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In brief

Splenic macrophages adapt to malaria
through subset-specific remodeling and
inter-macrophage communication. Using
fate mapping, single-cell transcriptomics,
and genetic perturbation, Mauel et al.
show that red pulp macrophages (RPMs)
and marginal metallophilic macrophages
(MMMs) are predominantly yolk sac
derived. They identify a CD163"9" iron-
recycling RPM subset that is lost after
malaria and find that stress response
factor GDF15-dependent signaling
supports MMM maintenance.
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SUMMARY

The spleen harbors distinct macrophage subsets that support circulatory homeostasis and initiate immune
responses, but the ontogeny and long-term dynamics of these populations remain incompletely understood.
Here, we identified a transcriptionally and developmentally distinct CD163-expressing red pulp macrophage
(CD163"9" RPM) population that arose from yolk sac progenitors and occupied a vascular-associated niche.
Using fate-mapping models, we showed that CD163~ RPMs were progressively replenished by monocytes
during aging, whereas CD163"9" RPMs were mainly self-maintaining. During blood-stage malaria, CD163"9"
RPMs were rapidly depleted, failed to recover despite parasite clearance, and were replaced by CD163~
monocyte-derived RPMs. Single-cell RNA sequencing and genetic mouse models revealed that CD163 defi-
ciency exacerbated structural disintegration of the marginal zone and selectively impaired marginal metallo-
philic macrophage (MMM) recovery, underscoring a CD163-dependent RPM-MMM crosstalk. This study
reveals that the sustained loss of a specialized, yolk sac-derived CD163™9" RPM subset rewires splenic ar-
chitecture and inter-macrophage crosstalk long after malaria resolution.

INTRODUCTION

The spleen maintains circulatory homeostasis by filtering the
blood and eliminating senescent red blood cells (RBCs) and
blood-borne pathogens. It consists of lymphocyte-rich white
pulp and the red pulp with its characteristic open circulation,
enabling direct interactions with circulating cells and rapid im-
mune responses.’ Splenic macrophages mediate homeostatic
and immunological functions through four major subsets, each
occupying a distinct anatomical niche'?: white pulp macro-
phages (WPMs), which clear apoptotic Iymphocytess; marginal
zone macrophages (MZMs) and marginal metallophilic macro-
phages (MMMs), both dependent on the nuclear receptor Lxra
and involved in antigen uptake, processing, and transfer?; and
red pulp macrophages (RPMs), characterized by high F4/80

expression and essential for erythrophagocytosis and iron recy-
cling.>® These subsets are shaped by local cues and transcrip-
tional regulators, such as Spic for RPMs.” Under steady-state
conditions, RPMs recycle iron from damaged/senescent RBCs
in a Spi-C-dependent manner.? These erythrophagocytic mac-
rophages rely on the heme oxygenase-1 (Hmox1/HO-1)° for
heme degradation and ferroportin (SLC40A1)'° for iron export’-®
and support erythropoiesis. '

Macrophage function has been proposed to be tightly linked
to developmental origin, a concept advanced through fate-map-
ping models."?"'* During adulthood almost all myeloid cells are
derived from hematopoietic stem cells (HSCs), with the excep-
tion of certain tissue-resident mast cells’® and macro-
phages.'®'® These macrophages originate from yolk sac-
derived erythro-myeloid progenitors (EMPs), populate the
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Figure 1. P. chabaudi infection transiently remodels splenic macrophage populations and architecture
(A) OMIQ-based clustering of CD45", CD11b*, and MHC class II* splenocytes from Ctrl and 7, 14, and 90 dpi mice based on marker expression in (B).

(B) Expression of characteristic myeloid markers across clusters.
(C) UMAP overlay of Ctrl, 7, 14, and 90 dpi samples.
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embryo before the onset of definitive hematopoiesis'*?° and can

self-maintain in some tissues throughout life, with varying contri-
bution of HSC-derived cells.'**%?! Although some splenic mac-
rophages emerge postnatally,®? the ontogeny and longevity of
splenic macrophage subsets remain incompletely understood.

Beyond homeostasis, macrophages of both EMP and HSC
origin support pathogen clearance.”’ Monocyte-derived macro-
phages are recruited during acute infections and are often char-
acterized by a more pro-inflammatory phenotype, whereas resi-
dent macrophages support the resolution phase.”*** During
malaria, a life-threatening hemolytic disease caused by Plasmo-
dium infection, the complex life-cycle of the parasite®>*® compli-
cates vaccine development.?’ After the asymptomatic liver-
stage, merozoites are released into the circulation and invade
RBCs,?” which circulate through the spleen and can be elimi-
nated by resident macrophages.*® High parasite burdens during
the acute phase of the infection require recruitment of innate im-
mune cells to achieve a protective immune-mediated inflamma-
tory response.”® Parasite-induced rupture of RBCs (intravas-
cular hemolysis) can lead to anemia and depletion of splenic
erythrophagocytic macrophages. This releases hemoglobin
and labile heme, which has high redox activity, aggravating ma-
laria severity.>° To restrain oxidative damage, scavengers like
haptoglobin form a complex with labile heme,®' which binds to
the CD163 receptor, expressed on erythrophagocytic macro-
phages. Internalization facilitates heme catabolism via Hmox1
and iron recycling.>® Thus, splenic macrophages contribute to
early containment of blood-borne infections, but their subset-
specific roles, replacement dynamics, crosstalk, and long-term
recovery remain unresolved.

Using fate-mapping models, we resolve the developmental or-
igins and cellular dynamics of splenic macrophage subsets
during homeostasis and malaria, uncovering a CD163-based
heterogeneity of RPMs. We show that blood-stage malaria in-
duces a selective and irreversible loss of embryonic CD163™9"
RPMs, partly driven by heme stress. Single-cell RNA sequencing
(scRNA-seq) and macrophage-specific knockout (KO) models
reveal a critical crosstalk between CD163"9" RPMs and
MMMs required to preserve splenic architecture and function
at steady state and during infection.

RESULTS

Malaria transiently disrupts splenic architecture and
macrophage composition

To assess splenic macrophage responses to blood-stage malaria,
we analyzed CD11b*/MHC class II* myeloid cells at acute (7 and
14 days post-infection [dpi]) and chronic (90 dpi) time points
following Plasmodium chabaudi AS (P. chabaudi) infection, a
non-lethal experimental model of malaria. We established a flow
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cytometry panel for simultaneous analysis of RPMs (F4/80M9"
CD11b'°%), MMMs (CD169*Tim4*), MZMs (Tim4™MARCO*), and
WPMs (CD11b*MerTK*) combined with unsupervised clustering
and visualization (Figures 1A-1C). Combined uniform manifold
approximation and projection (UMAP) analysis of control, acute,
and chronic samples confirmed reliable detection of all macro-
phage subsets based on their characteristic surface markers
(Figures 1A and 1B). Monocytes (Ly6C™), granulocytes (Ly6G*),
dendritic cells (CD11c*MHC class II*), and myeloid progenitors
(CD11b*Ly6C™) were detected in control and infected conditions
across all time points. At 14 dpi, we observed a distinct cluster of
CD11c"9" infiltrating macrophages and MHC class 11" myeloid
cells that upregulated macrophage markers including macro-
phage receptor with collagenous structure (MARCO) and MER re-
ceptor tyrosine kinase (MerTK) (Figures 1B and 1C). While MMMs,
MZMs, and WPMs returned to control-like UMAP positions at 90
dpi, RPMs remained persistently shifted (Figure 1C), reflecting sus-
tained surface marker changes. This streamlined panel identified
all known splenic macrophage populations (Figure 1D).

We analyzed spleen morphology, weight, and histology 4-90
dpi (Figures 1E and S1A). As expected, parasitemia followed a
cyclic course during the first 3-4 weeks and became undetect-
able from day 56 onward (Figures S1B and S1C). Peak parasite-
mia coincided with anemia, reflected by reduced RBC counts,
hematocrit, and hemoglobin around 14 dpi, alongside increased
circulating leukocytes, all of which normalized after the acute
phase (>35 dpi) (Figure S1D). Severe splenomegaly developed
during peak parasitemia and gradually resolved by 90 dpi
(Figure S1E).

H&E staining revealed marginal zone disruption from 14 dpi,
followed by immune cell infiltration indicated by splenomegaly
(Figures 1E and S1E). Although hemozoin deposits persisted at
90 dpi, splenic architecture had largely normalized (Figure 1E).
Using CD169 to detect MMMs, we confirmed transient loss
and subsequent regeneration of the marginal zone structure
(Figure 1F). While the transient reduction in RPM frequency
among CD45" cells following blood-stage malaria has been
described,®*® the dynamics of all splenic macrophage subsets
during the chronic phase remained unknown. We quantified ab-
solute macrophage numbers per spleen and per gram of tissue,
respectively (Figures 1G and S1F). RPMs expanded during the
first month of infection, peaking at 35 dpi, before returning to
baseline by 90 dpi. WPMs increased initially in numbers and re-
turned to baseline by 90 dpi. In contrast, MMMs and MZMs
declined during the first peak of parasitemia (14 dpi) but gradu-
ally recovered (Figures 1G and S1F), consistent with histological
observations (Figures 1E and 1F).

To investigate infection-induced emergency myelopoiesis that
may replenish splenic macrophages via circulating mono-
cytes,** we quantified bone marrow (BM) hematopoietic stem

(D) Gating strategy for RPMs, MMMs, WPMs, and MZMs.

(E and F) Representative H&E staining (E) and immunofluorescent images (F) of spleens from Ctrl and P. chab-infected mice (7, 14, and 90 dpi). Scale bar, 100 pm.

Representative for n = 2-3, 2 independent experiments.

(G) Quantification of macrophages in Ctrl and P. chab -infected mice (4-90 dpi) by flow cytometry. n (Ctrl) > 20, n (P. chab) = 5-15 per time point, 2-3 independent
experiments, Kruskal-Wallis test, *p < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001. Bars represent mean + SD; individual mice are represented as circles.
MMMs, marginal metallophilic macrophages; MZMs, marginal zone macrophages, RPMs, red pulp macrophages, WPMs, white pulp macrophages; and dpi:

days post-infection.
See also Figures S1 and S2.
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Figure 2. A CD163-expressing RPM subset localizes to the vasculature and is lost after malaria

(A) scRNA-seq of Ctrl and P. chab-infected splenocytes visualized by UMAP.

(B) Incoming and outgoing interaction strength of identified cell clusters determined by CellChat.
(C) UMAP visualization of RPM, MMM/WPM/MZM, Fth1"9" and monocyte/MDM subclusters.
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and progenitor cells (HSPCs) and peripheral blood immune cells
4-90 dpi. Conventional gating of HSPC populations (Figure S2A)
revealed that long-term-HSCs and multipotent progenitor 4
(MPP4) were unaffected by infection (Figure S2B). Short-term-
HSCs and granulocyte-monocyte-progenitors increased at 56
dpi. In contrast, MPP2 and MMP3 populations were transiently
elevated, peaking at 7 dpi and returning to baseline by 14 dpi
(Figure S2B), indicating a temporary emergency myelopoietic
response.

We next analyzed the systemic cell output into blood,
including B and T lymphocytes, granulocytes, and monocyte
subsets (Figures S2C and S2D). While most populations re-
mained stable, we observed a decrease of B cells 7-14 and a
specific increase in MHC class II* monocytes (Figure S2D),
potentially contributing to the influx of MHC class II* myeloid
cells during this period (Figures 1A-1C).

Together, peak parasitemia coincided with splenic architec-
tural disruption, RPM expansion, transient BM progenitor activa-
tion, and increased monocytic output, all of which largely re-
turned to homeostasis after parasite clearance.

The CD163-expressing RPM population is lost after
malaria infection

Although the spleen appeared morphologically regenerated at
90 dpi, we hypothesized that malaria induced long-lasting mo-
lecular changes within splenic macrophage populations, partic-
ularly in RPMs, as suggested by their altered UMAP distribution
(Figure 1C). To determine persistent transcriptional changes, we
sequenced fluorescence-activated cell sorting (FACS)-enriched
CD64* and MACS-enriched CD45™ cells from control and 90 dpi
animals (Figures 2A and S3A-S3D). Analysis of all scRNA-seq
conditions revealed distinct myeloid clusters, including RPMs
(defined by high Adgre1, Mrc1, and Adam22 expression), a com-
bined cluster of marginal zone and white pulp macrophages
(MMMs, MZMs, and WPMs; expressing Marco, Siglec1, and
Timd4), a Fth1"9" macrophage population enriched for ferritin
h chain 1 (Fth1), and a monocyte/monocyte-derived macro-
phage (MDM) cluster characterized by Ly6c2, Ccr2, and low Ad-
gre1 expression (Figure S3D; Table S1). In addition to macro-
phages, other immune cell types (granulocytes, dendritic cells,
B cells, and T cells) and non-immune stromal cells (lymphatic
endothelial cells, vascular smooth muscle cells [VSMCs], and a

¢? CellPress

OPEN ACCESS

mixed mesenchymal cluster [mesenchymal stem cell/ fibro-
blastic reticular cell (MSC/FRC)]) were also detected (Figures
2A and S3D).

To infer intercellular communication networks, we applied
CellChat analysis. Both interaction number and overall interac-
tion strength were elevated at 90 dpi compared to controls
(Figures S3E and S3F). RPMs exhibited the highest interaction
strength (Figure S3F), suggesting that they function as dominant
communication hubs after infection. Outgoing versus incoming
interaction strength analysis further confirmed that macrophage
subsets maintained central roles in spleen-wide communication
under both homeostatic and post-infection conditions. However,
signaling activity was markedly enhanced post-malaria, espe-
cially among MMM/WPM/MZM subsets (Figure 2B), indicating
persistent reorganization of communication networks.

To define long-lasting transcriptional changes within splenic
macrophages, we subclustered all macrophages from the
scRNA-seq dataset. In addition to expected populations (RPMs,
MMMs, MZMs, WPMs, MHC class II"" macrophages, and
monocytes), we identified two transcriptionally distinct macro-
phage subsets: Fth1"9" macrophages marked by high expression
of Fth1 and Hmox1, and a second RPM cluster that had signifi-
cantly higher expression of iron metabolism-related genes
(Cd163°°°¢ and Setdb1®’), hereafter referred to as RPM™"
(Figures 2C and 2D; Table S2). This heterogeneity has not been
previously described, where CD163 surface expression was
thought to be broadly shared among all RPMs.® While propor-
tion-based analyses suggested altered macrophage composition
after infection, including reduced MMM abundance (Figure 2E),
these analyses did not reflect absolute population dynamics
(Figures 1G and S1F). We therefore focused on the RPM™" pop-
ulation during homeostasis and post-malaria recovery.

To identify iron-related genes associated with RPM™", we
performed marker gene analysis of genes co-expressed with
Cd163 (Figure S3G). Hmox1, Sic40a1, Stab2, and Tfrc, genes
involved in iron uptake, recycling, and transport,®® were inte-
grated into a module score-based analysis, revealing persistent
changes in coordinated iron-related transcriptional programs af-
ter infection, with the strongest changes in RPM™" cells
(Figures 2F and S3H). Feature and split-UMAP representations
showed Cd763 expression in both RPM and RPM™" popula-
tions, with higher expression in RPM™", reduced Cd7163

D) Cluster-specific marker genes shown in (C).
E) Relative distribution of macrophage clusters in Ctrl and P. chab infection.

false discovery rate (FDR) correction, **p < 0.01 and **p < 0.001.

G) UMAP of macrophage subclusters showing Cd163 expression in Ctrl to P. chab infection.

(H) Cd163 expression in RPMs and RPM™" in Ctrl to P. chab infection. Mann-Whitney test with two-sided comparison, *p < 0.05, **p < 0.01, and ***p < 0.001. Cells
from n = 2 biological replicates per condition. Circles represent single cells.

(1) Quantification of CD163~ and CD163"9" RPMs in Ctrl and P. chab-infected mice (1-90 dpi) by flow cytometry. n (Ctrl) > 20, n (P.chab) = 5-20 per time point, 2-4
independent experiments, Kruskal-Wallis test, *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001. Bars represent mean + SD; individual mice are represented as
circles.

(J) Representative immunofluorescence image showing localization of CD163"9" RPMs relative to CD31* vasculature during steady state. Scale bar, 25 pm.
Representative for n = 2.

(K) Distance of CD163"9" and CD163~ RPMs to CD31* blood vessels. 4 spleens, n (CD163"") = 305 cells, n (CD1637) = 657 cells, Mann-Whitney
test, **p<0.001.

(L) GO terms enriched in RPM™" versus RPMs.

FRCs, fibroblastic reticular cells; MSCs, mesenchymal stem cells; VSMCs, vascular smooth muscle cells.

See also Figures S3 and S4.
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(F) Module score analysis of iron-related genes (Hmox1, Slc40a1, Stab2, and Tfrc) in RPM and RPM'™". Mann-Whitney test, followed by Benjamini-Hochberg
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transcript abundance 90 dpi, and differences in the relative posi-
tioning of RPM™" cells within the UMAP embedding (Figure 2G).
Quantification of normalized gene expression confirmed higher
Cd163 expression in RPM™" than conventional RPMs and a
global reduction in Cd163 expression after malaria (Figure 2H).
To examine this at the protein level, we performed flow cytome-
try and immunofluorescence during acute and chronic infection.
CD163 protein was expressed by a subset of RPMs under
steady-state conditions, hereafter referred to as CD163M9"
RPMs to distinguish the protein-defined population, and these
cells progressively declined in number from 4 dpi, with loss per-
sisting through 180 dpi (Figures 21 and S4A-S4D). Immunofluo-
rescence analysis showed that CD163"9" RPMs localized signif-
icantly closer to CD31* blood vessels than CD163~ RPMs,
consistent with a vascular-associated niche (Figures 2J and 2K).

To assess functional differences between RPM™" and con-
ventional RPMs, we performed Gene Ontology (GO) enrichment
analysis on differentially expressed genes (DEGs) under steady-
state conditions. RPMs were enriched for pathways involved in
vesicle-mediated transport, oxidative phosphorylation, and pro-
tein localization, indicative of active metabolic and homeostatic
functions. In contrast, RPM™" showed enrichment in gene pro-
grams associated with immune activation, cell motility, and
organelle regulation (Figure 2L; Table S3), suggesting a more
responsive or migratory phenotype. Despite persistent Cd163
transcript expression after infection (Figures 2G and 2H),
RPM™" failed to fully re-express CD163 protein (Figure 2I), sug-
gesting that the sustained reduction of CD163"9" RPMs after
malaria may result from both the loss of these cells and incom-
plete re-expression of CD163 in remaining cells.

Fate mapping reveals distinct developmental
trajectories of RPM populations

To investigate the ontogeny of CD163"9" and CD163~ RPMs
during steady state and after infection, we used the
Cxcrd®eER12: Rosa2e-SktdTomate fate_mapping model (Figure
S5A), which labels BM-derived monocytes after tamoxifen injec-
tion of adult mice."**° After five daily tamoxifen injections and a
4-week washout period prior to infection, we observed ~90%
tdTomato labeling of circulating monocytes in both control and
P. chabaudi-infected mice across all time points (Figure S5B).
In control mice, CD163"9" RPMs showed only ~10% tdTomato
labeling up to 56 days after the washout period. This increased
modestly to ~30% by 90 days (i.e. 4 months post-tamoxifen),
indicating that CD163"S" RPMs are largely independent of
monocyte influx under steady-state conditions. Also in this
model, CD163"9" RPMs were undetectable early after
P. chabaudi infection. CD163~ RPMs initially showed ~18%
tdTomato labeling, which increased to >45% 4 months after
tamoxifen injection (90 dpi) (Figure S5B), suggesting that
CD163~ RPM constitute a distinct subset with greater monocyte
input over time. Following infection, CD163~ RPM reached
~80% tdTomato labeling by 14 dpi and ~85% at 90 dpi
(Figure S5B), indicating monocyte replenishment of most
RPMs after infection. Together, these findings suggest that the
adult RPM compartment is heterogeneous: CD163~ RPMs are
replaced by monocytes over time, whereas CD163"9" RPMs
are largely self-maintaining under homeostatic conditions and
only slowly replenished.
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Splenic macrophage subsets are differentially
replenished by monocytes after malaria
While previous studies proposed that RPMs are predominantly
yolk sac-derived,'®*" our fate-mapping data indicated a notable
contribution of BM-derived cells to the adult RPM pool,
especially in the CD163™ population. To dissect both the
developmental origin and long-term persistence of splenic macro-
phages, we employed the Tnfrsf11a°"; Rosa26-S-"FF; Ms4a3MPC;
Rosa26FSF-tdTemato 43 46 ble fate-mapping model, which simulta-
neously traces yolk sac-derived pre-macrophages (pMacs, via
yellow fluorescent protein [YFP]) and BM-derived monocytes (via
tdTomato) (Figure 3A). Efficient labeling of pMacs and their prog-
eny in Tnfrsf11a®®; Rosa26->-YFF mice has been previously
demonstrated, but because Tnfrsf11a, a core macrophage gene,
is also expressed in monocytes once they differentiate into tis-
sue-resident macrophages, we integrated the Ms4a3™° driver
to selectively mark monocyte-derived cells.*” This dual labeling
approach enables identification of both cellular origin and mono-
cyte-derived cells that acquired tissue residency, as evidenced
by co-expression of YFP and tdTomato (Figures 3A and S5C).
We first focused on CD163"9" RPMs. At 1 week of age, prior to
the full segregation of red and white pulp evidenced by the
random distribution of CD169, YFP* CD163"9" cells were detect-
able in the parenchyma (Figure S5D). Comparing developmental
trajectories of CD163M9" and CD163~ RPMss in fetal, early post-
natal, and young adult mice using flow cytometry, both RPM
subpopulations were almost exclusively yolk sac-derived until
2 months of age (Figures 3B—3D) when splenic architecture
was fully developed, and YFP* CD163"9" cells were evenly
distributed throughout the red pulp, with minimal overlap with
tdTomato* cells (Figure S5E). During aging (3—12 months), the
developmental trajectories diverged slightly: ~60% CD163Md"
RPMs remained of yolk sac origin (Figure 3B), while CD163™
RPMs were gradually replaced by long-lived monocyte-derived
cells, with >50% YFP*tdTomato* by 1 year of age (Figure 3C).
Given the distinct ontogeny of RPM subsets, we examined
their replacement following P. chabaudi infection. In both control
and infected mice, Ly6C* and MHC class II" blood monocytes
were almost uniformly tdTomato* and lacked YFP, confirming
their BM origin (Figures S5F and S5G). This absence of YFP* sin-
gle-positive monocytes validated YFP expression as a specific
marker for yolk sac-derived macrophages. Approximately
15%-20% of circulating monocytes co-expressed tdTomato
and YFP, potentially reflecting monocytes already primed to-
ward tissue residency. In control spleens, F4/80* RPMs predom-
inantly expressed YFP, with minimal tdTomato, consistent with a
largely yolk sac-derived tissue-resident macrophage population
(Figure 3E). CD163M9" RPMs maintained their YFP* signature
throughout (7-90 dpi) in uninfected mice, confirming their yolk
sac origin under homeostatic conditions (Figure S5H). Upon
P. chabaudi infection, yolk sac-derived (YFP*) CD163~ RPMs
sharply declined, troughing at 14 dpi (Figure 3E). At this time, a
transient tdTomato™ RPM population emerged (12.5% + 9%)
that lacked YFP expression, representing recently recruited
monocyte-derived macrophages that had not yet upregulated
Tnfrsf11a. By 35 dpi, most CD163~ RPMs were double labeled
(YFP*tdTomato*), indicating differentiation into long-lived mac-
rophages that either once or now stably expressed Tnfrsfiia
(Figure 3E). In contrast, CD163"9" RPMs remained undetectable
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Figure 3. Splenic macrophage subsets follow distinct developmental trajectories that diverge after malaria

(A) Breeding scheme of Tnfrsf11a"; Rosa26-S-YFF; Ms4a3™P°; and Rosa26"SF1dTomate mice and schematic of macrophage lineage tracing. Generated with
Biorender.

(B and C) Labeling efficiency in CD163"9" (B) and CD163~ RPMs (C) in young (E14.5 and 18.5, n = 3, 1 experiment; weeks 1-9, n = 4-9, 2 independent ex-
periments) and aged mice (n = 7-12, 3 independent experiments). Circles represent mean + SD.

(D) Representative immunofluorescence image of splenic red pulp (RP) and white pulp (WP) in steady state. Arrows indicate co-expression of CD163 with F4/80
and YFP in CD163"9" RPMs. Scale bar, 50 pm. Representative for n = 5, 5 independent experiments.

(E) Labeling efficiency of CD163~ RPM (n = 3-7 per time point, 2-3 independent experiments), MMM, MZM, and WPM (n
experiments) in Ctrl and P. chab-infected mice. Circles (Ctrl) and squares (P.chab) represent mean + SD.

(F) Representative immunofluorescence image showing disruption of splenic architecture and loss of CD163 signal at 14 dpi with P. chab. Scale bar, 50 pm.
Representative for n = 3, 2 independent experiments.

See also Figure S5.

= 3-5 per time point, 2 independent
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throughout infection, suggesting that this population does not
regenerate after inflammatory challenge (not shown and
Figures 2G and 3F). This remodeling was paralleled by profound
structural changes in the spleen. At 14 dpi, the red pulp was
dominated by F4/80"tdTomato* macrophages, and the marginal
zone was no longer discernible (Figure 3F), reflecting a collapse
of splenic architecture during acute infection.

The breakdown of marginal zone organization prompted us to
investigate the fate of MZMs, MMMs, and WPMs, all of which
contribute to maintaining splenic architecture and function. Pre-
vious studies suggested that MZMs and MMMs are predomi-
nantly HSC-derived,®“® while WPMs are presumed to originate
mainly from postnatal monocytes because the white pulp forms
only a few weeks after birth.*® Our double fate-mapper chal-
lenged this view and revealed a more complex picture. Under
steady-state conditions, MMMs were predominantly yolk sac-
derived (YFP?*), whereas MZMs showed frequent replacement
by BM-derived monocytes (Figure 3E). Upon P. chabaudi infec-
tion, yolk sac-derived MMMs progressively declined between 14
and 56 dpi, with infiltrating monocytes differentiating into long-
lived MMMs. By 90 dpi, >60% of MMMs were YFP*tdTomato",
indicating stable integration as long-lived monocyte-derived
cells. In contrast, WPMs displayed heterogeneity. At steady
state, ~20%-30% of WPMs were YFP*, indicating a yolk sac
origin. A second fraction (20%-40%) consisted of tdTomato*
cells, reflecting recently arrived monocytes that had not yet up-
regulated Tnfrsf11a. The largest proportion (~50%) was double
labeled (YFP*tdTomato*), suggesting these are long-lived, tis-
sue-resident macrophages of monocyte origin (Figure 3E).

Taken together, the double fate-mapping model revealed that
splenic macrophages follow distinct developmental trajectories,
with CD163"9" RPMs being yolk sac-derived and largely self-
maintaining, while CD163~ RPMs, MMMs, and a subset of
WPMs were progressively replenished by monocyte-derived
cells. WPMs exhibited heterogeneity, consisting of yolk sac-
derived cells, short-lived monocytes, and a dominant population
of long-lived, monocyte-derived tissue-resident macrophages.

Loss of CD163 expression on macrophages is a hallmark
of malaria

Having observed a pronounced loss of CD163"9" RPMs during
P. chabaudi infection, we next asked whether this was a gener-
alizable feature of malaria. To address this, we infected mice with
P. yoelii NL and P. berghei ANKA and analyzed spleens at 7 dpi,
when CD163"9" RPMs were already absent in P. chabaudi infec-
tion. Mice infected with either P. yoelii or P. berghei developed
typical pathology, including splenomegaly (Figure S6A) and par-
asitemia (Figure S6B). Both infections caused a reduction in
CD163~ RPMs and a complete loss of CD163"9" RPMs at 7
dpi (Figure S6C), confirmed by immunofluorescence, while the
overall splenic architecture, including CD169" MMM s lining the
marginal zone, remained preserved (Figure S6D).

Given that our scRNA-seq data showed persistence of the
transcriptional CD163™" RPM cluster, corresponding to
CD163"" RPMs, we hypothesized that receptor shedding
rather than cell loss may occur. However, circulating CD163 con-
centrations were also reduced at 7 dpi compared with unin-
fected controls (Figure S6E), arguing against continuous recep-
tor shedding as the primary mechanism. To study the kinetics of
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CD163 loss, we performed a time-course analysis during
P. chabaudi and P. yoelii infection, revealing a transient increase
in circulating CD163 peaking at 2 dpi in both models, followed by
a decline and significantly reduced concentrations from 7 dpi
(Figures S6F and S6G).

Next, we assessed RPM dynamics during P. yoelii infection, a
model lacking recrudescent infection. Parasitemia peaked
around 14 dpi (Figure S6H), and the overall CD163~ RPM pool
declined during the first week of infection (Figure S6l). A wave
of monocyte recruitment at 4 dpi was followed by gradual replen-
ishment of the CD163~ RPM pool by 7 dpi. Despite this recovery,
CD163"9" RPMs remained undetectable long-term, mirroring
the findings in P. chabaudi infection (Figures S61 and S6J).

To test if loss of CD163 expression was specific to malaria or a
more general feature of inflammation, we examined viral and
bacterial infection models. In lymphocytic choriomeningitis virus
(LCMV)-infected mice, CD163"" RPMs were significantly
reduced during the first week and did not recover to control
levels even 140 dpi. In contrast, CD163~ RPMs initially increased
at 7 dpi, before returning to baseline 42 dpi (Figure S6K). A similar
pattern was observed following systemic lipopolysaccharide
(LPS) injection. CD163"9" RPMs were significantly reduced by
2 dpi, and CD163~ RPMs also diminished by 4 dpi (Figure
S6L), coinciding with peak splenomegaly (Figure S6M). How-
ever, in the LPS model, all RPMs, including CD163"9" cells,
partially recovered by 56 dpi (Figure S6L).

Together, these findings suggested that loss of CD163
expression was a robust and conserved response to malaria, ir-
respective of the parasite species. In contrast, virus- and bacte-
ria-induced inflammation transiently reduced but did not abolish
CD163"9" RPMs, highlighting pathogen-specific differences in
macrophage responses.

Persistent loss of CD163"9" RPMs is linked to hemolysis
Having observed a complete and sustained loss of CD163"9"
RPMs following blood-stage malaria, unlike the partial loss and
recovery seen in viral and bacterial infections, we next asked
whether ongoing parasite presence was required to prevent their
regeneration. Treatment of P. chabaudi-infected mice with chlo-
roquine after the first two peaks of parasitemia, which reliably
eliminated parasites (Figures S7A and S7B), did not rescue
CD163"9" RPMs, which remained undetectable in the spleen
90 dpi, whereas the CD163~ RPM population returned to control
levels (Figure S7C).

This finding suggested that the absence of CD163 expression
was not directly linked to chronic parasite infection. We therefore
interrogated the CD163 pathway more mechanistically. CD163
binds hemoglobin-haptoglobin complexes, internalizes them for
lysosomal degradation and iron recycling, and is then recycled
to the cell surface (Figure S7D). Given this link to iron/heme meta-
bolism, we quantified splenic iron content upon infection. At 14
dpi, iron content was drastically reduced compared with
steady-state conditions (Figure S7E), consistent with previous de-
scriptions.® Prussian blue staining revealed a profound iron loss in
disorganized spleens 14 dpi, whereas iron was distributed
throughout the red pulp in uninfected tissue (Figure S7F).

Since malaria is a hemolytic infection, we hypothesized that
parasite-induced hemolysis dysregulates iron metabolism,
thereby impairing macrophage function** and CD163"9" RPM
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maintenance. To model hemolysis in the absence of infection,
we treated mice with phenylhydrazine, a chemical inducer of
intravascular hemolysis, and analyzed splenic RPMs at 7 and
56 days post-treatment (dpt) (Figure S7G). At 7 dpt, CD163™
RPMs were elevated while CD163"9" RPMs were nearly absent
(Figure S7H), accompanied by disrupted splenic architecture
and decreased iron content, mimicking the acute malaria
response (Figure S71). However, by 56 dpt, both splenic structure
and iron distribution, assessed by Prussian blue staining, had
normalized, and CD163"9" RPMs had partially recovered,
though not to baseline levels (Figures S71 and S7J).

Together, these data suggested that sustained absence of
CD163 expression in RPMs after malaria was not driven by para-
site persistence but by infection-induced hemolysis.

CD163 deficiency aggravates splenic disintegration
during malaria

Having established that blood-stage malaria leads to a sustained
loss of CD163"9" RPMs, we asked whether the absence of the
CD163 receptor itself contributed to impaired splenic recovery.
We followed the course of P. chabaudi infection in a newly estab-
lished CD163-deficient mouse line (Cd163~/7) (Figures S7K and
S7L). Successful deletion was confirmed via immunofluores-
cence (Figure S7M) and associated with the expected reduction
in splenic iron stores (Figure S7N). Under steady-state condi-
tions, CD163 deficiency did not impact splenic architecture
(Figure 4A), and Cd163~'~ mice and littermate controls devel-
oped comparable splenomegaly and parasitemia upon infection
(Figure 4B). Parasitemia at 10 dpi was modestly elevated in wild-
type (WT) mice compared with Cd763~~ animals, while overall
parasite control remained similar between genotypes (Figure
4C), suggesting that CD163 was not essential for parasite con-
trol. Quantification of splenic macrophage subsets (RPM,
MMM, MZM, and WPM) showed no significant differences in to-
tal macrophage numbers between genotypes at steady state
(Figure 4D). The KO model precluded discrimination of RPM het-
erogeneity, therefore only total F4/80* RPMs were assessed.
Upon infection, WPM and MZM counts were comparable be-
tween Cd763~/~ mice and littermate controls at 14 and 35 dpi.
However, MMMs were significantly reduced in Cd763~~ mice
14 dpi compared with controls (Figure 4D). Immunofluorescence
showed that infected Cd7163** mice retained a disrupted but
discernible marginal zone lined with CD169" MMMs, while
Cd163~'~ mice showed a complete loss of CD169 signal and
more extensive architectural disintegration (Figures 4A and 4E).
Both genotypes displayed intact marginal zone organization at
steady state, suggesting that the absence of CD163 compro-
mises splenic integrity during the acute phase (14 dpi) of malaria.
MMMSs normalized in number in Cd763~/~ mice at 35 dpi while
exhibiting elevated RPM numbers relative to uninfected
Cd163~~ mice and infected littermate controls (Figure 4D).
These findings suggested that while CD163 was not required
for parasite control, its absence during infection transiently dis-
rupted the splenic architecture and MMM homeostasis.

Malaria perturbs Gdf15-dependent RPM-to-MMM
trophic signaling

The observed expansion of RPMs in Cd763~/~ mice during the
resolution phase, alongside the transient loss and delayed re-
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covery of MMMs, raised the possibility of compensatory or reg-
ulatory interactions between these two macrophage popula-
tions. Given that MMM loss was exacerbated in the absence of
CD163 expression in RPMs during infection, and that CellChat
analysis indicated elevated signaling activity among splenic
macrophages, we hypothesized that malaria disrupts a homeo-
static communication axis between RPMs and MMMs. To inves-
tigate this, we analyzed intercellular signaling networks within
macrophage subsets in our scRNA-seq dataset. MMMs showed
the highest incoming interaction strength both in control spleens
and at 90 dpi with P. chabaudi (Figure 5A), suggesting that they
function as principal recipients of signals from other macrophage
populations.

Pathway-level inference using CellChat showed that certain
macrophage-driven homeostatic signals, including a prolifera-
tion-inducing ligand (APRIL) and IL-16, were reduced in infected
animals, indicating a loss of macrophage-mediated steady-state
signaling (Figure 5B). In contrast, angiopoietin-like (ANGPTL),
macrophage migration inhibitory factor (MIF), fibroblast growth
factor (FGF), and growth arrest-specific (GAS) signaling path-
ways were generally upregulated post-infection,suggesting a
shift toward reparative or remodeling functions. However, anal-
ysis at the individual macrophage population level revealed
divergent pathway dynamics (Figure 5C). For example, while
GALECTIN signaling was broadly upregulated after infection, it
was specifically downregulated in RPM™". Similarly, while
most macrophage subsets showed increased CC chemokine
ligand (CCL) signaling, MMMs exhibited a reduction in this
pathway following infection.

To further dissect the molecular programs underlying altered
macrophage responses, we performed DEG analysis across all
macrophage subsets. Despite increased overall outgoing
signaling from MZMs and WPMs (Figure 5A), the most pro-
nounced changes were detected in RPM™" and RPMs as well
as in MMMs (Figure 5D; Table S4), enabling GO overrepresenta-
tion analysis (Figure 5E; Table S5). For RPMs, GO enrichment re-
vealed overlapping transcriptional programs in RPM™" and con-
ventional RPMs. Downregulated genes were associated with
terms such as synapse organization, regulation of immune
response, and cell adhesion, suggesting reduced cell-cell
communication and immunoregulatory homeostasis. In
contrast, upregulated genes were enriched for antigen process-
ing and presentation of exogenous antigen and cell activation,
reflecting enhanced immune surveillance and activation. For
MMMs, GO enrichment revealed a distinct transcriptional profile
compared with RPMs. Downregulated genes were linked to
response to toxic substance, myeloid cell differentiation, and
cell chemotaxis, indicating reduced environmental sensing and
recruitment functions. In contrast, upregulated genes were asso-
ciated with translation, ribosome biogenesis, and cellular
response to lipopolysaccharide, suggesting a metabolic reprog-
ramming toward biosynthesis and inflammatory readiness.
Together, these data indicated fundamentally different long-
term adaptations in RPMs and MMMs following P. chabaudi
infection.

Given the pronounced MMM loss in Cd163~/~ mice, we in-
ferred ligand-receptor interactions between these macrophage
populations. This analysis revealed that signaling pathways
involving key growth and survival factors, including Gdf15
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Figure 4. CD163 deficiency aggravates splenic disintegration and impairs MMM recovery during P. chabaudi infection
(A) Representative H&E staining of spleens from Cd7163** and Cd163~'~ mice in Ctrl and 14 dpi with P. chab. Scale bar, 100pum. Representative for n = 3, 2

independent experiments.

(B) Spleen weights of Cd163*"* and Cd163~~ in Ctrl (Cd163*+: n =7, Cd163~/~: n = 16) and P. chab infection at 14 and 35 dpi (Cd163*/*:n = 4-6, Cd163~/":n =

4-9). 2-3 independent experiments, one-way ANOVA with multiple comparisons, ***p < 0.0001.
(C) Parasitemia in Cd763*/* and Cd 163/~ mice until 35 dpi with P. chab. n = 5-30, 2-4 independent experiments, Mann-Whitney test, *p < 0.05. Circles represent

mean + SD.

(D) Quantification of splenic RPM, MMM, WPM, and MZM of Ctrl (Cd163*/* n =8, Cd163~'~ n = 12-16) and P. chab-infected mice (Cd163*/* n = 3-10, Cd163 ™/~
n =5-12) at 14 and 35 dpi by flow cytometry. 2-3 independent experiments, Kruskal-Wallis test, *p < 0.05, and ***p < 0.0001.

(E) Representative immunofluorescence images of spleens from Cd7163** and Cd163~'~ mice in Ctrl and 14 dpi with P. chab. Scale bar, 100 um. Representative
for n = 2, 2 independent experiments. In (B) and (D), bars represent mean + SD; individual mice are represented as circles.

See also Figures S6 and S7.

(expressed by both RPM™" and RPMs) and Igf1 (restricted to
RPM™"), were significantly reduced in RPMs at 90 dpi, with
MMMs identified as primary recipients of these signals via
Tgfbr2 and Igfir, respectively (Figure 6A). Likewise, Lgals9,
contributing to signals via Tgfbr2 and Igf1r, was downregulated
in RPM™" following infection. This consistent loss of trophic
signaling from RPMs to MMMs suggested that RPM™" serve
as a critical source of niche-supporting signals required for
MMM maintenance in homeostasis. At 90 dpi, MMMs upregu-
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lated Gdf15, Igf1, and Lgals9, which are normally supplied by
RPM™", suggesting a compensatory attempt to sustain their
own survival in the absence of sufficient external input. Analysis
of normalized gene expression confirmed significant downre-
gulation of Gdf15, Igf1, and Lgals9 in RPM™" and concomitant
upregulation in MMMs following infection (Figure 6B). Similarly,
Gdf15 was significantly reduced in RPMs, reinforcing the notion
of impaired inter-macrophage signaling. Indeed, macrophages
were the main source of Gdfi5 and Igf1, with expression
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Figure 5. Malaria reprograms intercellular signaling and transcriptional programs across splenic macrophages
(A) Visualization of incoming and outgoing interaction strength of macrophage clusters in Ctrl and P. chab infection determined by CellChat.
(B) CellChat analysis of intercellular communication networks among splenic macrophages in Ctrl to P. chab infection. Pathways enriched in Ctrl highlighted in

cyan; pathways enriched in P. chab highlighted in purple.

(C) CellChat analysis of pathways differentially regulated between Ctrl and P. chab infection across splenic macrophage subsets.
(D) DEGs (adjusted p value: 0.05, log2FC: 0.25) across splenic macrophage populations and monocytes.
(E) GO overrepresentation analysis visualizing up- or downregulated pathways in RPM™", RPMs, and MMMs.

absent in monocytes and stromal cells, whereas Lgals9 was
more broadly expressed (Figures 6C and S8A). To functionally
validate these findings, we analyzed spleens from Gdf15~/~
mice and littermate controls. Loss of Gdf15 reduced MMM
numbers and increased CD163"9" RPMs, while MZMs
and WPMs remained unchanged (Figures 6D-6G, S8B, and
S8C). In contrast, macrophage-specific deletion of Igf1 using
Tnfrsf11a°™®; Igf11o/f1ox (Igf1KO) mice®® did not alter splenic
macrophage composition at baseline (Figures S8D-S8H), indi-

cating that Igf1 is dispensable for macrophage subset mainte-
nance in homeostasis.

These data suggested that malaria induced lasting alterations
in RPM™"/CD163"9" RPM function, characterized by reduced
Gdf15 expression and impaired niche support for MMM survival.
This shift was accompanied by transcriptional adaptations within
MMMs consistent with increased self-maintenance, highlighting
Gdf15-dependent signaling as a key axis controlling splenic
macrophage homeostasis.
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Figure 6. RPM-derived GDF15 sustains MMMs and is suppressed after malaria
(A) Chord diagram showing ligand-receptor interactions between RPM™", RPMs, and MMMs, showing signaling changes upon P. chab infection.
(B) Lgals9, Igf1, and Gdf15 expression in RPM™", RPMs, and MMMs. Mann-Whitney test with two-sided comparison, *p < 0.05, *p < 0.01, **p < 0.001.

12 Immunity 59, 1-19, October 13, 2026

Immunity

(legend continued on next page)



Please cite this article in press as: Mauel et al., CD163" red pulp macrophages interact with marginal metallophilic macrophages during blood-stage
malaria to maintain splenic architecture, Immunity (2026), https://doi.org/10.1016/j.immuni.2026.07.006

Immunity

MZMs sustain RPM CD163 expression and
erythropoietic recovery

To investigate whether MMMs provide reciprocal signals that
support RPM maintenance, we genetically depleted MMMs
and MZMs by targeting their Lxra dependence.* Conditional
KO mice were generated by crossing Tnfrsf11a°®* with
Lxra™™ mice (hereafter referred to as LxraKO), using Cre-nega-
tive littermates as controls (LxraWT). Effective loss of MMMs
and MZMs in LxraKO spleens was evident at steady state
and during infection (Figure 7A). While MMMs and MZMs re-
mained absent in LxraKO mice at 14 and 35 dpi, LxraWT
mice partially recovered both subsets by 35 dpi. Despite the
absence of MMMs and MZMs, uninfected LxraKO mice pre-
served splenic architecture, including separation of red and
white pulp regions (Figure 7B) and preserved WPM counts
(Figure S8l). Total F4/80* RPM numbers were similar across
genotypes under steady-state conditions, but CD163"9"
RPMs were significantly reduced in LxraKO spleens
(Figure 7C), mimicking the post-infection phenotype in WT an-
imals. Similarly, splenic iron stores were reduced in LxraKO
mice (Figures S8J and S8K). Immunofluorescence confirmed
the reduction of CD163"9" RPMs and loss of CD169*
MMMs in LxraKO spleens (Figure 7D). Despite broad Lxra
expression in macrophages in controls and 90 dpi spleens
(Figure S8L), CD163"9" RPM development was unaffected in
LxraKO mice over the first 2 postnatal weeks, indicating that
this population establishes independently of LXRa and early
MMMs loss (Figure S8M).

To assess the functional consequences during infection, we
examined spleens between 14 and 35 dpi with P. chabaudi.
LxraKO mice showed significantly higher parasitemia
than LxraWT controls during the second peak (Figure 7E).
Whereas LxraWT mice developed splenomegaly at 14 dpi
with partial recovery by 35 dpi, LxraKO spleen size remained
unchanged and was lower at 14 dpi than in infected LxraWT
controls, indicating a blunted splenic response (Figure 7F).
Erythropoietic recovery was also defective: both genotypes
showed increased circulating WBCs and anemia following
P. chabaudi infection, as evidenced by reduced RBC counts,
hemoglobin concentrations, and hematocrit values at 14 dpi
(Figure7G). However, while LxraWT mice exhibited a physio-
logical recovery between 14 and 35 dpi, with increasing
RBC counts, hemoglobin concentrations, and a trend toward
hematocrit restoration, this response was abrogated in
LxraKO mice. Hemoglobin concentrations in LxraKO animals
remained significantly reduced at 35 dpi, comparable with
values at 14 dpi, and hematocrit values declined further over
time (Figure 7G). These findings indicate a failure to restore
erythropoiesis in the absence of MZMs and MMMs. In sum-

¢? CellPress

OPEN ACCESS

mary, long-term changes to macrophages in the splenic mar-
ginal zone result in an inability of RPMs to express CD163 and
to ensure proper splenic and erythropoietic recovery following
blood-stage malaria.

DISCUSSION

In this study, we provide an in-depth characterization of splenic
macrophage subsets and uncover a heterogeneity within RPMs,
defined by CD163 expression. To dissect the ontogeny and turn-
over dynamics of splenic macrophages, we employed both the
widely used Cxcr4®ERT2 model'““®*” and our recently estab-
lished double fate-mapping system.“® While Cxcr4°ERT2_pased
tracing suggested increasing recruitment of BM-derived cells to
both CD163"9" and CD163- RPMs during adulthood, the double
fate-mapping approach provided a more nuanced picture. Our
data demonstrate that both subsets maintain a substantial yolk
sac-derived component during early adulthood. In aged animals,
long-lived monocyte-derived cells increasingly contributed to
both populations. However, CD163"9" RPMs consistently re-
tained a stronger yolk sac-derived contribution, indicating
distinct developmental trajectories between RPM subsets.

The double fate-mapper further revealed substantial ontoge-
netic heterogeneity among MMMs, MZMs, and WPMs. Consis-
tent with previous studies,®*® WPMs were largely monocyte-
derived, although we additionally identified a small yolk
sac-derived fraction. MZMs showed constant replenishment
by monocytes. The ontogenetic profile of MZMs remained stable
upon infection, with both short-lived and longer-lived monocyte-
derived cells. Yolk sac-derived cells were nearly absent both at
steady state and after infection, consistent with a niche that is
continuously open and maintained by monocyte input. In
contrast, MMMs were predominantly yolk sac-derived under ho-
meostatic conditions. Despite their capacity to cross-present
blood-borne antigens via MHC class 1,°° this population re-
mained largely inaccessible to newly recruited monocytes. After
infection, yolk sac-derived MMMs were replaced by long-lived
monocyte-derived macrophages, suggesting that incoming
monocytes adopt a long-lived phenotype rather than contrib-
uting to an acute response.

CD163"9" RPMs emerge as a transcriptionally specialized and
spatially distinct population localized near the splenic vascula-
ture, consistent with their role in extracellular hemoglobin
clearance, erythrophagocytosis, and iron recycling.® Their
localization suggests that sustained exposure to blood-borne
substrates supports CD163 expression and function, similar to
observations in other tissues.’’*®> Our observation that
P. chabaudi infection induced a pronounced expansion of
RPMs differs from previous reports describing RPM depletion

(C) Expression of Cd163, Gdf15, Nr1h3, Igf1, Lgals9, and Tgfbr2 across all cell types.
(D) Quantification of MMM, CD163"9" RPM, WPMs, and MZMs in Gdf15** (n = 4) and Gdf15~/~ (n = 4) mice by flow cytometry. 1 experiment, Mann-Whitney

test, *p < 0.05.

(E) Representative immunofluorescence images of Gdf15** and Gdf15~/~ mice. Scale bar, 50 pm.

(F) Quantification of MMM area within the splenic marginal zone (MZ) comparing Gdf15** (n = 24) and Gdf15~'~ (n = 18) mice.

(G) Quantification of CD163M9" RPMs among all macrophages in the red pulp (RP) of Gdf15** (n = 10 RP zones) and Gdf15 '~ (n = 8 RP zones) mice. For (F)-(G),
n =4 mice per condition, 1 experiment, unpaired Student’s t test with Welch’s correction, *p < 0.05. In (D), (F), and (G), bar plots represent mean + SD; individual

mice are represented as circles; each MZ/RP area is represented as gray circle.

See also Figure S8.
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Figure 7. Lxra deletion depletes marginal zone macrophages, reduces RPM CD163 expression, and impairs erythropoietic recovery after
malaria

(A) Quantification of MMMs and MZMs from Tnfrsf11a*’*; Lxra™" (LxraWT) and Tnfrsf11a®"*; Lxra™" (LxraKO) mice, comparing Ctrl (n [LxraWT] = 9, n [LxraKO] =
10) and P. chab infection (n [LxraWT] = 5-6 per time point, n [LxraKO] = 6-7 per time point) at 14 and 35 dpi by flow cytometry. 2-3 independent experiments, one-
way ANOVA with multiple comparisons (MMM); Kruskal-Wallis test (MZMs), *p < 0.05, **p < 0.01, and ***p < 0.0001.

(B) Representative H&E staining of Ctrl LxraWT and LxraKO. Scale bar, 100 pm. Representative for n = 4, 2-3 independent experiments.

(C) Quantification of total RPMs (F4/80*) and CD163"9" RPMs in non-infected LxraWT and LxraKO mice. n = 9-13, 6 independent experiments, unpaired
Student’s t test with Welch’s correction, **p < 0.001.

(D) Representative immunofluorescence images of non-infected LxraWT and LxraKO mice. Scale bar, 100 pm. Representative for n = 3, 2-3 independent ex-
periments.

(E) Parasitemia in LxraWT and LxraKO mice. n = 4-15, 2-4 independent experiments, Mann-Whitney test, *p < 0.05. Circles represent mean + SD.

(F) Spleen weights of LxraWT and LxraKO in Ctrl (LxraWT: n =9, LxraKO: n = 13) and P. chab infection at 14 and 35 dpi (LxraWT: n = 6-7 per time point, LxraKO: n =
6-7 per time point). 3 independent experiments, Kruskal-Wallis test, *p < 0.05, **p < 0.01, and ****p < 0.0001.

(legend continued on next page)
14 Immunity 59, 1-19, October 13, 2026



Please cite this article in press as: Mauel et al., CD163" red pulp macrophages interact with marginal metallophilic macrophages during blood-stage
malaria to maintain splenic architecture, Immunity (2026), https://doi.org/10.1016/j.immuni.2026.07.006

Immunity

during infection.®*®> One explanation may be the differences in
parasite inoculum and virulence,®* with 1x10* parasites used
in our study compared with 2x108 in previous work.®

The mechanisms underlying persistent loss of CD163 expres-
sion remain incompletely understood. CD163, a receptor ex-
pressed by macrophages in both humans and mice, is released
from the cell surface in response to inflammatory stimuli, path-
ogen recognition,” TLR ligands,”®*" and cytokines.”® We
observed a transient increase in circulating CD163 early after
P. chabaudi and P. yoelii infection, followed by an absence at
later time points. Receptor release may thus drive the early
loss of surface CD163, potentially buffering systemic inflamma-
tion,*® consistent with the partial, reversible reduction of CD163
on RPMs seen in viral (LCMV) and bacterial (LPS) models, where
the receptor is lost rather than the population. Malaria-induced
loss, however, was more profound and persistent, pointing to
additional regulation. Phenylhydrazine-induced hemolysis phe-
nocopies the loss of CD163"9" RPMs and splenic iron stores,
linking this population to the iron-heme axis. Despite normaliza-
tion of spleen architecture and iron content after recovery,
CD163"9" RPMs failed to fully recover, raising the possibility
that their maintenance requires a niche-specific signal that was
no longer available. Several mechanisms could account for this
failure: (1) long-term remodeling of the splenic niche that impairs
local cues needed for CD163 translation in CD163™" cells; (2)
transcriptional or post-transcriptional repression within mono-
cyte-derived cells entering the niche; and (3) BM imprinting
through the infection that alters the differentiation trajectory of
incoming monocytes.

Despite lower splenic iron stores at steady state in Cd763~/~
mice, they controlled the initial parasitemia peak similarly to con-
trols, indicating that CD163 is dispensable for erythrophagocytic
clearance mechanisms. Cd7163~'~ animals experience the first
and highest peak of parasitemia without the release of CD163,
and clarifying whether this missing checkpoint drives long-term
vulnerability to repeated hemolytic stress will be an important
goal for future work. During acute infection, however, MMMs
were selectively lost, suggesting an infection-dependent dia-
logue between CD163"9" RPMs and MMMs that supports
optimal splenic responses. Functional validation identified
Gdf15 as a non-redundant regulator of MMM homeostasis, as
Gdf15-deficient mice displayed a selective reduction of MMMs
accompanied by a reciprocal increase in CD163"9" RPMs
already under steady-state conditions. These findings establish
Gdf15 as a regulator of the RPM-MMM niche and suggest that
malaria-induced suppression of Gdff5 in RPM™"/CD163"9"
RPMs perturbs this trophic support axis.

The inter-dependence of macrophage populations became
even more evident in LxraKO mice, indicating that MMMs and/
or MZMs are necessary to maintain CD163 expression on
RPMs. The combined absence of MMM/MZM niches and
CD163 expression on RPMs translated into poorer outcomes af-
ter malaria challenge. These findings suggest that recovery from
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hemolytic stress depends on coordinated interactions between
macrophages rather than isolated functions of individual
populations.

Our data highlight that malaria triggers not only a temporary
loss of immune homeostasis but a fundamental and sustained
rewiring of the tissue-resident macrophage network. Even after
parasite clearance, the absence of CD163"9" RPMs and altered
communication with MMM s leave a lasting imprint on the splenic
microenvironment. These changes may affect secondary im-
mune responses, antigen filtering, iron recycling, and vaccine
responsiveness, especially in endemic regions. By showing
that macrophage subsets engage in reciprocal trophic support
sensitive to specific infectious stressors, this work opens new
avenues for targeting tissue immunity and resilience in chronic
or relapsing infections.

Limitations of the study

A limitation in translating these findings to humans is the
restricted access to tissue-resident macrophages. Most human
studies rely on circulating biomarkers measured in blood; thus,
CD163 biology has been primarily characterized in circulating
monocytes and soluble CD163 concentrations, which correlate
with hemolysis, inflammation, and malaria severity.>>®' Howev-
er, CD163 release differs between species, with human CD163
predominantly shed as a soluble ectodomain, and murine
CD163 released via extracellular vesicles. CD163 is highly ex-
pressed by human RPMs and commonly used as a marker for
this population,®®%® suggesting that CD163-dependent macro-
phage circuits may also exist in human spleen. Whether analo-
gous macrophage circuits operate in human malaria, and how
they can be inferred from blood-based measurements, therefore
represents an important direction for future studies.
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Sigma-Aldrich
ThermoFisher Scientific
Biolegend
Sigma-Aldrich
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Roche

Millipore
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ThermoFisher Scientific
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ThermoFisher Scientific
Sigma-Aldrich
Sigma-Aldrich
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VWR
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Sigma-Aldrich
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Critical commercial assays

ELISA (sCD163) Abcam Cat# ab272204

Mouse CD45 microbeads

10x Genomics Chromium Controller

and the Chromium Next GEM Single

cell 3’ Reagent Kit v3.1 (Dual Index)
(PN-1000268, 10x Genomics,

Pleasanton, CA, USA)

Qubit 4 Fluorometer

Qubit™ 1X dsDNA HS Assay Kit

Beckman Coulter SPRIselect 60 mL reagent kit

High Sensitivity DNA ScreenTape Analysis

Miltenyi Biotec
10x Genomics

Thermo Fisher Scientific
Thermo Fisher Scientific
Beckman Coulter
Agilent Technologies

Cat# 130-052-301

Cat# PN-1000268;
Components: PN-1000204,
PN-1000121, PN-1000127,
PN-1000215

Cat# Q33226
Cat# Q33231
Cat# B23318
Cat# 5067-5592

Deposited data

Database GEO This study Accession number GSE303987
Experimental models: Organisms/strains
Mouse: WT C57BL/6JRccHsd Inotiv JAX #000664

Mouse (DFM): STOCK-Tnfrsf11a<tm1
(EGFP/cre)Ykob> Gt(ROSA)26Sor<tm1
(EYFP)Cos> Gt(ROSA)26Sor<tm65.2
(CAG-tdTomato)Hze> Ms4a3<tm3
(IRES-FIp-pA-fnf)Smoc>/Emass

Mouse:Cxcr4CTERT: Rosa26-SL-tdTomato,

B6J.Cg-Cxcrd<tm1.1(cre/ERT2)Stum>
Gt(ROSA)26Sor<tm14(CAG-tdTomato)
Hze>/Emass

Mouse: Lxrafl’™; Tnfrsf11a°":
STOCK-Tnfrsf11a<tm1(EGFP/cre)
Ykob> Nr1h3<tm1.1lcs>/Emass

Mouse: Cd163”": B6JRcc;
B6J-CD163°™'H™eS/Emass
Mouse: Igf1f'M; Tnfrsf11a°™:
STOCK-Tnfrsf11a<tm1(EGFP/cre)
Ykob> Igf1<tm1DIr>/Emass

DFM: this paper,
Parental lines: Tnfrsf11a
Yasuhiro Kobayashi,
Rosa26LSL-YFP
R05626FSF—ldTomalo'.

The Jackson Laboratory,
Ms4a3"O: Florent Ginhoux
This Paper, Parental lines:
Cxcr4®ERT: Werner et al.'*
Rosa26LSL—thomato:

The Jackson Laboratory

Cre.

This Paper, Parental lines:
Lxra™™: Institut Clinique de
la Souris, Tnfrsf11a°":
Yasuhiro Kobayashi

This paper

This Paper, Parental lines:
Igf1"": The Jackson Laboratory,
Tnfrsf11a°™: Yasuhiro Kobayashi

MGI:5316980, MGI:2449038,
MGI:6260212, N/A

MGI:6719054 MGI:3809524

MGI:5316980, MGI:6467790

N/A

MGI:5316980, MGI:2152423

Mouse: Gdf15™ Mice were generated as N/A
previously described: Tsai et al.®

Oligonucleotides

Primers, see Table S6 This paper N/A

Single-guide RNA for CD163 knockout: sg1: This paper N/A

TGGGCTGCACGTAAACAATAAACAGTTG

TATTTCTGAAGTTGTTCTACCAGCCCTG

TATAACTTCGTATAGCATACATTA

TACGAAGTTATGAATTCGTTCTCG

ATCGGAATCTTTCCCACTTGCCAA

AGGAAGGGTCTTTCTTTGTCTTGG

Single-guide RNA for CD163 knockout: This paper N/A

sg2 TGAAACGCATAAACTACTTGATAAG
GAAAAAGACTCAGTGGTTTACTTATTCA
GTCTGCAGATAACTTCGTATAGCATACA
TTATACGAAGTTATCTCAGGAAAGTATC
ATGGAAACTAAATCCACACATAAACTA
TGAGGAGTCTATA:
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Software and algorithms

Fiji 2.16.0

GraphPad Prism v10
Affinity Designer 1.10.8
OMIQ (March 2025 update)
Imaris x64 v9.6.1

Python v3.10.16

Scanpy v1.8.2
CellChat v2.2.0
gseapy v1.1.8
Rv4.4.2

Cell Ranger-7.1.0

(Imaged distribution)

Dotmatics (GraphPad Software)
Serif

Dotmatics (OMIQ Software)
Oxford Instruments

Python Software Foundation

Wolf et al.®®
Jin et al.®®
Fang et al.®”

R Foundation for
Statistical Computing

10xGenomics

https://imagej.net/software/fiji/
https://www.graphpad.com
https://affinity.serif.com/designer/
www.omig.ai, www.dotmatics.com
https://imaris.oxinst.com/

https://www.python.org/downloads/
release/python-31016/

https://scanpy.readthedocs.io/en/stable/
https://github.com/sqjin/CellChat
https://gseapy.readthedocs.io/en/latest/

https://cran.r-project.org/bin/
windows/base/old/

https://www.10xgenomics.com/

support/software/cell-ranger/latest

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All investigations concerning mouse work have local approval and all procedures conform to the guidelines from Directive 2010/63/
EU of the European Parliament on protecting animals used for scientific purposes. Animal procedures were performed in adherence
to the project license issued by the Landesamt fir Natur, Umwelt und Verbraucherschutz (LANUV, Az.nr: 81-02.04.2020.A311, 81-
02.04.2023.A144) and the University of Melbourne Animal Ethics Committees (Ethics ID 20088). Mice were maintained on a C57BL/
6JRcc or C57BL/6J background and housed in specific pathogen-free conditions with 12 h light/dark cycle, with food and water pro-
vided ad libitum. Mice were euthanized using heart perfusion after anesthesia injection. To generate the double fate-mapper,
Tnfrsf11a°™%%; Rosa26™S-"F" (JAX stock #006148)°7; Ms4a3™P*®; Rosa26™SFTemate (JAX stock #032864),”° we bred Tnfrsf11a%™"*;
Rosa26"SF-tdTomato/FSF-tdTomato gnimas with Ms4a3™PO; Rosa26™S-YFPLSYFP animals (see Figure 3A for description). For all experi-
ments, females were analyzed. Group-housed females (and littermates of the same sex) at the age of 8-12 weeks were randomly as-
signed to experimental groups (control versus infection). Mice were genotyped according to protocols provided by JAX or donating re-
searchers; primer sequences provided in Table S5. With 2 months of age, Cxcr4ERT2 mice'* were i.p. injected with 100 pl Tamoxifen
(Sigma-Aldrich, 10 mg/ml, dissolved in 10 % Ethanol and 90 % Corn oil) for five consecutive days. Cd163” mice were generated with
the CRISPR-Cas9 technique, depleting the sequence between intron 1 and exon 17. See key resources table for oligo sequences.
Gdf157" C57BL/6 mice were generated as previously described.®*

Plasmodium strains

The rodent malaria parasites Plasmodium chabaudi AS (NCBI:txid31271), Plasmodium yoelii NL (NCBI:txid1323249), and Plasmo-
dium berghei ANKA (NCBI:txid5823) were used in this study. P. chabaudi AS was originally obtained from Kevin Couper (University
of Manchester), P. yoelii NL from QIMR Berghofer Medical Research Institute (Brisbane), and P. berghei ANKA from the Walter and
Eliza Hall Institute. Parasites were maintained as cryopreserved blood stabilates and passaged through donor mice prior to exper-
imental infections, and parasitemia was determined by Giemsa-stained blood smears.

LCMV

Lymphocytic choriomeningitis virus (LCMV) Armstrong (species Mammarenavirus choriomeningitidis; NCBI:txid11623) was origi-
nally obtained from R. Ahmed (Emory University). Virus stocks were propagated in vitro, and infectious titers were determined by
plaque assay and expressed as plaque-forming units.

METHOD DETAILS

Infection of experimental animals with Plasmodium spp. and parasitemia measurements

Donor mice were intraperitoneally (i.p.) injected with 200 ul of a frozen blood aliquot that contains 1 x 10® infected RBC (infection
models: P. chabaudi AS, P. yoelii NL, and P. berghei ANKA). Parasitemia was monitored from day 5 onwards. To measure parasi-
temia, the tail vein was punctured with a needle (26 G) and the blood (1 - 5 pl) collected in 100 ul PBS in a 96-well plate. The DNA
intercalating dye Hoechst (10 mg/ml stock) was diluted 1:1000 in PBS. An equal volume (100 pl) was added to the blood cell suspen-
sion, mixed, and incubated at 37 °C for 1 h. 200 pl FACS buffer were added and the cell suspension was filtered through a 70 pm
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strainer. Samples were measured on the FACSymphony™ A5 (BD Biosciences). Mature erythrocytes have extruded their nucleus,
thus only the genetic material of the intra-erythroid parasites showed Hoechst positivity. The ratio of Hoechst positive cells to all
erythrocytes yielded the percentage of parasitemia. Donor mice were sacrificed when the parasitemia reached 2 - 5 % and the blood
was collected. The exact parasitemia was determined and all erythrocytes counted (Neubauer chamber, 1:5000 dilution in PBS).
Experimental mice were injected i.p. (for P. chabaudi and P. berghei) or i.v. (for P. yoelii) with a total volume of 200 pl per mouse, con-
taining 10,000 P. chabaudi/P. berghei infected RBC or 100,000 P.yoelii infected RBCs from the donor mouse. The blood volume
required from the donor was calculated and diluted with sterile PBS (to obtain 10,000 or 100,000 infected RBC / 200 pl). Control
mice received an i.p. or i.v. injection of 200 pl of sterile PBS, respectively.

Chloroquine treatment

Mice were infected with Plasmodium as described above. At day 21 after the infection, the mice were i.p. injected with 200 pl of a
4 mg/ml chloroquine solution (dissolved in sterile PBS). Afterwards, mice received drinking water containing 6 mg/ml chloroquine
for another 3 days.

LCMV infection

LCMV infection was performed as previously described.”'~"® LCMV Armstrong was replicated in vitro and the plaque forming units
(PFU) were quantified to determine the viral titer. A dose of approximately 2 x 10® PFU was injected i.p. to develop an acute LCMV
infection in C57BL/6J mice.

LPS treatment
LPS (LPS-EB Ultrapure) was dissolved in sterile PBS to obtain a concentration of 1 mg/ml. Naive C57BL/6J mice were i.v. injected
with 50 pg/kg LPS’“ or PBS as control.

Phenylhydrazine treatment

Phenylhydrazine (97 %) was prepared by diluting 100 pL of phenylhydrazine with 200 pL PEG-400 and 700 pL PBS to achieve a
100 mg/mL concentration. Subsequently, the solution was further diluted with PBS to yield 10 mg/mL. Experimental mice were in-
jected with 40 mg/kg phenylhydrazine from the second diltuion on two consecutive days.

Preparation of cell suspension for flow cytometry

Adult mice were anesthetized and perfused with ice-cold PBS. For flow cytometry analysis of splenic myeloid cells, 25 to 35 mg of
spleen was collected, cut into small pieces, and incubated in a digestion mix of PBS containing 1 mg/mL collagenase D (Roche, Cat#
11088858001), 100 U/mL DNase | (Sigma-Aldrich, Cat# DN25), 2.4 mg/ mL of dispase (Gibco Cat# 17105041) and 3% fetal calf
serum (FCS) (Invitrogen) for 30 min, shaking at 700 rpm, at 37 °C before mechanical disruption through a 100 um filter. The cell sus-
pension was diluted in 5 ml of FACS buffer (0.5 % BSA, 2 mM EDTA in PBS) and centrifuged at 400 x g for 5 min. The pellet was
resuspended in 1 ml red blood cell lysis buffer (155 mM NH,4Cl, 12 mM NaHCO3; and 0.1 mM EDTA) and incubated for 5 min on
ice. Then, 5 mL of FACS buffer was added, cells were resuspended and centrifuged at 400 x g for 5 min, at 4 °C. For bone marrow,
one leg was isolated, and both the tibia and femur were cleaned from surrounding tissues and cut at the ends. The bones were
flushed with 10 ml of ice-cold FACS buffer. Cells were centrifuged at 400 x g for 5 min, 4 °C and RBC-lysis was performed as
described above. Blood was collected from the heart with EDTA-coated syringes in heparin-tubes. 200 pl of blood mixed with
3 ml of RBC-lysis buffer and incubated for 5 min on ice. Then, 5 mL of FACS buffer was added, cells were resuspended and centri-
fuged at 400 x g for 5 min, at 4 °C. This RBC-lysis step was repeated for the blood cell pellet. All cell pellets were resuspended in FACS
buffer containing purified anti-CD16/32 and 2% rat serum (spleen and blood) or 2% rat serum only (bone marrow) and incubated for
10 min at 4 °C. Samples were immune-stained with antibody mixes for 40 min at 4 °C. Data were acquired with FACSymphony™ A5
(BD Biosciences) or Cytek™ Aurora and analyzed in FlowJo™ Software.

Unbiased clustering using OMIQ

For the unbiased clustering and visualization of splenic myeloid population, compensation, scaling, gating live, CD45*, CD11b* (or
CD64* cells to account for CD11b'°" cells) events, subsampling, Uniform Manifold Approximation and Projection (UMAP),”® and
FlowSOM were employed in the stated order. The analysis, along with the resultant UMAP and heatmap figures were conducted us-
ing the OMIQ software from Dotmatics (www.omig.ai, www.dotmatics.com).

Histology

For hematoxylin-eosin (HE) staining, paraffin-embedded spleen blocks were cut at 5 um thickness and heated for 1 h at 65 °C before
staining. Sections were deparaffinized by two steps of xylol and descending series of alcohol and rinsed in distilled water. Next, sec-
tions were stained with hematoxylin solution for 1.5 min and neutralized by running tap water, followed by alcoholic eosin staining for
2 min. Sections were then dehydrated by an ascending series of alcohol and two steps of xylol and mounted with Entellan (Millipore,
Cat# 1.07961.0100). Images were taken with the Axio Lab.A1 microscope. For Prussian Blue (PB) staining, paraffin-embedded
spleen blocks were cut at 5 pm thickness and heated for 1 h at 65 °C. Sections were deparaffinized by two steps of xylol and de-
scending series of alcohol and rinsed in distilled water. Next, sections were stained with potassium ferrocyanide and hydrochloric
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acid for 15 min, followed by a nuclear counterstain. Sections were then dehydrated by an ascending series of alcohol and two steps of
xylol and mounted with Entellan (Millipore, Cat# 1.07961.0100). For immunofluorescence staining, spleens were fixed in 4 % Form-
aldehyde (ThermoFisher Scientific, Cat# 11586711) for 6 hours and dehydrated overnight in 30 % D-Sucrose (ThermoFisher Scien-
tific, Cat# 10638403) in PBS, followed by embedding in Tissue-Tek O.C.T. Compound (Sakura Finetek, Cat# 4583). Cryo-preserved
spleen blocks were cut at 20 pm thickness, dried for 1 h, RT and permeabilized with PBS-T (0.4 % Triton™ X-100, Sigma-Aldrich,
Cat# X100) for 3x 10 min, RT. Thereafter, tissue was blocked with PBS-T containing 5% BSA (ThermoFisher Scientific, Cat# 37525)
and 2 % donkey serum (Sigma Aldrich, Cat# D9663) for 1 h, RT, followed by primary antibody staining overnight, at 4 °C. After 3x
10 min washing in PBS-T, tissue was incubated with secondary antibodies for 2 h at RT. After 3x 10 min washing in PBS-T, nuclei
were stained with DAPI (Biolegend, Cat# 42281) for 5 min and slides were embedded in Fluoromount G. Immunofluorescence images
were acquired with a Zeiss LSM Airyscan 710 or 880 microscope (Zeiss) and processed with Fiji.”®

CD31"* blood-vessel proximity of splenic macrophages

The minimal distance between CD163"9"F4/80* macrophages or CD163-F4/80* macrophages and CD31* blood vessels was quan-
tified using Imaris x64 software (version 9.6.1). CD31* vasculature was rendered as surfaces (surface detail, 0.415 pm) based on the
CD31 channel, while macrophage populations were identified as spots (4.5 pm estimated XY diameter) using F4/80 and CD163 chan-
nels. Distance measurements were calculated as the shortest distance between each macrophage spot and CD31* vascular sur-
faces. Objects intersecting image boundaries and negative distance values were excluded from analysis.

Quantification of splenic macrophage ratios

Allimages were processed and analyzed using ImageJ’® (Fiji distribution, version 1.54p). For CD169* MMMs, images were converted
to 8-bit. Using the circular tool, outer white pulp regions were selected based on F4/80 signal. ROls were combined using a logical
XOR operation to generate a ring-shaped ROI. A threshold was uniformly applied across CD169 images (65-255) to make it binary for
quantification. The Analyze Particles function (circularity 0, size O-infinity) was then used to quantify MMMs, as an area percentage of
the total marginal zone area. For CD163"9" RPMs, as a quality control measure, images with a default threshold below 9,000 were
excluded from the overall analysis. Thresholds were then uniformly applied across images to make them binary (22,000-65,535 for
F4/80 and 13,000-65,535 for CD163). Double-positive CD163*F4/80" macrophages were identified by applying a logical AND oper-
ation to the binary masks of the CD163 and F4/80 channels to detect overlapping signal. The Analyze Particles function (circularity 0,
size O-infinity) was subsequently applied to quantify the CD163" area within the F4/80" macrophage population. Schematic visual-
ization of workflow in Figures S11A and S11B.

Iron assay

Spleen homogenates were generated by mincing 8-12 mg of tissue in 200 pl ddH,O in a 1.5 ml tube. 50 pl of Reagent A (3 g trichloro-
acetic acid dissolved in 3 mI H,0, 7 ml 37% HCl added) were added. Samples were hydrolyzed by heating the tubes at 65 °C for 18 h.
The solution was then vortexed and boiled for 1 h at 135 °C for total iron detection. Tubes were centrifuged (5,000 xg, 3 min, RT) to
clarify the hydrolysate. 15 pl of the tissue hydrolysate were transferred into a 96-well plate (clear flat-bottom), containing 45 pl ddH,0.
Reagent B1 (15.6 g sodium acetate in 45 ml H,0) and reagent B2 (17 mg bathophenanthroline disulfonic acid and 22 mg ascorbic
acid in 5 ml H,0) were mixed in a 9:1 ratio and 160 ul were added on top of each sample in the 96-well plate. An iron(ll)-sulfate hep-
tahydrate solution (500 pM to 7.8125 uM serial dilution) served as standard and was treated equally with reagent B. After an incuba-
tion for 10 min at RT, the absorbance was measured at 539 nm with a TECAN infinite M200 spectrometer.

CD163 ELISA

Blood was collected in heparin-coated tubes and centrifuged (1000 xg, 10 min, 4 °C). Plasma was transferred into a new tube and
shap frozen. ELISA was performed according to the manufacturer’s instructions (Abcam, ab272204). Samples were measured as
technical duplicates.

Single-cell sequencing of enriched cells

Spleens were collected from uninfected and P. chabaudi infected mice at 90 dpi. Spleen cells were isolated, digested, and one frac-
tion labeled with fluorescently-labelled antibodies (Table S7) according to the flow cytometry protocol. The homogeneous cell sus-
pension of splenocytes was subjected to sorting with the FACS ARIA™ Ill cell sorter (BD Biosciences) using a 100 um nozzle. Single,
live, CD45*, CD64* cells were selected for sorting and collected in 100 ul FACS buffer. The other fraction was subjected to magnetic-
activated cell sorting (MACS), using CD45-beads (Miltenyi, according to manufactures protocol) to retain CD45* cells. The flow-
through of CD45" cells was collected for the sequencing protocol. To minimize transcriptional artifacts during spleen dissociation,
the RNA polymerase Il inhibitor flavopiridol (Sigma-Aldrich, Cat# F3055-5MG, 1 uM final concentration) was included throughout
the enzymatic digestion and all subsequent processing steps.

The single-cell experiment was performed using 10x Genomics technology. Therefore, sorted cells were counted and the viability
was examined by trypan blue staining using a Neubauer counting chamber. Next, the cell suspension was adjusted to a concentra-
tion of 1000 cells/pl and processed by using the 10x Genomics Chromium Controller and the Chromium Next GEM Single cell 3’ Re-
agent Kit v3.1 (Dual Index) (PN-1000268, 10x Genomics, Pleasanton, CA, USA) according to the standard manufacturer’s protocol.
The loaded cells were adjusted to 16,000 cells/sample to target a recovered cell number of 10,000 cells/sample for library preparation
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and sequencing. The cDNA integrity and concentration measurements as well as the library concentration and size distribution were
assessed using an Agilent high-sensitivity D5000 assay on a Tapestation 2200 system (Agilent Technologies). The cDNA libraries
were quantified using a high-sensitivity dsDNA assay (Qubit, Thermo Fisher Scientific). In the final library preparation, amplified
cDNA was fragmented, and size selected using SPRIselect magnetic beads (Beckman-Coulter) to purify for a library with a size dis-
tribution of 200 - 600 bp. After adaptor ligation and sample indexing, the final fragment size and concentration were measured and
samples were pooled in an equimolar range. Samples were sequenced with a sequencing depth of >30,000 reads/cell with 50 bp
paired-end reads on an lllumina NextSeg2000 system. Each condition was represented by two independent biological replicates
(n =2 uninfected and n = 2 P. chabaudi infected), which were barcoded, processed, and sequenced in parallel to minimize technical
variation.

Single-cell data alignment, read processing, data analysis, and annotation

Raw data was demultiplexed and aligned to Mus musculus reference genome (mm10) using Cell Ranger-7.1.0 including the intronic
reads. The count matrices were processed using Scanpy (v1.8.2).°° Low-quality cells were excluded based on the following filtering
criteria: 600-8,000 genes per cell, 500-150,000 UMIs per cell, and mitochondrial gene content < 15%. Non-relevant genes (such as
Malat1, mitochondrial, ribosomal, and hemoglobin genes) were removed. Doublets were identified using Scrublet”” with a threshold
of 0.22 for the doublet score. The data were normalized, log-transformed, and highly variable genes were selected for further anal-
ysis. PCA was performed, and UMAP was computed to visualize the data in two dimensions. Clusters were identified, and cell types
were manually annotated based on the top 20 highly expressed genes from each cluster. Low-level carry-over of adaptive immune
cells (B and T cells) into the CD64* fraction was anticipated and handled computationally by stringent quality control, doublet
removal, and marker-guided cell type annotation. Downstream macrophage-centric analyses were restricted to the relevant macro-
phage and monocyte subsets. Sub-clustering of the macrophage cluster was performed to identify macrophage subtypes, based on
the expression of specific marker genes: Adgre1 for RPM, Cd209b and Marco for MZM, Cd169 for MMM, Mertk and C3 for WPM.

Module score computation and statistical analysis

To quantify iron-handling macrophage identity, an RPMiron module score was computed for each cell using the score_genes func-
tion in Scanpy (v1.x), based on the method described by Tirosh et al.”® The gene set comprised six markers associated with iron
recycling and erythrophagocytosis: Cd163, Hmox1, Slc40a1, Stab2, Tfrc, and Sic11a1l. For each cell, the score reflects the mean
expression of the gene set relative to a randomly sampled control gene set of equal size, thereby controlling for differences in
sequencing depth and gene expression variability. Analyses were restricted to RPM and RPM™" subpopulations. Differences in
module score between Ctrl and Malaria conditions were assessed separately for each subpopulation using a two-sided Mann-
Whitney U test. P-values were corrected for multiple comparisons using the Benjamini-Hochberg false discovery rate (FDR) method.
Statistical significance was defined as FDR < 0.05.

CellChat analysis

Cell-cell communication was analyzed using CellChat version 2.2.0 in R”®, The AnnData object was converted to a count matrix for
input into CellChat, and interaction networks were computed for all isolated spleen cells and subclustered macrophages. Compar-
isons between groups were performed using raw counts and weighted interactions. Interaction comparison plots, signaling role scat-
ter plots, and heatmaps were generated to visualize differences in cell-cell communication. The heatmaps displayed the intensity of
interactions for both raw and weighted interactions, highlighting significant communication events across spleen cells and macro-
phage subclusters. For the macrophage subcluster, signaling strength was calculated by evaluating both outgoing and incoming sig-
nals, and log2-fold changes between control and malaria conditions were assessed. A heatmap was generated to show upregulated
and downregulated pathways in both conditions and subpopulations. Additionally, a chord diagram illustrated the changes in ligand-
receptor interactions between malaria and control.

Over-representation analysis

Over-representation analysis (ORA) was performed using gseapy (version 1.1.8)°’ to identify enriched Gene Ontology (GO) terms
among significantly regulated genes obtained from the single-cell RNA sequencing data. Differentially expressed genes were deter-
mined for each macrophage subset comparison (e.g., RPM™" versus RPMs) using an adjusted p-value threshold of < 0.05 and an
absolute log: fold change > 0.25. Significantly up- and downregulated genes were analyzed separately. ORA was conducted with the
enrich() function in gseapy using mouse-specific gene sets from the MSigDB v2024.1 Mm database, specifically the GO Biological
Process collection (m5.all.v2024.1.Mm.symbols.gmt). Enrichment results were exported in tab-delimited format, and the top five
significantly enriched GO terms per comparison were visualized as bar plots generated with matplotlib (version 3.10.3) in Python
(version 3.10.16). The number of overlapping genes per GO term was displayed on the x-axis, and color intensity reflected the
—logo(adjusted p-value), using cluster-specific color gradients to indicate the relative significance of the enriched pathways.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were carried out with GraphPad Prism 10 (GraphPad Software Inc.) and Python (v3.10.16). All data-sets were tested
for outlier (ROUT, Q = 1 %). Normal distribution of data was tested with Shapiro-Wilk normality test (significance level (alpha) = 0.05).
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For normally distrusted data, One-way ANOVA with multiple comparisons (Bonferroni correction) or the unpaired Student’s t-test
with Welch’s correction was performed. For not normally distributed data sets, Kruskal-Wallis test was performed (with Dunn’s mul-
tiple comparison test) or Mann-Whitney test when non-parametric. R version 4.4.2 and Prism were used for the statistical evaluation
and visualization. Data are shown as mean + SD. Statistical significance was represented via the probability (p-value) as follows: * =
p<0.05, ** = p<0.01, ** = p<0.001, ™** = p<0.0001. Data are shown as mean + SD. Numbers of biological and technical replicates are
specified in figure legends. Confocal images were visualized and analyzed using Fiji and IMARIS. Specific thresholds and cutoffs
used for analysis of scRNA-seq data are described in detail in the relevant method details section.
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