, 42]. We thus expected that the spleen would mirror a
heme-exposed BM-like microenvironment and replicate our cell
culture model in vivo.
Intracellular heme levels are defined by the influx of extra-

cellular heme into the cell (e.g., via erythrophagocytosis or the
uptake of heme-protein complexes) and by intracellular heme
degradation through heme oxygenases [43]. The first model
investigated in this study represents a condition of cell-intrinsic
heme excess and is induced by conditional Hmox1 knockout. In
these model mice, we deleted Hmox1 by tamoxifen treatment,
which led to the progressive depletion of CD11c+/MHC class IIhigh

DCs in the spleen. In contrast to the DCs, the pool of neutrophils
was markedly enhanced 9 weeks after tamoxifen treatment
(Fig. 5A), indicating that the observed depletion of DCs was not
caused by nonspecific toxicity but rather by more specific
hematopoietic deregulation.
The second model used, which represents cell-extrinsic heme

excess, is a mouse model of SCD. Berkeley SCD mice exhibited
pronounced hemolysis with lower hematocrit and more reticulo-
cytes than their control littermates (Fig. 5B). Intravascular
hemolysis in SCD causes considerable free heme exposure, which
leads to the accumulation of heme-adducted albumin in the
plasma (Fig. 5B) [44]. In the spleen of SCD mice spectral flow
cytometry revealed expanded populations of F4/80+ macro-
phages and CD11b+/Ly6G+ neutrophils, whereas the CD11c+/
MHC class IIhigh DC population was reduced (Fig. 5C). These data
suggest that the SCD mice exhibited deregulated homeostasis of
the main phagocyte populations in the spleen through heme-
induced expansion of macrophages and neutrophils and deple-
tion of DCs.
To more specifically characterize these changes in the SCD

mouse spleen, we performed scRNA-seq experiments with spleen
cell suspensions from wild-type and SCD mice that were (1)
enriched for macrophages using anti-F4/80 antibody-coated
magnetic beads or (2) enriched for DCs using a DC isolation kit
based on the depletion of unwanted cells (mainly B cells and
erythropoietic cells). Details of the F4/80+ macrophage scRNA-seq
analysis of 21,170 cells are provided in Supplementary Figs. 5 and
6. As expected from the results of the flow cytometry experiment
(Fig. 5C), red pulp and erythroblastic island macrophages were
expanded in the spleen of the SCD mouse (Supplementary Figs. 5
and 6). Consistent with an adaptive macrophage response, we
found strongly increased expression of genes related to heme and
iron metabolism and enhanced expression of the erythrophago-
cytic marker MARCO [26] in the hemolytic SCD mouse spleen
(Fig. 5D).
In the scRNA-seq analysis of enriched DCs, we used CellRank

[38] to assign 9419 wild-type and 10,660 SCD splenic cells to one

of 10 macrostates (Supplementary Fig. 7A). Based on a set of
marker genes, every macrostate was assigned to one of six
hematopoietic cell types (Fig. 5E and Supplementary Fig. 7B/C).
Figure 5F shows UMAP plots separated by genotype with arrows
showing the RNA velocity vectors, which represent the potential
differentiation trajectories. A significantly lower proportion of
conventional DCs (cDCs) was found in the spleen of the SCD
mouse than in the wild-type mouse (5.9% vs. 27.3%). Consistent
with neutrophilia in the peripheral blood, we found a strongly left-
shifted population of neutrophils in the SCD mouse spleen. This is
visualized by the scattered distribution of the cells along the RNA
velocity vector with more cells positioned close to the vetor
origins indicating less mature cells (Fig. 5F). Because categorial
cell-type attribution based on marker genes as described above
can be ambiguous and prone to bias, we analyzed splenic cells
using a second method based on the use of RNA velocity data to
assign each cell n probabilities of reaching a predefined number
of n-terminal differentiation states (i.e., macrostates) [38, 39]. We
set the parameters to six terminal differentiation states, which
reflected neutrophils, monocytes, plasmacytoid DCs (pDCs), cDCs,
B cells, and red pulp macrophages. Supplementary Fig. 7D shows
the calculated probability for every cell in the data set to reach any
of the six macrostates. Supplementary Fig. 7E shows the
cumulative absorbance probabilities split by genotype confirming
that the SCD mouse spleen had a contracted cDC compartment.
To further define the subtype of DCs depleted from the SCD

mice, we selected all DCs from the scRNA-seq dataset described in
Fig. 5 and regrouped them through another round of unsuper-
vised Leiden clustering, which showed five distinct clusters
(Fig. 6A). We matched the gene expression profiles of each cluster
with subtype-discriminating DC markers that were defined using
the population comparison browser from ImmGen [45], which
allowed us to attribute clusters 2, 0, and 1 to cDC1s, cDC2s, and
pDCs respectively (Fig. 6B). Additionally, we identified cluster 3 as
a population of DCs highly similar to our in vitro-generated DCs in
GM-CSF BM cultures, which showed notably strong expression of
Ccr7 and Cd83 (Fig. 6C). Figure 6C shows gene expression
intensity UMAP projections for canonical DC genes that were not
used for our Immgen based classification [27, 37, 46–50],
demonstrating cDC1s with high expression of Xcr1, cDC2s
expressing Itgam and Sirpa, and pDCs expressing Siglech. The
data indicated that the observed depletion of DCs in the SCD
mouse model could be attributed to a deficiency in cDC2s and the
strong depletion of Ccr7+ Cd83+ mature DCs. We validated the
scRNA-seq data across multiple mice by qRT-PCR analysis of
enriched DCs from eight control and eight SCD animals, which
revealed profound suppression of the signals for Cd74, H2-Ab1,
and the DC maturation markers Cd83, Ccr7, and Cd40 in the SCD
mouse spleens compared with the spleens of control littermates.
The different genotype resulted in a clear segregation of wild-type
and SCD mice in the hierarchical clustering analysis shown in
Fig. 6D. Collectively, these phenotype data suggest that SCD mice
have severe deficiency of cDC2 and Ccr7+ Cd83+ mature DCs in
the spleen.
To determine whether the quantitative DC deficiency in SCD

mice observed by flow cytometry and scRNA-seq reflects an
impairment of DC function, we administered an agonistic anti-
CD40 antibody, which provides a very potent activation signal to
DCs [51], and measured the cytokine response in the blood.
Consistent with the decreased expression of marker genes for
mature CD40+ DCs, we detected significantly attenuated plasma
levels of IL12p70 and CXCL10 in SCD mice compared with
littermates (Fig. 6E), indicating lower DC activity.
We then aimed to determine whether the depletion of cDCs in

the spleens of hemolytic mice coincided with a defective CD4 T
cell priming. Because Berkley SCD mice have a mixed genetic
background, the validity of functional immunological assays
performed with this strain might be limited. Therefore, we used
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a mouse strain with hereditary spherocytosis that exhibits severe
intravascular hemolysis resulting from a mutation in the spectrin
alpha (Spta) gene [52]. As shown in Fig. 6F and Supplementary
Fig. 8A, Sptasph/sph mice also demonstrated a reduced number of
CD11c+/MHC class IIhigh DCs, and significantly attenuated anti-
CD40 antibody-induced plasma levels of IL12p70 and CXCL10

compared to littermate control animals (Supplementary Fig. 8B),
suggesting that DC depletion in the spleen is a generic sequela of
hemolysis.
Furthermore, we measured the antigen-presentation capacity of

OVA323-339-pulsed splenic DCs from Sptasph/sph and wild-type
littermates in a coculture assay with CFSE-labeled naive CD4+

Fig. 5 DC deficiency in the spleen of mice with Hmox1 deficiency or SCD. A Left: Flow cytometry contour plots of spleen cell suspensions
stained for CD11c and MHC class II from Hmox1fl/fl Creneg and Hmox1fl/fl Crepos mice at 6, 8, or 9 weeks after the induction of target gene
recombination by tamoxifen treatment. The cells were gated from live CD45+ cells. Right: Flow cytometry density plots of the spleen cell
suspensions from the mice analyzed at 9 weeks after tamoxifen induction. The suspensions were stained for CD45 and Ly6G. B Hematocrit,
reticulocytes, and plasma concentration of heme-adducted albumin in SCD mice and wild-type littermates. C Left: Flow cytometry contour
plots of spleen cell suspensions from SCD and wild-type mice stained for neutrophils (CD11b+ Ly6G+), macrophages (F4/80+), and DCs
(CD11c+ MHC class IIhigh). The cells were run on a spectral flow cytometer and gated as live CD45+ CD3_ CD19_ cells. Right: Percentages of
neutrophils, macrophages, and DCs in three SCD and control spleens. D Expression heatmap of heme and iron metabolism genes
macrophages enriched populations isolated from the spleen of SCD and wild-type mice using anti-F4/80 antibody-coated magnetic
dynabeads. The dot size indicates the fraction of cells expressing the genes, and the color indicates the normalized Z-score. E UMAP plot of
pooled scRNA-seq data from two sequencing experiments with spleen cell suspensions from SCD and wild-type mice. Before sequencing, the
spleen cells were enriched for DCs by negative selection using a DC isolation kit. The colors indicate the marker gene-derived cell-type
attribution delineated in Supplementary Fig. 5. F UMAP plot of the scRNA-seq dataset split by genotype and colored by cell type. RNA velocity
vectors are superimposed onto the UMAP plots with arrows indicating the velocity direction and magnitude (arrow length). G The stack bar
charts illustrate each cell type as a proportion of the whole number of cells per sample. The data in B, C are presented as the means ± SDs.
Each dot represents one mouse. t-test (B, C); n.s. not significant, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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T cells from OT-2 mice. The proliferation of CFSE-labeled
lymphocytes was markedly impaired after coculture with DCs
enriched from the spleens of Sptasph/sph mice compared with
coculture with DCs from the spleens of wild-type mice (Fig. 6G and
Supplementary Fig. 8C). We subsequently evaluated the ability of
splenic DCs to initiate a T cell response in vivo. To this end, we
transferred CFSE-labeled CD4+ T cells from CD45.1 × OT-2
congenic mice into Sptasph/sph or wild-type littermates and
immunized the recipients with OVA protein mixed with an
agonistic anti-CD40 antibody as the adjuvant (Fig. 6H). After
3 days, we found that the proliferation of CD45.1+ CD4+ T cells in
the spleens of Sptasph/sph mice was significantly decreased
compared to that of wild-type animals (Fig. 6I, K).
Overall, the results demonstrate that genetic hemolytic anemia

alters the homeostasis of DCs in the spleen, leading to the
depletion of cDC2s and mature Ccr7+ Cd83+ DCs. This altered
phenotype is accompanied by reductions in cytokine release and

antigen-specific CD4+ T cell expansion in the spleen, providing a
novel mechanistic underpinning of hyposplenism-related second-
ary immunodeficiency in hemolytic anemia.

DISCUSSION
Macrophages are pivotal defenders against the consequences of
hemolysis [15, 20]. This protection relies on the high capacity of
specialized macrophages in the spleen and liver to remove
damaged RBCs and cell-free heme from the blood and on
functionally linked iron-recycling pathways that promote adapta-
tion to anemia [15, 16, 53, 54]. In this study, we explored the
hypothesis that hemolysis-enhanced heme stress promotes the
generation of homeostatic macrophages at the expense of DCs,
which emerge from the same BM progenitors in a potentially
competitive way. We found that the activation of NRF2 by heme
skewed the differentiation trajectories of BM cultures towards red
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pulp macrophage-like cells that strongly expressed genes with an
antioxidant function and roles in heme and iron metabolism. This
physiologically meaningful adaptation—designed to increase
disease tolerance during hemolytic stress—deterred the genera-
tion of mature DCs and impaired the capacity to prime antigen-
specific CD4 T cells. Translational models of genetic hemolytic
anemia reproduced the outcome of heme-deregulated myelopoi-
esis. In models of SCD and spherocytosis, we found that the
expansion of heme- and iron-metabolizing macrophages in the
spleen was accompanied by a profound deficiency in phenoty-
pically and functionally mature DCs and impaired T cell priming
capacity in the spleen.
We obtained the key finding of our study that heme skews

myeloid differentiation trajectories in growth-factor supplemented
mouse BM cultures. The supplementation of BM cultures with GM-
CSF constitutes the first in vitro technique established for the
production of DC-like cells, and these cells serve as a key model
for basic science and therapeutic innovation in immunology [33].
More recently, the phenotypically and functionally very diverse
cellular output of GM-CSF supported BM cultures, consisting of
neutrophils, macrophages, and DCs, has called into question the
utility of this system for producing mature DCs for research and
therapeutic purposes [30, 55–57]. However, for our studies, the
pronounced cell-type heterogeneity of GM-CSF BM cultures
provided a unique opportunity for investigating how heme
exposure impacts differentiation trajectories across a broad
spectrum of potential cell fates within a single-cell culture dish.
To avoid the potential ambiguities of flow cytometry-based cell-

type delineation, we decided to utilize a focused scRNA-seq
strategy to validate our hypothesis that heme-exposure redirects
the differentiation of myeloid precursors towards antioxidant and
iron-recycling macrophages at the expense of DC generation. We
leveraged the scRNA-seq approach with unbiased cell-type
attribution based on RNA velocity analysis, which accounts for
the continuity of differentiation states across divergent differ-
entiation trajectories [38, 39]. In our GM-CSF BM cell culture
model, this high-dimensional analysis confirmed three trajectories
for the generation of DCs, macrophages, and neutrophils. Heme
exposure fundamentally redirected the differentiation pathway of
GM-CSF BM cultures by inhibiting the production of functionally

competent DCs and favoring macrophages with a Spic+ Hmox1+

Slc40a1+ red pulp macrophage-like phenotype. Interestingly, we
found that the heme-suppressible DC population generated
in vitro shared prominent phenotypic characteristics, such as high
Ccr7 and Cd83 expression, with the DC population that was
distinctly depleted in the SCD mouse spleen. Although the gene
expression profile of the in vitro DCs did not precisely match the
full gene expression profile defined for any of the canonical DC
subtypes found in vivo, it was previously noted that DCs produced
with this culture method share principal characteristics with
Ccr7high migratory DCs and cDC2s, notably their strong capacity
for the antigen-specific priming of naive CD4+ T cells [30, 57]. In a
broader perspective, our study not only defines a new mechanism
by which heme-exposure distorts DCs and immune homeostasis
but it also provides a unique high-dimensional analysis of a
classical cell culture model, which was and still is very popular
amongst immunologists. As such, our data may provide a resource
supporting novel interpretations of past and future studies.
We provide substantial evidence showing that the suppression

of functionally competent DCs in our BM culture model was
mediated by NRF2. NRF2 is the master regulator of the cellular
response to oxidative stress. The finding that NRF2 activation by
heme or synthetic agonists exerts such a strong effect on cell fate
decisions was, therefore, unexpected. Based on prior literature,
two principal mechanisms could explain this observation. By
supporting the expression of genes involved in heme and iron
metabolism, heme-activated NRF2 in myeloid precursors could
push probabilistic cell fate decisions toward red pulp
macrophage-like phagocytes [26]. In addition, NRF2 suppresses
several inflammatory signaling pathways that cooperatively
promote the generation of mature DCs, such as the NFkB [58],
STAT-1 [59], and STING-related interferon signaling pathways [60].
Through this suppressive activity, heme-activated NRF2 could
block the formation of mature DCs at any stage between early
progenitor commitment and final maturation.
The intracellular translocation of heme by erythrophagocytosis

or the receptor-mediated uptake of heme-protein complexes can
suppress proinflammatory transcriptional networks in macro-
phages [26, 59], disrupt actin cytoskeletal dynamics to cause
dysfunctional chemotaxis and phagocytosis [61], inhibit

Fig. 6 Functional DC depletion in the SCD spleen is caused by a loss of cDC2s and Ccr7+ Cd83+ mature DCs. A Left: All DCs from the
scRNA-seq dataset in Fig. 5E/F were extracted and clustered using an unsupervised Leiden algorithm (numbers in parenthesis are cluster
identities). For illustration of the differences, the dataset was separated by genotype (wild-type versus SCD). Right: The stack bar charts
represent the number of cells per stratified for genotype. Numbers in parenthesis are cell counts. B Cell-type attribution. The dot plot shows
the normalized expression intensity (color) and the fraction of positive cells (size) for the top five discriminating ImmGen marker genes for
cDC1s, cDC2s, and pDCs in each cluster. The dot size indicates the fraction of cells, the code color the mean expression. The dendrogram
shows the hierarchical clustering based on the PCA components between the five clusters. C UMAP intensity projections illustrate the
expression of Xcr1, Siglech, Itgam, Sirpa, Ccr7, and Cd83 across the whole dataset of wild-type and SCD DCs. D Hierarchical clustering analysis
of the normalized mRNA expression intensities for Cd74, H2-Ab1, Ccr7, Cd40, and Cd83 in isolated splenic DC suspensions. Isolated DC
samples were collected from the spleen of eight SCD mice and eight wild-type mice using a DC isolation kit and analyzed by qRT-PCR. Each
column indicates one mouse. The almost perfect clustering within genotypes and the long dendrogram distance suggest highly different
expressions across the set of marker genes in wild-type versus SCD mice. E Plasma concentrations of CXCL10 and IL12p70 in SCD mice and
wild-type littermates treated with saline (control) or an agonistic anti-CD40 antibody measured with a Bio-Plex assay. F Percentage of live
CD45+ cells splenic CD11c+ MHC class IIhigh DCs in SCD mice, Sptasph/sph mice and their littermates measured by flow cytometry in DC
enriched splenic cell suspension. G Enriched DC suspensions from the spleen of Sptasph/sph mice or wild-type littermates were pulsed with
OVA323-339 (10 µg/ml) and cocultured with CFSE-labeled naive CD4+ T cells isolated from OT-2 mice. The proliferation of CD4+ T cells was
assessed with flow cytometry by evaluating the degree of CFSE dilution after 4 days in coculture in a 1/3 enriched DCs to T cells ratio. The cells
were also stained for the T cell activation marker CD25. Representative data for cells gated based on positive CD4 expression are shown. H
Schematic representation of the adoptive T cell transfer experiments. CD4+ T cells were isolated from the spleen of CD45.1 × OT-2 mice,
labeled with CFSE and injected i.v. into Sptasph/sph mice or wild-type littermates. Subsequently, the mice were intravenously immunized with
ovalbumin protein (75 µg) mixed with an agonistic anti-CD40 antibody. Three days later, the spleens were harvested, CD4+ T cells were
negatively enriched and proliferation of CD4+ T cells was assessed by evaluating the degree of CFSE dilution. I Top row: representative density
plots of the CD45.1 and CD45. 2 expression in the enriched CD4 fraction isolated from the spleen of immunized mice. Cells were gated based
on positive CD4 expression. Bottom row: CFSE dilution in cells gated based on positive CD45.1 and CD4 expression. K Cumulative T cell
proliferation data from three independent experiments. The data in F, E, and K are presented as the means ± SDs, and each dot represents one
mouse. The data in G are representative of three independent experiments. t-test (F, K); one-way ANOVA with Tukey’s multiple comparison
test (E); n.s. not significant, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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proteasome function [62], and enhance immunosuppressive heme
metabolites produced by Hmox1 [63]. In light of these prior
studies and our own observations, it is likely that heme is a
multifactorial driver of hyposplenism-related secondary immuno-
deficiency and, collectively, these results may stimulate exploring
heme-directed therapeutics to reconstitute immune defense in
patients with hemolytic anemia.
In summary, our results reveal a role of free heme as a disruptor

of immune homeostasis at the interface of innate and adaptive
immunity and delineate a novel mechanism underlying
hyposplenism.

METHODS
Animal models
SCD mice: Berkeley SCD mice [64] with the genotype (Tg(Hu-miniLCR
α1GγAγδβS) Hba−/−, Hbb−/− and carrying the sickle transgene (HBA-HBBs)
41Paz were purchased from Jackson Laboratories. (Tg(Hu-miniLCR
α1GγAγδβS) Hba−/−, Hbb+/− and hemizygous for Tg(HBA-HBBs)41Paz
were used as control. Spherocytosis mice: Interbreeding heterozygous
Sptasph mice (B6.C3-Spta1sph/BrkJ X WB.C3-Spta1sph/BrkJ, The Jackson
Laboratory) yielded spherocytic and wild-type offspring. Homozygous mice
on a pure C57BL/6J or WB background were not viable. In contrast, F1 mice
bred from heterozygous Sptasph/wt mice that were separately maintained
on the C57BL/6J and WB backgrounds were viable and not compromised.
Conditional Hmox1 knockout mice: Hmox1tm1.1Hes [65] mice were obtained
from Dr. Esterbauer (University of Vienna, Austria) and crossed with B6.Cg
(UBC‐cre/ERT2)1Ejb/J (tamoxifen-inducible Cre recombination in all tissues)
or with B6.Cg-Commd10Tg(Vav1-icre)A2Kio/J (Cre recombination in
hematopoietic cells).
Conditional Keap1 knockout mice: Keap1tm2.Mym [66] were obtained from

RIKEN BRC and crossed with B6.Cg(UBC‐cre/ERT2)1Ejb/J mice. Other mice:
B6.Cg-Tg(TcraTcrb)425Cbn/J (OT-2), C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT-
1), B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) and C57BL/6-CD45.1/T x B6.129S7-
Rag1 < tm1Mom> /J (CD45.1/Rag1−/−) mice were obtained from the Swiss
Immunological Mouse repository (SwImMR). CD45.1 OT-2 mice were
obtained by crossing CD45.1 mice with OT-2 mice. C57BL/6J mice were
obtained from Charles River Laboratories, and Nrf2−/− and wild-type
littermates were obtained from Professor Yuet Wai Kan (University of
California, San Francisco). All colonies were housed and bred in the
specific-pathogen-free animal facility at the Laboratory Animal Services
Center (LASC) of the University of Zurich in individually ventilated cages.
Mice were housed under a 12/12-h light/dark cycle in accordance with
international guidelines.
Mice of both sexes that were 12–16 weeks old were used for all

experiments. All experimental protocols were reviewed and approved by
the Veterinary Office of the Canton of Zurich (ZH161 2020). All animals
were maintained at the animal facility of the University of Zurich (LASC)
and treated in accordance with guidelines provided by the Swiss Federal
Veterinary Office. For comparisons of genotypes, we always selected
matched wild-type and knockout mice from the same litter. For CD40
treatment experiments matched animals were allocated to control and
treatment groups randomly. Sample analysis was performed by a person
blinded to the treatment group. Mice have a numerical identifier provided
by the animal facility.

BM cell cultures
BM cells were isolated by flushing the femurs and tibias of 8- to 10-week-
old mice, followed by straining the BM through a 70-μm filter. Lin−

progenitor cells were isolated using a Lin+ cell depletion kit (Lin: CD5,
CD11b, CD45R (B220), Gr-1 (Ly-6G/C), 7-4, and Ter-119; Miltenyi Biotec) and
4 × 105 cells pro well were plated in tissue culture-treated six-well plates
(Nunc Multidishes with UpCell Surface, Thermo Fisher) in 4ml of complete
RPMI-1640 medium (10% fetal calf serum (FCS), 1% L-glutamine)
supplemented with 1% penicillin/streptomycin (P/S) and 20 ng/ml
recombinant mouse GM-CSF or 100 ng/ml recombinant mouse M-CSF
(PeproTech). For the M-CSF-supplemented cultures, half of the medium
was removed on day 3 and new medium supplemented with M-CSF (100
ng/ml) was added. For the GM-CSF-supplemented cultures, fresh medium
containing GM-CSF (2×, 40 ng/ml) was added on day 2. On day 3, half of
the medium was removed and new medium supplemented with GM-CSF
(20 ng/ml) was added. Hmox1 and Keap1 knockout were obtained by
treating the cells with 4-hydroxytamoxifen (1 μg/ml) (Sigma). Cultures were

treated on day 3 as indicated in the results section with heme-albumin,
albumin (as vehicle/control), 10 μM ML-314 (Tocris), or 15 μM RA-839
(Tocris). The BM cells were harvested for analysis on day 7 (unless
mentioned otherwise) from the thermosensitive cell culture plates after
cooling to room temperature for 30min.

Porphyrin preparation for cell culture
Hemin (heme-chloride) and SnMP (tin mesoporphyrin) were obtained from
Frontier Scientific (Newark). The porphyrins were dissolved in 10ml of
NaOH (100mM) at 37 °C, and 10ml of 20% human serum albumin (CSL
Behring AG) was then added. After 1 h of incubation at 37 °C, the pH of the
solution was adjusted to pH 7.4 using ortho-phosphoric acid, and the final
volume was adjusted to 25ml with a saline solution. The porphyrin-
albumin solutions were filter-sterilized (0.22 µm) and used immediately
[67].

In vivo treatments
Mice were treated intravenously with 100 µg of agonistic anti-CD40
antibody (InVivoPlus, clone FGK4.5/FGK45). Twelve hours after the anti-
CD40 antibody injection, blood samples were collected by cardiac
puncture for cytokine measurement (Bio-Rad, Bio-Plex).

Tamoxifen treatment of mice
Tamoxifen was prepared by dissolving in corn oil for a final concentration
of 80mg/ml. Hmox1tm1.1Hes and littermates were given 60 μl (4.8 mg)
tamoxifen solution once a day for 5 days by oral gavage.

Preparation of spleen cell suspensions and cell enrichment
Spleens were harvested and mechanically disrupted in PBS and passed
through a 70-μm cell strainer. The cell suspensions were then centrifuged,
incubated in RBC lysis buffer (BioLegend) for 2 min at 37 °C and
centrifuged once more to obtain spleen cell populations devoid of mature
erythrocytes. DCs were negatively enriched from spleen single-cell
suspensions using a Dynabeads DC enrichment kit (Invitrogen) according
to the manufacturer’s instructions. Macrophages were positively enriched
from spleen single-cell suspensions using anti-F4/80 antibody (rat,
Bioscience, Clone T45-2342)-coated Dynabeads (anti-rat IgG, Invitrogen)
according to the manufacturer’s instructions.

CD4+ T and CD8+ T cell isolation and CFSE labeling
T cells were negatively enriched from spleen single-cell suspensions using
a MagniSort CD4 or CD8 enrichment kit (Invitrogen) according to the
manufacturer’s instructions. Isolated CD4+ T or CD8+ T cells were labeled
with CFSE (Thermo Fisher) at 37 °C for 20min, washed with PBS and
counted before use. The final purity confirmed by flow cytometry to be
>95%.

OT-2 assay
A total of 104 M-CSF- or GM-CSF BM cells or DCs enriched from spleen cell
suspensions were plated in 96-well round-bottom plates, pulsed or not
with 1 or 10 μg/ml OVA peptide 323–339 (Sigma) for 30min at 37 °C, and
washed three times with PBS. Subsequently, 5 × 104 CFSE-labeled naive
CD4+ T cells isolated from spleens of OT-2 mice were added to the BM cells
or enriched splenic DCs in complete RPMI-1640 medium and cocultured at
37 °C. CFSE dilution was assessed by flow cytometry and IL-2 concentration
was measured in the supernatant by Bio-Plex assay after 3 or 4 days as
specified.

OT-1 assay
A total of 104 GM-CSF BM cells were plated in 96-well round-bottom plates,
pulsed or not with 150 μg/ml ovalbumin (InvivoGen) for 30min at 37 °C,
and washed three times with PBS. Subsequently, 5 × 104 CFSE-labeled
naive CD8+ T cells isolated from spleens of OT-1 mice were added to the
BM cells in complete RPMI-1640 medium and cocultured at 37 °C. CFSE
dilution was assessed by flow cytometry.

Transfer of GM-CSF phagocytes and OT-2-specific CD4+ T cells
into CD45.1 Rag1−/− mice
GM-CSF BM cells that were exposed to heme-albumin or albumin (vehicle/
control) as described in the BM-derived cell cultures section were
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incubated in complete RPMI-1640 medium with 10 μg/ml OVA323-339 for
30min at 37 °C. The cells were washed three times in PBS and injected
intravenously via the tail vein into Rag1−/− mice expressing the CD45.1
antigen 2 h after the intravenous transfer of 1.5 × 106 CFSE-labeled CD4+

T cells isolated from OT-2 mouse spleens. Three days later, the CFSE
dilution of splenic CD45.2+ CD4+ T cells was evaluated by flow cytometry.

Transfer of OT-2 CD4+ T cells into Sptasph/sph and Sptawt/wt

mice
First, 1.5 × 106 CFSE-labeled CD4+ T cells isolated from OT-2 × CD45.1
mouse spleens were injected intravenously via the tail vein into Sptasph/sph

mice and wild-type littermates (F1 C57BL/6J ×WB). Two hours later, the
mice were challenged intravenously with 75 μg of OVA protein (InvivoGen)
mixed with 75 μg of agonistic anti-CD40 antibodies. The mice were
sacrificed 3 days later, CD4+ T cells were enriched from the spleen by
negative selection and the CFSE dilution of CD45.1+ CD4+ T cells was
assessed by flow cytometry.

Bio-Plex cytokine assays
The concentrations of IL-2, IL12p70, and CXCL10 in coculture supernatants
or plasma were determined using Bio-Plex Cytokine Assays (Bio-Rad). The
assays were performed with a Bio-Plex 200 system (Bio-Rad), and the
results were analyzed using Bio-Plex Data Pro software (Bio-Rad).

Flow cytometry
Cells were preincubated with a LIVE/DEAD Fixable Near-IR cell stain kit
(Invitrogen) and with Mouse BD Fc Block™ (≤1 μg/million cells in 100 μl, BD
Biosciences) at 4 °C for 10min.
The following antibodies were purchased from BD Bioscience: anti-CD45

(clone 30-F11), anti-CD19 (clone 1D3), anti-CD3 (clone 17A2), anti-CD25
(clone 7D4), anti-CD11c (clone HL3), and anti-I-A/I-E (clone M5/114.15.2).
The following antibodies were purchased from BioLegend: anti-CD45.1
(clone A20), anti-CD45.2 (clone 104), anti-CD4 (clone GK1.5), anti-CD8
(clone 53-6.7), anti-CD11b (clone M1/70), anti-CD115 (AFS98), anti-CD11c
(clone N418), F4/80 (clone BM8), anti-Ly-6G (clone 1A8), and anti-CD69
(clone H1.2F3). The following antibody was purchased from eBioscience:
anti-CD4 (clone GK1.5). Corresponding isotype-matched irrelevant speci-
ficity controls were purchased from BD, BioLegend, and eBioscience.
Reticulocytes were stained with thiazole-orange (Sigma-aldrich). Multi-
parameter analysis was performed with an LSRFortessa analyzer (BD
Biosciences), a SP6800 Spectral Analyzer (Sony) or an Aurora 5 L spectral
flow cytometer (Cytek). The data were analyzed using FlowJo software
(version 10.7.1) and FCS express 7 (De Novo software).

Western blot analysis and nuclei isolation procedure
Total cellular and nuclear proteins were extracted from cultured human
HEK293 cells grown in 10 cm cell culture dishes under standard growth
conditions. For total cellular protein analysis, cells were lysed in in RIPA
buffer containing 50mM Tris-HCl pH 7.6, 150mM NaCl, 1% Nonidet P-40
substitute, 0.5% sodium deoxycholate, 0.1% SDS and 0.2 U/μl RNase
inhibitor. Nuclear proteins were analysed after a nuclei isolation procedure
according to a modified 10× Genomics protocol. In brief, cells were lysed
on ice for 5 min in chilled (4 °C) lysis buffer containing 10mM Tris-HCl, 10
mM NaCl, 3 mM MgCl2, and 0.1% Nonidet P-40 substitute in nuclease-free
water. Lysis efficiency was assessed by microscopy and proved to be over
80%. Nuclei were then washed twice with chilled (4 °C) nuclei wash buffer
containing 1% BSA and 0.2 U/μl RNase inhibitor in phosphate-buffered
saline, and finally resuspended in RIPA buffer. After three freeze-thaw
cycles, cellular debris was removed by centrifugation at 16,000 g for 15
min. Protein concentrations of all samples were determined using a Pierce
BCA protein assay (Thermo Fisher Scientific, Rockford, IL, USA). A reducing
SDS-PAGE was loaded with 3 μg total protein/well for subsequent Western
blot analysis using a Criterion TGX Stain-Free Precast Gel (Bio-Rad
Laboratories, Hercules, CA USA). Fluorescent gel imaging for total protein
analysis was performed according to the manufacturer’s protocol with a
ChemiDoc MP imager (Bio-Rad Laboratories). Proteins were transferred to a
polyvinylidene difluoride membrane (Bio-Rad Laboratories), which was
blocked by incubating for 1 h at room temperature in 10% goat serum
(Thermo Fisher Scientific) and 1% BSA in PBS on an orbital shaker. For
immunodetection, a polyclonal primary antibody directed against NRF2
(rabbit anti-human, Thermo Fisher Scientific; 1:2000) and an appropriate
HRP-conjugated secondary antibody (goat anti-rabbit, Bio-Rad Labora-
tories, 1:3000) were used. The blot was developed with Clarity Max

Western ECL Substrate (Bio-Rad Laboratories) and analyzed on the
ChemiDoc MP imager with Image Lab Analysis software, Version 5.2.1
(Bio-Rad Laboratories). Normalized band intensities were calculated by
division of the background-subtracted NRF2 band volumes by the
corresponding background-subtracted total protein lane volumes.

Sequencing-based workflows and data analysis
scRNA-seq data acquisition
Multiplexed cell culture experiments: Approximately 2 million cells
per experimental condition were stained with 1 μg of TotalSeq™ B0301-
B0308 anti-mouse Hashtag antibodies (BioLegend) according to the
manufacturer’s instructions and pooled together at equal cell numbers.
The pooled multiplexed sample was then processed according to the 10×
Genomics Chromium Single Cell 3’ v3.1 Reagent Kits with Feature
Barcoding Technology for Cell Surface Protein instruction guide. Spleen
cells: Enriched DC and macrophage populations from the spleen of SCD
mice and control littermates were run as separate samples according to
the 10× Genomics Chromium Single Cell 3’ v3.1 Reagent Kits. For spleen
single-cell experiments, the sample and controls were loaded on the same
chip and underwent library construction in parallel.
For all experiments, the sample volume was adjusted to a target

capture of 10,000 cells and loaded on the 10× Genomics chromium next-
GEM chip G to generate gel-beads-in-emulsion (GEMs). The GEM solution
was placed in a Applied Biosystems Veriti 96 well thermal cycler for
reverse transcription as described by the 10× Genomics instruction guide
(53:00 min at 53 °C followed by 5:00 min at 85 °C). The resulting barcoded
cDNA was then cleaned using Dynabeads MyOne Silane and amplified for
11 cycles (as recommended by the 10× Genomics user guide for a target
cell recovery of >6000 cells). After amplification, for multiplexed
experiments, cDNA generated from polyadenylated mRNA for the 3'
gene expression library was separated from DNA from the Cell Surface
Protein Feature Barcode for the Cell Surface Protein library with
Dynabeads MyOne Silane and SPRIselect reagents based on size. The
quality and concentration of both cDNA and DNA were assessed using
High-Sensitivity D5000 ScreenTape (Agilent). All samples presented
product sizes with a narrow distribution centered around 2000 pb and
yielded between 50 and 800 ng cDNA (manually selecting products
between 100–250 and 5000–6000 bp). cDNA and DNA were then
subjected to enzymatic fragmentation, end repair and A-tailing. Adaptors
were ligated to the fragmented cDNA and DNA, and the sample index was
added during sample index PCR (set for 12 cycles, as recommended by
the 10× Genomics user guide to correlate with a cDNA/DNA input of
12–150 ng). Library quality and concentration were assessed using High-
Sensitivity D5000 ScreenTape (Agilent). All libraries showed an average
fragment size of around 400 pb. For multiplexed runs, 3ʹ Gene Expression
and Cell Surface Protein libraries were pooled at a ratio of 4:1 and
sequenced using the Illumina NovaSeq 6000 system with a sequencing
depth of 50,000 and 12,500 reads per cell, respectively, following the
recommendations of 10× Genomics (paired-end reads, single indexing,
read 1= 28 cycles, i7= 8 cycles, i5= 0 cycles and read 2= 91 cycles). For
non multiplexed runs, 3ʹ Gene Expression libraries for each sample were
pooled at an equimolar amount and sequenced using the Illumina
NovaSeq 6000 system with a sequencing depth of 50,000 reads per cell,
following the same recommendations of 10× Genomics.

scRNA-seq data analysis. The Cell Ranger Single-Cell Software Suite
(version 4.0.0) was used for cDNA oligopeptide alignment, barcode
assignment and UMI counting from fastq data from the Illumina
sequencing. For each sample, the cell-containing droplets were filtered
from the empty droplets, and this step was followed by the generation of
an expression matrix using Cell Ranger Count (version 4.0.0). Demultiplex-
ing of the cells within each sample was performed with the filtered matrix
produced by Cell Ranger in R (version 4.4) using Seurat (version 3.2.3) and
the HTODemux function (positive quantile set at 0.99). The resulting gene
expression matrices were further analyzed with Python (version 3.8.8)
using the Scanpy (version 1.6.0) [68], scVelo (version 0.2.2) [39] and
CellRank (version 1.1.0) [38] libraries. Cells with a total number of expressed
genes >5000 or <500, a proportion of mitochondrial genes <15%, or a
proportion of ribosomal genes <30% and genes expressed in <20 cells
were excluded from downstream analyses. After filtering, normalization
was performed using the scran normalization algorithm implemented in
the scran R package (version 1.18.3), which was followed by log
normalization. For dimensional reduction, principal component analysis
(PCA) of each sample was performed using the tl.pca function with the
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default settings from the Scanpy library. For cell culture samples, a shared
nearest neighbor graph was built using the pp.neighbors function based
on the first 15 PCAs or first 30 PCAs, respectively. Using the Leiden
algorithm [69], cells were clustered and visualized in 2D using UMAP. For
expression intensity projections, the cells were colored according to their
log-normalized gene expression. Differentially expressed genes (p-value
<0.05 and a log2-fold change >0.5) were determined using the tl.
rank_genes_groups function from the Scanpy library with a pairwise
Wilcoxon rank-sum test. For RNA velocity analysis, an expression matrix
with spliced and unspliced transcript reads was calculated using the
velocyto pipeline [70] by applying the Python script velocyto.py (version
0.17.17) to the Cell Ranger output folder. Using the scVelo library, RNA
velocities were calculated by stochastically modeling the transcriptional
dynamics of splicing kinetics, and the velocities were then projected as
streamlines onto the low-dimensional UMAP embedding. With CellRank,
cells were assigned to a predefined number of macrostates combining
RNA velocity and transcriptional similarity information.

Pathway and transcription factor enrichment analysis of scRNA-seq data.
GSEA was performed using the GSEApy library [71]. As the input, we used a
gene list consisting of differentially expressed genes between the different
conditions. Using gene lists ranked according to a combined score
calculated with the tl.rank_genes_groups function from Scanpy, we
performed pre ranked GSEA using the hallmark gene sets from the
Molecular Signature Database (MSigDB) [72]. For visualization, the terms
were ordered according to their normalized enrichment score, and the
running enrichment score for each term was plotted along the ranked
genes as a heatmap.
Nrf2 target gene expression scores were calculated for each cell using

the average expression of the Nrf2 gene set from the TRRUST gene-set
library subtracted with the average expression of a randomly sampled
reference set of similar length.

scATAC-seq data acquisition. One million cells per condition were treated
for nuclei isolation following 10× genomics recommendation. Briefly, the
cells were incubated in lysis buffer (Tris-HCL 10mM, NaCl 10mM, MgCl2 3
mM, BSA 1%, Tween-20 0.1%, Nonidet P40 substitute 0.1% and Digitonin
0.01%) for 3 min and washed in washing buffer (Tris-HCL 10mM, NaCl 10
mM, MgCl2 3 mM, BSA 1%, Tween-20 0.1%) before resuspension in PBS
supplemented with BSA. Nuclei quality was assessed using trypan blue
staining (brightfield microscopy) and hoechst staining (fluorescence
microscopy). Nuclei were then processed according to the chromium next
GEM single-cell ATAC reagents kit v1.1 (10× genomics). Sample volume
was adjusted for a target capture of 10,000 nuclei and incubated with Tn5
transposase for 60min at 37 °C. Transposase-treated nuclei were then
loaded on the chromium H chip to generate GEMs. The GEM solution was
placed in a Applied Biosystems Veriti 96 well thermal cycler for 12 cycles to
generate 10× barcoded single strand DNA. DNA solutions were cleaned
from leftover reagents using silane magnetic beads and solid phase
reversible immobilization (SPRI) beads were used to eliminate unused
barcodes. Sample index PCR was performed with 9 cycles as recom-
mended by 10× genomics for an input of 6000–10,000 nuclei and the
products were cleaned using SPRI beads. Library quality and concentration
were assessed using High-Sensitivity D5000 ScreenTape (Agilent). All
libraries showed fragment size between 150 and 700 pb. Libraries were
sequenced using the Illumina NovaSeq 6000 system with a sequencing
depth of 25,000 reads per nuclei, following the recommendations of 10×
Genomics (paired-end reads, dual indexing, read 1= 50 cycles, i7= 8
cycles, i5= 16 cycles and read 2= 50 cycles).

scATAC-seq data analysis. Demultiplexing, read filtering, barcode counting
and alignment on the Grcm38p6 (mm10) reference genome was performed
using CellRangerATAC (version2.0.0) and the two samples aggregated using
cellrangerATAC aggr command with correction for sequencing depth. Data
was then analyzed using R (version 4.1.2) and the packages Seurat (version
4.0.5) [73], Signac (version 1.4.0) [74], JASPAR2020 (version 0.99.10) [75] and
chromVAR (version 1.16.0) [76]. Peak calling from cellranger output was used
for quality control metrics. Quality control metrics were obtained from the
output of Cellranger (percentage read in peaks and ratio of fragments in
blacklist regions) and calculated using the NucleosomeSignal and TSSenriche-
ment functions. Nuclei with >3000 and <100,000 peak fragments, >40% reads
in peaks, <0.025% peaks in blacklist region, <4 nucleosome signal score and >2
TSS enrichment score were kept. Peak calling was performed using Macs2 [77]
and the output was used for further analysis. Normalization, highly variable
feature finding and dimension reduction were carried out using the RunTFIDF,
FindTopfeatures and RunSVD functions, respectively. RunUMAP, Findneighbors
were then run on the latent semantic indexing dimensions 2–30 to avoid
accounting technical difference due to sequencing depth. Differential
accessible regions were calculated using the FindMarkers function using a
logistic regression framework and a likelihood ratio test. Genes closest to
differentially accessible peaks were determined using the ClosestFeature
function. Motif analysis on differentially accessible peaks was performed based
on the JASPAR2020 [75] database using the FindMotifs function. Per-cell motif
activity score was computed using the ChromVAR function. A pseudo-gene
activity matrix was calculated using the Geneactivity function which sums the
number of fragments overlapping the promoter and gene body region for
each cell (limited to the region 2 kbp upstream and downstream from gene
coordinates). Cell-type attribution was based on this gene activity matrix.

RT-qPCR analysis. Total RNA was isolated from spleen-cell suspensions
using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. Reverse transcription was performed with TaqMan reverse
transcription reagents (Life Technologies). Real-time PCR was performed
using Fast SYBR™ Green Master Mix (Applied Biosystems) to determine the
expression levels of target genes using the primers listed in Table 1 shown
below. Relative mRNA levels for experimental samples were calculated
with 7500 Fast System Sequence Detection Software version 1.4 (Applied
Biosystems) after normalization to the Hprt levels.

Free heme measurement
Mouse plasma samples were analyzed by SEC–high-performance liquid
chromatography using an Agilent 1260 II HPLC attached to a quaternary
pump and a photodiode array detector (DAD) (Agilent). Plasma samples
and hemoglobin standards were separated on a Diol-300 (3 µm, 300 × 8.0
mm) column (YMC Co., Ltd.) with PBS (pH 7.4, Bichsel) as the mobile phase
at a flow rate of 1 mL/min. For all samples, two wavelengths were recorded
(λ= 280 nm and λ= 414 nm). From these data, we quantified peak areas of
hemoglobin-haptoglobin complexes, free hemoglobin (dimers and tetra-
mers), and other heme-adducted proteins [78].

Blood analysis
Hematocrit levels of blood samples of SCD and wild-type mice were
measured by the Veterinary Laboratory of the University of Zurich.

Statistical analysis
Data plotting and statistical analysis were performed with Prism 9
(GraphPad), JMP 15 (SAS). For intergroup comparisons, we used a t-test

Table 1. Sequences for PCR primers.

Target gene Forward sequence (5'–3') Reverse sequence (3'–5')

Cd40 aaggaacgagtcagactaatgtca agaaacaccccgaaaatggt

Cd83 agggcctattccctgacgat gcttccttggggcatccttc

Ccr7 cgcaactttgagcggaacaa ccattgtagggcagctggaa

H2-Ab1 acggtgtgcagacacaacta cgacattgggctgttcaagc

Nqo1 agcgttcggtattacgatcc agtacaatcagggctcttctcg

Gstm1 gaaccaggtcatggacaccc gcaatggaacagccacaaagt

Gclm agttgacatggcatgctccg ccatcttcaatcggaggcga

Hprt cctcctcagaccgcttttt aacctggttcatcatcgctaa
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or ANOVA with Tukey’s posttest as indicated in the figure legends. All data
points are displayed in the graphs as mean ± standard deviation (n.s.= not
significant, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001). Normal
distribution with similar variance between groups was assumed. No
samples were excluded except samples were physically lost during the
experiment (e.g., failure of cardiac puncture and blood sampling in a
mouse).

DATA AVAILABILITY
The datasets generated and/or analyzed during the current study are available from
the corresponding author upon reasonable request. Sequencing data can be
accessed at the Gene Expression Omnibus under accession no. GSE179365.

REFERENCES
1. Schaer DJ, Buehler PW, Alayash AI, Belcher JD, Vercellotti GM. Hemolysis and free

hemoglobin revisited: exploring hemoglobin and hemin scavengers as a novel
class of therapeutic proteins. Blood. 2013;121:1276–84.

2. Kato GJ, Piel FB, Reid CD, Gaston MH. Sickle cell disease. Disease Primers. 2018.
https://www.nature.com/articles/nrdp201810.

3. Gladwin MT, Kanias T, Kim-Shapiro DB. Hemolysis and cell-free hemoglobin drive
an intrinsic mechanism for human disease. J Clin Investig. 2012;122:1205–1208.

4. Kato GJ, Steinberg MH, Gladwin MT. Intravascular hemolysis and the pathophy-
siology of sickle cell disease. J Clin Investig. 2017;127:750–60.

5. Buehler PW, Humar R, Schaer DJ. Haptoglobin therapeutics and compartmenta-
lization of cell-free hemoglobin toxicity. Trends Mol Med. 2020;26:683–97.

6. Onwubalili JK. Sickle cell disease and infection. J Infect. 1983;7:2–20.
7. Ringelhann B. Immunodeficiency in sickle-cell anemia. N. Engl J Med.

1973;289:326–327.
8. Ahonkhai VI, Landesman SH, Fikrig SM, Schmalzer EA, Brown AK, Cherubin CE,

et al. Failure of pneumococcal vaccine in children with sickle-cell disease. N. Engl
J Med. 1979;301:26–27.

9. Ochocinski D, Dalal M, Black LV, Carr S, Lew J, Sullivan K, et al. Life-threatening
infectious complications in sickle cell disease: a concise narrative review. Front
Pediatr. 2020;8:38.

10. Piel FB, Patil AP, Howes RE, Nyangiri OA, Gething PW, Williams TN, et al. Global
distribution of the sickle cell gene and geographical confirmation of the malaria
hypothesis. Nat Commun. 2010;1:104.

11. Williams TN, Weatherall DJ. World distribution, population genetics, and health
burden of the hemoglobinopathies. Cold Spring Harb Perspect Med. 2012;2:
a011692.

12. Bratosin D, Mazurier J, Tissier JP, Estaquier J, Huart JJ, Ameisen JC, et al. Cellular
and molecular mechanisms of senescent erythrocyte phagocytosis by macro-
phages. A review. Biochimie. 1998;80:173–95.

13. Knutson M, Wessling-Resnick M. Iron metabolism in the reticuloendothelial sys-
tem. Crit Rev Biochem Mol Biol. 2003;38:61–88.

14. Nielsen MJ, Møller HJ, Moestrup SK. Hemoglobin and heme scavenger receptors.
Antioxid Redox Signal. 2010;12:261–73.

15. Schaer DJ, Alayash AI. Clearance and control mechanisms of hemoglobin from
cradle to grave. Antioxid Redox Signal. 2010;12:181–184.

16. Muckenthaler MU, Rivella S, Hentze MW, Galy B. A Red Carpet for Iron Metabo-
lism. Cell. 2017;168:344–61.

17. Gelderman MP, Baek JH, Yalamanoglu A, Puglia M, Vallelian F, Burla B, et al.
Reversal of hemochromatosis by apotransferrin in non-transfused and transfused
Hbbth3/+ (heterozygous B1/B2 globin gene deletion) mice. Haematologica.
2015;100:611–22.

18. Liao C, Prabhu KS, Paulson RF. Monocyte-derived macrophages expand the
murine stress erythropoietic niche during the recovery from anemia. Blood.
2018;132:2580–93.

19. Youssef LA, Rebbaa A, Pampou S, Weisberg SP, Stockwell BR, Hod EA, et al.
Increased erythrophagocytosis induces ferroptosis in red pulp macrophages in a
mouse model of transfusion. Blood. 2018;131:2581–93.

20. Theurl I, Hilgendorf I, Nairz M, Tymoszuk P, Haschka D, Asshoff M, et al. On-
demand erythrocyte disposal and iron recycling requires transient macrophages
in the liver. Nat Med. 2016;22:945–51.

21. Kovtunovych G, Eckhaus MA, Ghosh MC, Ollivierre-Wilson H, Rouault TA. Dys-
function of the heme recycling system in heme oxygenase 1–deficient mice:
effects on macrophage viability and tissue iron distribution. Blood. J Am Soc
Hematol. 2010;116:6054–62.

22. Haldar M, Kohyama M, So AY-L, Kc W, Wu X, Briseño CG, et al. Heme-mediated
SPI-C induction promotes monocyte differentiation into iron-recycling macro-
phages. Cell. 2014;156:1223–34.

23. Lai SM, Sheng J, Gupta P, Renia L, Duan K, Zolezzi F, et al. Organ-specific fate,
recruitment, and refilling dynamics of tissue-resident macrophages during blood-
stage malaria. Cell Rep. 2018;25:3099–3109.e3.

24. Okreglicka K, Iten I, Pohlmeier L, Onder L, Feng Q, Kurrer M, et al. PPARγ is
essential for the development of bone marrow erythroblastic island macro-
phages and splenic red pulp macrophages. J Exp Med. 2021;218. https://doi.org/
10.1084/jem.20191314.

25. Boyle JJ, Johns M, Kampfer T, Nguyen AT, Game L, Schaer DJ, et al. Activating
transcription factor 1 directs Mhem atheroprotective macrophages through
coordinated iron handling and foam cell protection. Circ Res. 2012;110:20–33.

26. Pfefferlé M, Ingoglia G, Schaer CA, Yalamanoglu A, Buzzi RM, Dubach IL, et al.
Hemolysis transforms liver macrophages into anti-inflammatory ery-
throphagocytes. J Clin Investig. 2020. https://doi.org/10.1172/JCI137282.

27. Merad M, Sathe P, Helft J, Miller J, Mortha A. The dendritic cell lineage: ontogeny
and function of dendritic cells and their subsets in the steady state and the
inflamed setting. Annu Rev Immunol. 2013;31:563–604.

28. Guermonprez P, Gerber-Ferder Y, Vaivode K, Bourdely P, Helft J. Origin and
development of classical dendritic cells. Int Rev Cell Mol Biol. 2019;349:1–54.

29. Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, Liu YJ, et al. Immuno-
biology of dendritic cells. Annu Rev Immunol. 2000;18:767–811.

30. Helft J, Böttcher J, Chakravarty P, Zelenay S, Huotari J, Schraml BU, et al. GM-CSF
mouse bone marrow cultures comprise a heterogeneous population of CD11c(+)
MHCII(+) macrophages and dendritic cells. Immunity. 2015;42:1197–211.

31. Liu Z, Gu Y, Chakarov S, Bleriot C, Kwok I, Chen X, et al. Fate mapping via Ms4a3-
EXpression History Traces Monocyte-derived. Cells Cell. 2019;178:1509–1525.e19.

32. Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K. Development of
monocytes, macrophages, and dendritic cells. Science. 2010;327:656–61.

33. Inaba K, Inaba M, Romani N, Aya H, Deguchi M, Ikehara S, et al. Generation of
large numbers of dendritic cells from mouse bone marrow cultures supple-
mented with granulocyte/macrophage colony-stimulating factor. J Exp Med.
1992;176:1693–702.

34. Le T, Phan T, Pham M, Tran D, Lam L, Nguyen T. BBrowser: Making single-cell data
easily accessible. bioRxiv. 2020. https://www.biorxiv.org/content/10.1101/
2020.12.11.414136v1.abstract.

35. Meredith MM, Liu K, Darrasse-Jeze G, Kamphorst AO, Schreiber HA, Guermonprez
P, et al. Expression of the zinc finger transcription factor zDC (Zbtb46, Btbd4)
defines the classical dendritic cell lineage. J Exp Med. 2012;209:1153–65.

36. Satpathy AT, Kc W, Albring JC, Edelson BT, Kretzer NM, Bhattacharya D, et al.
Zbtb46 expression distinguishes classical dendritic cells and their committed
progenitors from other immune lineages. J Exp Med. 2012;209:1135–52.

37. Mildner A, Jung S. Development and function of dendritic cell subsets. Immunity.
2014;40:642–56.

38. Lange M, Bergen V, Klein M, Setty M, Reuter B. CellRank for directed single-cell
fate mapping. bioRxiv. 2020. https://www.biorxiv.org/content/10.1101/
2020.10.19.345983v1.abstract.

39. Bergen V, Lange M, Peidli S, Wolf FA, Theis FJ. Generalizing RNA velocity to
transient cell states through dynamical modeling. Nat Biotechnol.
2020;38:1408–14.

40. Boyse EA, Miyazawa M, Aoki T, Old LJ. Ly-A and Ly-B: two systems of lymphocyte
isoantigens in the mouse. Proc R Soc Lond. 1968;170:175–93.

41. Wolber FM, Leonard E, Michael S, Orschell-Traycoff CM, Yoder MC, Srour EF. Roles
of spleen and liver in development of the murine hematopoietic system. Exp
Hematol. 2002;30:1010–1019.

42. Kohyama M, Ise W, Edelson BT, Wilker PR, Hildner K, Mejia C, et al. Role for Spi-C
in the development of red pulp macrophages and splenic iron homeostasis.
Nature. 2009;457:318–21.

43. Ponka P. Tissue-specific regulation of iron metabolism and heme synthesis: dis-
tinct control mechanisms in erythroid cells. Blood. 1997;89:1–25.

44. Yalamanoglu A, Deuel JW, Hunt RC, Baek JH, Hassell K, Redinius K, et al. Depletion
of haptoglobin and hemopexin promote hemoglobin-mediated lipoprotein oxi-
dation in sickle cell disease. Am J Physiol Lung Cell Mol Physiol. 2018;315:
L765–L774.

45. Miller JC, Brown BD, Shay T, Gautier EL, Jojic V, Cohain A, et al. Deciphering the
transcriptional network of the dendritic cell lineage. Nat Immunol.
2012;13:888–99.

46. Schlitzer A, McGovern N, Teo P, Zelante T, Atarashi K, Low D, et al. IRF4 tran-
scription factor-dependent CD11b+ dendritic cells in human and mouse control
mucosal IL-17 cytokine responses. Immunity. 2013;38:970–83.

47. Zhang J, Raper A, Sugita N, Hingorani R, Salio M, Palmowski MJ, et al. Char-
acterization of Siglec-H as a novel endocytic receptor expressed on murine
plasmacytoid dendritic cell precursors. Blood. 2006;107:3600–3608.

48. Ohl L, Mohaupt M, Czeloth N, Hintzen G, Kiafard Z, Zwirner J, et al. CCR7 governs
skin dendritic cell migration under inflammatory and steady-state conditions.
Immunity. 2004;21:279–88.

F. Vallelian et al.

1464

Cell Death & Differentiation (2022) 29:1450 – 1465

https://www.nature.com/articles/nrdp201810
https://doi.org/10.1084/jem.20191314
https://doi.org/10.1084/jem.20191314
https://doi.org/10.1172/JCI137282
https://www.biorxiv.org/content/10.1101/2020.12.11.414136v1.abstract
https://www.biorxiv.org/content/10.1101/2020.12.11.414136v1.abstract
https://www.biorxiv.org/content/10.1101/2020.10.19.345983v1.abstract
https://www.biorxiv.org/content/10.1101/2020.10.19.345983v1.abstract


49. Maier B, Leader AM, Chen ST, Tung N, Chang C, LeBerichel J, et al. A conserved
dendritic-cell regulatory program limits antitumour immunity. Nature.
2020;580:257–62.

50. Dorner BG, Dorner MB, Zhou X, Opitz C, Mora A, Güttler S, et al. Selective
expression of the chemokine receptor XCR1 on cross-presenting dendritic cells
determines cooperation with CD8+ T cells. Immunity. 2009;31:823–33.

51. Cella M, Scheidegger D, Palmer-Lehmann K, Lane P, Lanzavecchia A, Alber G.
Ligation of CD40 on dendritic cells triggers production of high levels of
interleukin-12 and enhances T cell stimulatory capacity: T-T help via APC acti-
vation. J Exp Med. 1996;184:747–52.

52. Wandersee NJ, Birkenmeier CS, Gifford EJ, Mohandas N, Barker JE. Murine
recessive hereditary spherocytosis, sph/sph, is caused by a mutation in the ery-
throid alpha-spectrin gene. Hematol J. 2000;1:235–42.

53. Soares MP, Hamza I. Macrophages and iron metabolism. Immunity.
2016;44:492–504.

54. Kaempfer T, Duerst E, Gehrig P, Roschitzki B, Rutishauser D, Grossmann J, et al.
Extracellular hemoglobin polarizes the macrophage proteome toward Hb-clear-
ance, enhanced antioxidant capacity and suppressed HLA class 2 expression. J
Proteome Res. 2011;10:2397–408.

55. Guilliams M, Malissen B. A death notice for in-vitro-generated GM-CSF dendritic
cells? Immunity 2015;42:988–90.

56. Lutz MB, Inaba K, Schuler G, Romani N. Still alive and kicking: in-vitro-generated
GM-CSF dendritic cells! Immunity 2016;44:1–2.

57. Helft J, Böttcher JP, Chakravarty P, Zelenay S, Huotari J, Schraml BU, et al. Alive
but confused: heterogeneity of CD11c(+) MHC class II(+) cells in GM-CSF mouse
bone marrow cultures. Immunity 2016;44:3–4.

58. Kobayashi EH, Suzuki T, Funayama R, Nagashima T, Hayashi M, Sekine H, et al.
Nrf2 suppresses macrophage inflammatory response by blocking proin-
flammatory cytokine transcription. Nat Commun. 2016;7:11624.

59. Olonisakin TF, Suber T, Gonzalez-Ferrer S, Xiong Z, Peñaloza HF, van der Geest R,
et al. Stressed erythrophagocytosis induces immunosuppression during sepsis
through heme-mediated STAT1 dysregulation. J Clin Investig. 2021;131. https://
doi.org/10.1172/JCI137468.

60. Olagnier D, Brandtoft AM, Gunderstofte C, Villadsen NL, Krapp C, Thielke AL, et al.
Nrf2 negatively regulates STING indicating a link between antiviral sensing and
metabolic reprogramming. Nat Commun. 2018;9:3506.

61. Martins R, Maier J, Gorki A-D, Huber KVM, Sharif O, Starkl P, et al. Heme drives
hemolysis-induced susceptibility to infection via disruption of phagocyte func-
tions. Nat Immunol. 2016;17:1361–72.

62. Vallelian F, Deuel JW, Opitz L, Schaer CA, Puglia M, Lönn M, et al. Proteasome
inhibition and oxidative reactions disrupt cellular homeostasis during heme
stress. Cell Death Differ. 2015;22:597–611.

63. Cunnington AJ, de Souza JB, Walther M, Riley EM. Malaria impairs resistance to
Salmonella through heme- and heme oxygenase–dependent dysfunctional
granulocyte mobilization. Nat Med. 2012;18:120–127.

64. Pászty C, Brion CM, Manci E, Witkowska HE, Stevens ME, Mohandas N, et al.
Transgenic knockout mice with exclusively human sickle hemoglobin and sickle
cell disease. Science. 1997;278:876–878.

65. Jais A, Einwallner E, Sharif O, Gossens K, Lu TT-H, Soyal SM, et al. Heme
oxygenase-1 drives metaflammation and insulin resistance in mouse and man.
Cell. 2014;158:25–40.

66. Taguchi K, Maher JM, Suzuki T, Kawatani Y, Motohashi H, Yamamoto M. Genetic
analysis of cytoprotective functions supported by graded expression of Keap1.
Mol Cell Biol. 2010;30:3016–26.

67. Deuel JW, Vallelian F, Schaer CA, Puglia M, Buehler PW, Schaer DJ. Different target
specificities of haptoglobin and hemopexin define a sequential protection sys-
tem against vascular hemoglobin toxicity. Free Radic Biol Med. 2015;89:931–43.

68. Wolf FA, Angerer P, Theis FJ. SCANPY: large-scale single-cell gene expression data
analysis. Genome Biol. 2018;19:15.

69. Traag VA, Waltman L, van Eck NJ. From Louvain to Leiden: guaranteeing well-
connected communities. Sci Rep. 2019;9:5233.

70. La Manno G, Soldatov R, Zeisel A, Braun E, Hochgerner H, Petukhov V, et al. RNA
velocity of single cells. Nature. 2018;560:494–498.

71. Fang Z. GSEApy: Gene Set Enrichment Analysis in Python (v0.9.18). Zenodo. 2020.
https://doi.org/10.5281/zenodo.3748085.

72. Liberzon A, Birger C, Thorvaldsdóttir H, Ghandi M. The molecular signatures
database hallmark gene set collection. Cell Syst. 2015. https://www.sciencedirect.
com/science/article/pii/S2405471215002185.

73. Hao Y, Hao S, Andersen-Nissen E, Mauck WM 3rd, Zheng S, Butler A, et al. Inte-
grated analysis of multimodal single-cell data. Cell. 2021;184:3573–3587.e29.

74. Stuart T, Srivastava A, Madad S, Lareau CA, Satija R. Single-cell chromatin state
analysis with Signac. Nat Methods. 2021;18:1333–41.

75. Fornes O, Castro-Mondragon JA, Khan A, van der Lee R, Zhang X, Richmond PA,
et al. JASPAR 2020: update of the open-access database of transcription factor
binding profiles. Nucleic Acids Res. 2020;48:D87–D92.

76. Schep AN, Wu B, Buenrostro JD, Greenleaf WJ. chromVAR: inferring transcription-
factor-associated accessibility from single-cell epigenomic data. Nat Methods.
2017;14:975–978.

77. Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, et al. Model-
based analysis of ChIP-Seq (MACS). Genome Biol. 2008;9:R137.

78. Schaer CA, Jeger V, Gentinetta T, Spahn DR, Vallelian F, Rudiger A, et al. Hap-
toglobin treatment prevents cell-free hemoglobin exacerbated mortality in
experimental rat sepsis. Intensive Care Med Exp. 2021;9:22.

AUTHOR CONTRIBUTIONS
FV designed the study, performed experiments, analyzed data, and wrote the paper.
RMB implemented the RNA velocity analysis and analyzed data. MP performed the
scRNA-seq experiments and analyzed data. KH performed experiments. AY
performed the adoptive transfer experiments. ILD performed experiments. AW and
TG performed plasma analysis. RH wrote the paper. NS performed experiments. CAS
performed experiments and analyzed data. DJS designed the study, analyzed data,
and wrote the paper.

FUNDING
This study was supported by the Vontobel Foundation (to FV), the Swiss National
Science Foundation (310030_201202/1 to FV, MD-PhD scholarship to RMB, project
4221-06-2017, MD-PhD scholarship to MP, project 323530_183984, project grant
310030_197823 to DJS), the Forschungskredit of the University of Zurich (project F-21-
031) to MP, and the Swiss Federal Commission for Technology and Innovation (project
19300.1 PFLS‐LS to DJS). Open access funding provided by University of Zurich.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS STATEMENT
All animal experiment protocols were reviewed and approved by the Veterinary
Office of the Canton of Zurich (ZH161 2020) and performed in accordance with
guidelines provided by the Swiss Federal Veterinary Office.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41418-022-00932-1.

Correspondence and requests for materials should be addressed to Florence
Vallelian.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

F. Vallelian et al.

1465

Cell Death & Differentiation (2022) 29:1450 – 1465

https://doi.org/10.1172/JCI137468
https://doi.org/10.1172/JCI137468
https://doi.org/10.5281/zenodo.3748085
https://www.sciencedirect.com/science/article/pii/S2405471215002185
https://www.sciencedirect.com/science/article/pii/S2405471215002185
https://doi.org/10.1038/s41418-022-00932-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Heme-stress activated NRF2�skews fate trajectories of bone marrow cells from dendritic cells towards red pulp-like macrophages in hemolytic anemia
	Introduction
	Results
	Heme exposure suppressed the phenotype of functional DCs in mouse BM cultures
	Heme skewed the cell differentiation fates of mouse BM cultures from DCs towards macrophages
	Suppression of DCs in heme-exposed BM cultures proceeds via the transcription factor NRF2
	Cell-intrinsic heme-NRF2�signaling suppressed DC and functional antigen-presentation capacity in mouse BM cultures
	Phenotypical and functional DC depletion in the spleen of heme-exposed mice with genetic hemolytic anemia or Hmox1 deficiency

	Discussion
	Methods
	Animal models
	BM cell cultures
	Porphyrin preparation for cell culture
	In vivo treatments
	Tamoxifen treatment of mice
	Preparation of spleen cell suspensions and cell enrichment
	CD4+ T and CD8+ T cell isolation and CFSE labeling
	OT-2 assay
	OT-1 assay
	Transfer of GM-CSF phagocytes and OT-2-specific CD4+ T�cells into CD45.1 Rag1−/− mice
	Transfer of OT-2 CD4+ T�cells into Sptasph/sph and Sptawt/wt mice
	Bio-Plex cytokine assays
	Flow cytometry
	Western blot analysis and nuclei isolation procedure
	Sequencing-based workflows and data analysis
	scRNA-seq data acquisition
	Multiplexed cell culture experiments
	scRNA-seq data analysis
	Pathway and transcription factor enrichment analysis of scRNA-seq data
	scATAC-seq data acquisition
	scATAC-seq data analysis
	RT-qPCR analysis

	Free heme measurement
	Blood analysis
	Statistical analysis

	References
	Author contributions
	Funding
	Competing interests
	Ethics statement
	ADDITIONAL INFORMATION




