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Abstract

Bone marrow is a dynamic organ composed of stem cells that constantly receive signals

from stromal cells and other hematopoietic cells in the niches of the bone marrow to maintain
hematopoiesis and generate immune cells. Perturbation of the bone marrow microenvironment

by infection and inflammation affects hematopoiesis and may affect immune cell development.
Little is known about the effect of malaria on the bone marrow stromal cells that govern the
hematopoietic stem cell (HSC) niche. In this study, we demonstrate that the mesenchymal stromal
CXCL12-abundant reticular (CAR) cell population is reduced during acute malaria infection. The
reduction of CXCL12 and interleukin-7 signals in the bone marrow impairs the lymphopoietic niche,
leading to the depletion of common lymphoid progenitors, B cell progenitors, and mature B cells,
including plasma cells in the bone marrow. We found that interferon-y (IFNy) is responsible for the
upregulation of Scal on CAR cells, yet the decline in CAR cell and B cell populations in the bone
marrow is IFNy-independent. In contrast to the decline in B cell populations, HSCs and multipotent
progenitors increased with the expansion of myelopoiesis and erythropoiesis, indicating a bias in
the differentiation of multipotent progenitors during malaria infection. These findings suggest that
malaria may affect host immunity by modulating the bone marrow niche.
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Introduction

The global malaria control programs and surveillance efforts
such as vector control, antimalarial drugs, and the recent
rollout of malaria RTS,S vaccine with only modest efficacy
contributed to the reduction of mortality caused by mal-
aria to less than a million cases annually (1). However, the
disease burden still remains high with more than 200 million
cases of new infections per annum. Among the challenges
to malaria eradication are the strategies of the malaria para-
site, Plasmodium spp., to evade the host immune system,
which prevents the host from acquiring sterile immunity and
allows the parasite to continue subsequent transmissions (2).
Field studies provide evidence that malaria modulates host
immunity to other infections and responses to vaccination,
and all-cause morbidity declines after malaria infections
decrease (3, 4). Although antimalarial treatments can cure
most cases of malaria, the disease can also lead to chronic
tissue pathologies that increase susceptibility to other infec-
tions, osteoporosis, chronic anemia, neurological deficit, and
gastrointestinal disorders (5, 6).

Bone marrow provides a niche for Plasmodium parasites to
differentiate into sexual stage gametocytes for transmission
(7), suggesting that the parasite manipulates the host bone
marrow environment for its advantage. Many cell types within
the bone marrow such as mesenchymal CXCL12-abundant
reticular (CAR) cells, osteoblasts, endothelial cells, Schwann
cells, regulatory T cells, and megakaryocytes play important
roles in providing hematopoietic niches for the maintenance
of hematopoietic stem cells (HSCs) and the development of
immune cells (8). Stresses from infection, inflammation, and
leukemia may alter or damage the hematopoietic niches (9). In
the bone marrow, CXCL12 chemokine is highly expressed in
perivascular CAR cells and low levels in endothelial cells and
osteoblasts to recruit and maintain close proximity with hem-
atopoietic stem/progenitor cells (HSPCs), common lymphoid
progenitor (CLP), and B cell progenitors (8). CAR cells pro-
vide survival factors and various cytokines to these popula-
tions to maintain HSC quiescence and to regulate lineage

development of multipotent progenitors (MPPs). Interleukin-7
(IL-7) is a key cytokine to drive lymphopoiesis and is mainly
expressed by mesenchymal CAR cells in the bone marrow,
although it is also expressed in low levels in other cells such
as osteoblasts, sinusoidal endothelial cells, and periarteriolar
pericytes (10). Both CXCL12 and IL-7 function synergistically
for B cell development and plasma cell maintenance in the
bone marrow (11, 12).

We previously found that acute non-lethal malaria infection
depletes osteoblasts in the bone marrow (13). Another group
recently showed that Plasmodium berghei ANKA that causes
severe lethal malaria also depletes osteoblasts in the bone
marrow and alters endothelial cell function, leading to in-
creased HSC turnover and reduced HSC engraftment ability
in the bone marrow (14). Although osteoblasts express very
low levels of CXCL12, deletion of CXCL12 from osteoblasts
in Col2.3-cre Cxcl12f/f mice resulted in a slight decrease in
CLPs, despite having a normal frequency of B cell progen-
itors and other hematopoietic lineage compositions in the
bone marrow (15). However, the deletion of CXCL12 from both
osteoblasts and CAR cells in Prx1-cre Cxcl12f/f mice resulted
in a severe reduction of CLP and B cell progenitors in the
bone marrow (16). Moreover, osteoblast cell-specific deletion
of IL-7 did not affect hematopoiesis and B lymphopoiesis,
whereas IL-7 deletion from CAR cells led to depletion of CLPs
in the bone marrow (10). This suggests that CAR cells are
crucial in regulating B cell development and maintenance in
the bone marrow. However, it remains unclear how malaria
affects CAR cell populations in the bone marrow, and the role
of CAR cells in regulating B lymphopoiesis and the retention
of plasma cells in the bone marrow during malaria.

Methods

Mice
Six- to eight-week-old C57BL/6J wild-type mice were

purchased from CLEA Japan. CXCL12-GFP mice were
obtained from RIKEN #RBRC04200 (17). Interferon-y



receptor (IFNyR)~- mice were purchased from The Jackson
Laboratory. IFNyR~- CXCL12-GFP mice were generated
by crossing IFNyR-- mice with CXCL12-GFP mice. Age-
matched mice were used as controls in every experiment.
Animal experiments were conducted in accordance with in-
stitutional guidelines and approved by the review board for
animal experiments of the Institute of Medical Science, The
University of Tokyo.

Infection

Donor mice were made by infecting intraperitoneally
Plasmodium-infected blood from frozen stock. Then, blood
from a donor mouse was diluted with heparinized phos-
phate buffered saline (PBS) depending on the parasitemia.
Mice were infected with either 2 x 10° infected red blood
cells (iRBC) for P. yoelii non-lethal (PyNL) infection, 2 x 10°
iRBC for Plasmodium chabaudi (Pcc) infection, or 1 x 108
iRBC for P. berghei ANKA (PbA) infection (13). Parasitemia
was monitored by Giemsa-stained blood smears.

Flow cytometry and cell sorting

Bone marrow cells were flushed from two femurs and
two tibias with cold 2% fetal bovine serum (FBS) supple-
mented Dulbecco's Modified Eagle Medium (DMEM) con-
taining 4.5 g/l glucose (Nacalai Tesque) on ice. For CAR cell
staining, flushed bone marrow cells were digested with 5 mg/
ml collagenase type | (Gibco) and 0.2 mg/ml DNase | (Sigma)
with constant shaking at 37°C for 40 minutes. After diges-
tion, bone marrow cells were gently resuspended. Single-
cell suspensions were centrifuged at 2500 rom at 4°C for 5
minutes. Cells were blocked with anti-mouse CD16/CD32
monoclonal antibody (eBioscience) for 10 minutes before
subsequent staining with antibody cocktails for 30 minutes
on ice. Dead cells were excluded using LIVE/DEAD Fixable
Dead Cell Stain (Invitrogen). For CAR cell staining, cells were
stained with PDGFRp-biotin (R&D Systems), CD31 (PECAM-
1)-PE-Cy7, CD45-PerCp/Cy5.5, CD19-AF700 (eBioscience),
Sca1-BV785 (Biolegend) for 30 minutes on ice, followed by
washing and subsequent staining with Streptavidin-BV421
(BD Bioscience) for another 30 minutes on ice.

For total bone marrow cell enumeration, bone marrow
was flushed from femurs and tibias, and the leftover bone
pieces were crushed with mortar and pestle, and subse-
quently filtered through a 70-um cell strainer. For staining
of hematopoietic cells, enzymatic digestion was omitted.
Ammonium-Chloride-Potassium (ACK) lysis buffer (Lonza)
was added to remove erythrocytes before antibody
staining, except for the erythroid cell staining panel. In the
HSPC panel, lineage cells were excluded using CD19-
FITC, CD11b-FITC, CD3-FITC, Ter119-FITC, CD4-FITC, and
B220-FITC (eBioscience). Antibodies for CD150-BV421,
CD138-BV605, B220-BV510, CD24-PE, NK1.1-PE, CD44-
PerCp/Cy5.5, CD49d-FITC, CD4-PE/Cy7, CD8-PE,
TCRB-Pacific blue, LyB6C-FITC, Ly6G-BV605, CD115-PE,
CD19-APC, CD11b-PE/Cy7, Ter119-AF700, IgM-PerCp/
Cy5.5 were from Biolegend. CD48-AF700, CD135 (Fit3)-
PerCP-eFluor710, CD24-PE, CD43-FITC, IgD-eFluor 450,
CD267 (TACI)-APC, IgA-PE, c-kit (CD117)-APC, CD127
(IL-7Ra)-PE were from eBioscience. IgG1-BV421 was from
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BD Bioscience, IgG2c-PE was from Southern Biotech.
Cells were fixed with 2% paraformaldehyde (PFA) in PBS
(Nacalai Tesque) for 15 minutes. At least 1 000 000 events
gated on live cells were acquired using an LSRFortessa
flow cytometer (BD Biosciences). Data were analyzed with
FlowJo 10.9.0.

For cell sorting, bone marrow cells were collected from
two femurs and two tibias per mouse. Live cells were sorted
at 4°C on a BD FACSAria Ill Cell Sorter (BD Bioscience).
Live cells were gated on CD45- Ter119- CD31- CXCL12*
PDGFRp* and then further sorted into either Scal* or
Scal- populations.

Intracellular cytokine staining

Bone marrow cells were harvested and treated with ACK
lysis buffer (Lonza). 2 x 10¢ cells were cultured in 0.2 ml
DMEM containing 4.5 g/l glucose (Nacalai Tesque) sup-
plemented with 10% FBS and 1% penicillin/streptomycin
(Nacalai Tesque). Cells were cultured in the presence of BD
GolgiPlug™ Protein Transport Inhibitor containing Brefeldin
A (BD Biosciences) and with or without 20 ng/ml phorbol
12-myristate-13-acetate (PMA) and 1 ug/ml ionomycin for
3 hours. Cells were stained with anti-mouse CD16/CD32
(eBioscience) and subsequently with anti-mouse TCRp-
Pacific blue, CD4-FITC, NK1.1-PE, and CD8a-PE/Cy7 in di-
luted LIVE/DEAD Fixable Dead Cell Stain (Invitrogen). Cells
were fixed with 2% PFA in PBS (Nacalai Tesque) for 20 min-
utes and permeabilized with Foxp3/Transcription Factor
Permeabilization Buffer (eBioscience). Cells were intracellu-
larly stained with anti-mouse IFNy-APC (Biolegend). At least
200 000 events gated on live cells were acquired using an
LSRFortesssa flow cytometer (BD Biosciences) and data
were analyzed with FlowdJo 10.9.0.

Enzyme-linked immunosorbent spot assay

Millipore MultiScreen, ;s IP Filter Plates (Merck) were
pretreated with 35% ethanol (Nacalai Tesque) and washed
extensively with sterile water (Nacalai Tesque). Plates were
coated with 2 pg/ml goat anti-mouse |g, Human ads-UNLB
(Southern Biotech) overnight at 4°C. Plates were blocked
with  DMEM complete medium containing 4.5 g/l glu-
cose (Nacalai Tesque) supplemented with 10% FBS and
1% penicillin/streptomycin (Nacalai Tesque) for 3 hours
at 37°C. Bone marrow cells were harvested and cultured
in DMEM complete medium with a 1/2 serial dilution of
cells starting from 1 x 10° cells per well at 37°C overnight.
After subsequent washings with PBS followed by PBS with
0.01% Tween 20 (PBST), plates were incubated with goat
anti-mouse IgA-HRP (Southern Biotech) or goat anti-mouse
IgG-HRP (Southern Biotech) in PBS containing 1% FBS
for 2 hours at room temperature. Plates were washed with
PBST and then with PBS, before adding pre-filtered ready-
to-use 3,3', 5,5"-tetramethylbenzidine (TMB) substrate for
enzyme-linked immunosorbent spot (ELISpot) (MABTECH).
Reactions were stopped by washing the plates exten-
sively with MilliQ water. Images were captured using an
ImmunoSpot Analyzer S6 Ultimate M2 (Cellular Technology
Limited). The spot count was analyzed using ImmunoSpot
7.0.38.7 software.
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Quantitative reverse transcription polymerase chain
reaction

RNA was extracted from bone marrow cells from tibia or
fluorescence-activated cell sorting (FACS)-sorted cells using
TRIzol reagent (Invitrogen). Reverse transcription to cDNA
was performed using ReverTra Ace gPCR RT Master Mix with
gDNA remover (Toyobo). Quantitative PCR was performed
using THUNDERBIRD Probe gPCR Mix (Toyobo) and Tagman
primers for Cxcl12, II7, Kitl, Foxc1, Ebf3, Col3at, and Iing
(Applied Biosystems). Gene expressions were normalized to
the expression levels of 18S rRNA.

Immunohistochemical analysis

Femurs were fixed in 4% PFA at 4°C overnight. Samples
were washed with PBS before being transferred into 30%
sucrose solution at 4°C overnight with constant shaking.
Samples were cooled in dry ice-cooled hexane before being
embedded in SCEM (Leica Microsystems) and were frozen
using dry ice-cooled hexane. Frozen samples were sec-
tioned at 20-um thickness using Kawamoto’s film method
with Cryofilm type 3C from Section-lab. Bone sections were
blocked with 3% donkey serum for 30 minutes at room tem-
perature and stained with anti-endomucin (V.7C7)-eFluor 660
(eBioscience) at 1/200 overnight at 4°C, followed by donkey
anti-rat IgG AF647 (Jackson ImmunoResearch) at 1/400
for 2 hours at 4°C. Stained bone sections on the films were
sandwiched between the coverslip and glass slide using the
modified Kawamoto’s film method for improved resolution
(18). Images were captured with an all-in-one fluorescence
microscope BZ-X800 (Keyence). Fluorescence intensity and
vessel diameter were analyzed using Keyence image ana-
lysis software.

Imaging of 2,2-thiodiethanol-cleared bone

Thick sections of bones were stained and cleared as de-
scribed previously, with some modifications (19). Femurs
were fixed in 4% PFA at 4°C for 24 hours, washed with PBS,
and transferred into a 30% sucrose solution at 4°C overnight
with constant shaking. Samples were cooled in dry ice-cooled
hexane before being embedded in Super Cryoembedding
Medium (SCEM) (Leica Microsystems) and were frozen using
dry ice-cooled hexane. Frozen bones were trimmed using
a tungsten carbide blade on a cryostat (Leica Biosystems)
until the marrows were exposed. Cryofilm (Section-lab) was
used to protect the surface of the marrow while trimming
the other side of the bone. The marrow-exposed thick bone
sections were washed in Tris-buffered saline (TBS) thrice to
remove SCEM. Each sample was transferred to a cover glass
attached to an iSpacer IS003 (Sundin Lab). Samples were
blocked with 10% donkey serum in TBS with 0.05% Tween
20 (TBST) for 2 hours at room temperature and washed with
TBST thrice before staining with anti-endomucin (V.7C7)-
eFluor 660 (eBioscience) at 1/200 for 3 days at 4°C. Samples
were washed five times with TBS and stained with donkey
anti-rat IgG AF647 (Jackson ImmunoResearch) at 1/400 over-
night at 4°C. After washing samples in TBS five times, serial
optimal clearance was performed using 2,2-thiodiethanol
(TDE) in TBS (Sigma-Aldrich) up to 70% instead of 100%

to prevent quenching of the GFP signal (20). Cleared sam-
ples were mounted in 70% TDE with 0.1 M N-propyl gallate
(Sigma-Aldrich). The refractive index of the mounting me-
dium was 1.465, measured using a refractometer (Atago).
Images were acquired using a Zeiss Lightsheet 7 microscope
(Carl Zeiss) at 5x magnification. Three-dimensional (3D) im-
ages and videos were constructed using Imaris software.

Statistical analysis

Graphs were plotted and analyzed using GraphPad Prism
9.5 software. Data are expressed as means + SD. Each data
point represents an individual mouse. The Mann-Whitney
t-test was used to compare two groups, while ordinary one-
way analysis of variance was used to compare more than two
groups. Statistical significances are represented as ns; not
significant, *P < .05, **P < .01, and ***P < .001. Some figures
were created using BioRender.com.

Results

Malaria alters the lymphopoietic niche in the bone marrow

To examine the effect of uncomplicated malaria on the
lymphopoietic niche in the bone marrow, we infected the
mice with PYNL and analyzed Cxcl/12 and /I7 gene expres-
sion in the bone marrow (Fig. 1A). We found that both Cxc/12
and //7 significantly reduced in the bone marrow during un-
complicated malaria, but eventually returned to comparable
levels as naive controls on Day 30 post-infection when the
mice completely recovered from the infection (Fig. 1B). To
visualize CAR cells in the bone marrow, we examined the
bone sections of CXCL12-GFP mice infected with PyNL by
immunohistochemistry and 3D imaging of bones cleared by
the TDE method. Consistently we found that CXCL12-GFP-
expressing cells were reduced in the bone marrow (Fig. 1C
and E). CAR cells are located at perivascular areas of vessels
(8), and we noticed dilation of endomucin* sinusoidal vessels
in the bone marrow during acute malaria (Fig. 1D).

Bone marrow CAR cells are affected by malaria

To further examine the effects of malaria on the CAR cell
population, bone marrow populations were analyzed by flow
cytometry (Fig. 2A). We found that CAR cells, defined as
CD45- Ter119- CD31- Scal1- PDGFRp* cells, significantly re-
duced in the bone marrow at acute infection (Fig. 2B). We
also observed the same phenomenon in chronic malaria and
acute severe malaria models infected with Pcc and PbA, re-
spectively (Fig. 2C and D). In contrast, there was a signifi-
cant increase of a population of PDGFRB* stromal cells with
upregulated Scal expression in the bone marrow. Next, to
determine whether Scal is upregulated on CAR cells, we in-
fected CXCL12-GFP mice and examined the total population
of CXCL12-GFP* PDGFRp* cells. We found that CXCL12-
GFP+ PDGFRpB* CAR cells were reduced after infection and
Scal expression increased in this population (Fig. 2E). Next,
to examine the gene expression of typical CAR cell markers
such as transcription factors Foxc1, Ebf3, and Kitl (en-
codes SCF) (21, 22), chemokine Cxcl/12 and cytokine /I7 in
this CXCL12* Sca1* PDGFRB* population that arises during
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Figure 1. Acute malaria infection suppresses the bone marrow CXCL12 and IL-7 lymphocytic niche. (A) Parasitemia of PyNL infection. (B)
Relative gene expression of Cxc/12 and //7 from total bone marrow cells without RBC lysis from tibia of naive mice and PyNL-infected mice on
Day 15 and Day 30. (C and D) Representative images of immunohistochemical analysis of femurs of naive (n = 3) and PyNL-infected CXCL12-
GFP mice (n = 4) stained with endomucin (sinusoidal endothelial cells). Scale bar is 50 ym. Quantitative analysis of (C) average cell count of
CAR cells per field in individual mouse, and (D) vessel diameter per field of a representative mouse. (E) Still image of video showing the 3D im-
aging of TDE-cleared bone from naive and PyNL-infected CXCL12-GFP mice stained with endomucin. Scale bar is 50 um. See Supplementary

video.

malaria, we sorted CXCL12* Sca1- and CXCL12* Sca1* cells
from naive and PyNL-infected mice (Fig. 2F). We found that
CXCL12* Scatl* cells from infected mice expressed higher
Foxc1 and Kitl, and comparable Ebf3, Cxcl12, and [I7 to
CXCL12* Scal- CAR cells from naive mice (Fig. 2G). This
CXCL12* Scatl* cell population induced by malaria did not in-
crease Col3a1 expression, indicating that they are not fibrotic
CAR cells (Fig. 2G). This suggests that although CXCL12*
Scal- CAR cells are reduced during infection, malaria

induces the expansion of a CXCL12* Scal* cell population
that expresses CAR cell markers.

Acute malaria infection induces expansion of HSCs
but leads to bias in the differentiation of multipotent
progenitors

Since CAR cells play important roles in regulating hemato-
poiesis and lymphopoiesis in the bone marrow, we, therefore,
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Figure 3. Acute malaria infection induces expansion of HSCs but leads

to bias in the differentiation of multipotent progenitors. (A) Total cell

numbers in bone marrow from two femurs and two tibias per mouse after ACK lysis. (B) Schematic diagram of experimental protocol for (C-L).
(C) Cell numbers of Lin- Scat* c-Kit* (LSK), CD150* CD48- hematopoietic stem cell (HSC), and multipotent progenitors (MPPs) in the bone
marrow of naive, Day 15 and Day 34 post-infection with PyNL. (D) Schematic diagram of HSC differentiation and MPP lineage commitment in the
bone marrow. (E) Percentage of MPP2 (Lin- Kit* Sca1* FIt3- CD150* CD48*), MPP3 (Lin- Kit* Sca1* FIt3- CD150- CD48*), and MPP4 (Lin- Kit*

Scal* FIt3+ CD48) cell populations within the LSK population.

examined the effects of malaria on the development of bone
marrow cell populations. The total cell number in the bone
marrow did not change during the course of infection (Fig.
3A). However, Lin~ Scai1* c-kit* (LSK), HSC, and MPP popula-
tions significantly increased during acute infection, indicating
enhanced hematopoiesis (Fig. 3B-D). Next, we analyzed the
subsets of MPP populations with developmental potential to
become erythrocyte/megakaryocyte (MPP2), myeloid/gran-
ulocyte (MPP3), and lymphocyte (MPP4) lineages (23). We
found that the expansion of MPP populations was biased to-
ward MPP2 and MPP3 populations, while the MPP4 popula-
tion was restricted (Fig. 3E).

Consistent with the increase of the MPP2 population, using
Ter119 and CD44 markers to distinguish five stages of eryth-
roid development (24), we found that all erythroid progen-
itors were increased in the bone marrow during acute PyNL
infection (Fig. 4A), suggesting that PyNL infection does not
suppress erythropoiesis in the bone marrow despite malaria-
induced hemolytic anemia in the blood. We further examined
the population downstream of MPP3, which are the myeloid

cells in the bone marrow. Surprisingly total CD11b* cells
and neutrophil populations slightly decreased in the bone
marrow, whereas the Ly6C* Ly6G~ monocyte population did
not change during malaria infection (Fig. 4B). Previous study
showed that CD11b* Gr1* neutrophils increased in the spleen
during acute PyNL infection (25), suggesting that the slight
decline of the CD11b* population in the bone marrow is likely
due to their mobilization to the periphery. These data indi-
cate that acute malaria infection enhances hematopoiesis but
induces bias in the lineage development of multipotent pro-
genitor cells.

Acute malaria infection restricts B lymphopoiesis and
retention of mature B cell populations in the bone marrow

Next, we examined the development of B cell progenitors
downstream of the MPP4 population. Consistent with the re-
duction of the MPP4 population in the bone marrow (Fig. 3E),
we observed the reduction of the Flt3* IL-7R* CLP popula-
tion (Fig. 5A). Furthermore, Scal and cKit expression was
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Figure 4. Acute malaria infection increases erythropoiesis and sustains myelopoiesis in the bone marrow. (A) Representative FACS plots and
populations of proerythroblasts, basophilic erythroblasts, polychromatic erythroblasts, orthochromatic erythroblasts, and mature erythrocytes
in the bone marrow of naive and PyNL-infected mice on Day 15. (B) Representative FACS plots and populations of total CD11b* myeloid cells,
CD11b* Ly6G* neutrophils, and CD11b* Ly6G- Ly6C* monocytes in the bone marrow of naive and PyNL-infected mice on Day 15.

increased on the CLP population (Fig. 5B). Previously it
was shown that IL-7R* cKit" progenitors that arose during
P. chabaudi infection exhibited myeloid-lymphoid bipotential
in vitro and mainly generated myeloid cells in vivo (26). We
further investigated B cell development downstream of the
CLP and found that pre-B cell, immature B cell and mature
B cell populations were significantly reduced at peak infec-
tion (Fig. 5C and D), but eventually returned to the steady-
state level after recovery from infection on Day 34 (Fig. 5E).
Bone marrow not only serves as a niche for early B cell de-
velopment but also harbors mature long-lived plasma cells.
Plasma cells are readily detected in the bone marrow in the
steady state, and they are mostly IgA* and originated from
the gut mucosa (27-29). We found that the bone marrow
IgA* antibody-secreting cells (ASCs) were greatly reduced,
whereas IgG* ASCs significantly increased (Fig. 5F). To
distinguish preexisting plasma cells and newly formed
plasmablasts during infection, flow cytometry analysis was
performed by separating TACI* CD138* cells into B220-
CD19- plasma cells and B220* CD19* plasmablasts (30, 31).
We found that plasma-cell populations were greatly reduced
in the bone marrow at peak infection, despite the increase of
newly formed plasmablasts (Fig. 5G). Collectively, we dem-
onstrated the disruption of the B lymphocytic niche in the
bone marrow that supports B cell development and plasma-
cell retention during malaria infection.

Despite the reduction of all B lymphocyte subsets in the
bone marrow, we did not observe a reduction of T lymphocytes
in the bone marrow, but rather a significant increase of CD4*
T cells and CD8* NKT cells (Fig. 6A). Further analysis of the

activation of CD4* and CD8* T cells revealed that most of the
CD4* T cells in the bone marrow were CD44+ effector T cells
during malaria infection. About 30% of these CD44+ CD4* T
cells also express CD49d in infected mice (Fig. 6A), which was
previously defined as antigen-specific Th1 effector T cells (32).
Consistently, the populations of IFNy-producing CD4* T cells
and CD8* T cells increased significantly in the bone marrow
(Fig. 6B). These data indicate that T cell development was not
suppressed, and T cells contribute to Th1 immune response
within the bone marrow during malaria infection.

IFNy is responsible for the upregulation of Scat on CAR
cells but not for the reduction of CAR cell and B cell
populations in the bone marrow

The induction of IFNy in P berghei ANKA, Ehclichia muris, or
Mycobacterium avium was shown to suppress HSC quies-
cence to promote myeloid-biased hematopoiesis (14, 33, 34).
Moreover, the acquisition of a myeloid differentiation potential
of atypical CLPs induced by P. chabaudii infection was also
IFNy dependent (26). IFNy is upregulated in the bone marrow
during PYNL infection (Fig. 7A). To examine whether IFNy af-
fects the CAR cell population during malaria, we crossed
IFNyR-knockout mice with CXCL12-GFP mice and infected
them with PyNL. We found that the reduction of the CAR cell
population during acute infection is IFNyR-independent (Fig.
7B). However, Scal upregulation on CAR cells is IFNyR-
dependent (Fig. 7C). Although the reduction of the CLP popu-
lation is also partially IFNyR-dependent (Fig. 7D), the reduction
of Pro-B cell, Pre-B cell, immature B cell, mature B cell and
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Figure 5. Acute malaria infection restricts B lymphopoiesis and retention of mature B cell populations in the bone marrow. (A) Percentage of
the CLP (Lin- Kit** Sca1+" FIt3* IL7Ra*) cell population within total live cells in the bone marrow analyzed by flow cytometry. (B) Representative
FACS plots of CLP and histogram plots of Scal and cKit expression on CLP populations from naive and PyNL-infected mice on Day 15. (C)
Representative t-SNE plot of B cell subsets in the bone marrow of naive mouse and PyNL-infected mice on Day 15 analyzed by flow cytometry.
(D, E) Pre-B cell (CD19+ B220P cKit~ IgD- IgM- CD24+), immature B cell (CD19* B220"° cKit~ IgD- IgM* CD24+), mature B cell (CD19+ B220* cKit~
IgD*) populations in the bone marrow of naive and PyNL-infected mice on (D) Day 15 and (E) Day 34. (F) Representative images of ELISPOT
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and total plasmablasts (CD19* B220* TACI* CD138") in the bone marrow of naive and PyNL-infected mice.

plasma cell populations in the bone marrow were not IFNy-
dependent (Fig. 7E and F). The lack of effects of IFNy on B cell
subsets could possibly be explained by a previous study using
intravital live imaging to show that IFNy injection into mice led
to increased distance between HSCs and CAR cells in the
HSC niche; however, this effect was not observed between
CAR cells and CD19* B cells (35). We observed that the PyNL-
induced increase of CD8* NKT cells and CD4* T cells in the

bone marrow is abolished in IFNyR-deficient mice (Fig. 7G),
suggesting that these cells are not responsible for the deple-
tion of CAR cell and B cell populations in the bone marrow.

Discussion

Hematopoietic stem cells possess the ability of self-renewal
and retain the multipotency function to constantly replenish
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blood cells. The survival and development of lineage-
committed HSPC progenies rely on instructive signals from
other cells in the bone marrow microenvironment that make up
the HSC niche (36). In this study, we demonstrated that acute
malaria infection depletes the CAR cell population, which is
the major source of CXCL12 and IL-7 for lymphopoietic niche,
and this leads to the suppression of early B cell development
and reduction of mature preexisting plasma cells in the bone
marrow, despite the increase of hematopoiesis. We found that
malaria induces the emergence of Scal* CAR cells during
acute infection. PDGFRa* Scal* cells (PaS) are multipotent
mesenchymal progenitors that can give rise to CAR cells, but
they do not express CXCL12 (37), indicating that the malaria-
induced Scal* CAR cells are not PaS cells. A recent study
showed the upregulation of Scal on Runx1/2-deficient CAR
cells which exhibit a fibrotic phenotype and lead to the de-
pletion of total bone marrow hematopoietic cells, despite the
increased number of CAR cells in the bone marrow of the
mutant mice (38). We noticed that the Sca1* CAR cell popu-
lation greatly increased at peak infection on Day 15 following
the reduction of Sca1- CAR cells at the early phase of infec-
tion on Day 7. Further studies are required to clarify whether
the malaria-induced Scai* CAR cell population is a progeny

arising from PaS cells or is a population of altered CAR cells
that may be required to repopulate CAR cells during the re-
covery phase of malaria infection. Gene expression analysis
of sorted Scal+ CAR cells showed that they express CAR
cell markers including Foxc1, Ebf1, Cxcl12, Kitl, and /I7, al-
though they do not express the Col3af fibrotic gene. The loss
of osteoblasts during acute infection (13), possibly further
restricts the availability of IL-7 to support the B lymphocytic
niche. Although the increase of Sca1 expression in CAR cells
is mediated by IFNy, the reduction of CAR cells and B cell
subsets in the bone marrow were IFNy-independent during
malaria infection. Nevertheless, CAR cell and B cell popula-
tions were restored after recovery from the infection.

The effects of malaria on the bone marrow microenvir-
onment share some similarities and differences with other
bacteria or virus infections (39). Total bone marrow cells
and CD150* HSCs are depleted by bacteria and virus in-
fections (40, 41). However, we found that these populations
expanded during acute PyNL infection in this study, and
in severe PbANKA infection reported previously (14). The
reduction of CAR cells did not deplete HSCs in the bone
marrow during malaria, which is consistent with a previous
finding that even up to 70% deletion of CXCL12 in CAR
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Figure 7. IFNy is responsible for Scat1 upregulation on CAR cells but not responsible for the reduction of CAR cell and B cell populations in the
bone marrow. (A) Relative gene expression of /fng in the bone marrow of naive and PyNL-infected mice on Day 14 and Day 30. (B) Percentage
of CAR cell populations in the bone marrow of naive and PyNL-infected mice on Day 21 from IFNyR~- and IFNyR*~ mice. (C) Mean fluorescence
intensity (MFI) of Sca1 expression on CAR cells of naive and PyNL-infected mice on Day 21 from IFNyR~- and IFNyR*~ mice. Dotted lines repre-
sent CAR cells from naive mice. Solid lines represent CAR cells from PyNL-infected mice. (D) The CLP population in the bone marrow of naive
and PyNL-infected mice on Day 21 from IFNyR~- and IFNyR*~ mice. (E) Pro-B cell, pre-B cell, immature B cell, and mature B cell populations
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cells is sufficient to maintain normal numbers of HSCs in
Ebf3-CreERT2; CXCL12f/- mice (42). In bacterial infection,
increased HSC mobilization from the bone marrow to the
spleen is mediated by granulocyte colony-stimulating factor
(G-CSF) dependent on NOD1 and TLR4 in radio-resistant
cells (40), and the suppression of lymphopoiesis in the
bone marrow is mediated by G-CSF-induced depletion of
IL-7-producing osteoblasts independent of TLR signaling
(43). Although G-CSF treatment was shown to suppress
the expression of B cell trophic factors including CXCL12,
IL-7, and stem cell factor (SCF) from CAR cells, instead it
leads to the expansion of CAR cell populations and pro-
motes osteogenic lineage commitment (44). In contrast,
we found that CAR cell populations were reduced during
malaria infection, whereas the gene expression of CXCL12,
IL-7, and SCF were not suppressed in CAR cells sorted from

malaria-infected mice. In LCMV virus infection, CAR cells
are directly infected by the virus, and that triggers CD8* T
cell-mediated killing of CAR cells (41). Unlike viral infec-
tion, Plasmodium parasites do not infect cells other than red
blood cells, and we did not find an increase infiltration of
CD8* T cells into the bone marrow of PyNL-infected mice
at peak infection. Moreover, the IFNy-mediated increase of
CD8* NKT cells was not responsible for the depletion of CAR
cells observed in IFNyR-deficient mice. The mechanism of
how malaria causes the depletion of the CAR cell population
requires further investigation.

Mature B cells migrate to peripheral lymphoid organs
and differentiate into plasma cells upon antigen activation.
These terminally differentiated plasma cells home to the bone
marrow using the CXCL12 chemokine and receive signals
from several other cell types in the bone marrow niche for
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survival (12, 45). The decline in the CAR cell populations and
increased vasodilation during malaria suggest that the de-
pletion of B cell populations in the bone marrow may be a
result of increased B cell mobilization. Peripheral B cells form
germinal centers to produce malaria-specific memory B cells
and plasma cells in the spleen (46). Immunization or com-
mensal bacteria in the gut can give rise to long-lived plasma
cells in the bone marrow to protect from systemic infection
(27, 28). The depletion of plasma cells in the bone marrow
may increase the risk of other infections. In fact, co-infections
are not uncommon among malaria patients in endemic re-
gions (47). Long-lived plasma cells promptly produce
antibodies upon antigen encounter to prevent disease pro-
gression and therefore are important for long-lasting humoral
immunity against infection. Evidence in a malaria-endemic re-
gion in Mali showed that malaria was associated with acceler-
ated declines in antibodies specific for tetanus, measles, and
hepatitis B in vaccinated children (3). Further investigations
in murine malaria models demonstrated the depletion of anti-
bodies against previous influenza vaccination and influenza-
specific ASCs after malaria infection (3), suggesting that
malaria may compromise preexisting vaccine responses
because of the depletion of bone marrow plasma cells. In
several vaccine clinical trials, reduced antibody responses
against vaccinations were shown to be associated with the
frequency of repeated malaria infections or concomitant in-
fection during vaccination because of immune tolerance as
one of the evasion strategies of the Plasmodium parasite (48).
It is therefore crucial to understand the factors that contribute
to the suppression of vaccine responses to improve vaccine
design and immunization schedules.

Interestingly, despite the potential increased susceptibility
to other infections, malaria exerts certain protective effects on
autoimmune diseases such as systemic lupus erythematosus
via modulation of B cells (49). A recent study further suggests
that the alteration of the bone marrow microenvironment by
malaria exhibits a long-lasting protective effect against le-
thal autoimmune nephritis; however, it is independent of the
chronic retention of the Plasmodium byproduct hemozoin
in the bone marrow (50). Our previous study showed that
hemozoin exhibits immunomodulatory effects (51), and in-
stead contributes to malaria-induced inflammation in the
bone (13). This suggests that the effects of malaria infection
on the bone marrow may leave a chronic impact on the host
immunity and a vaccination boost should be considered after
malaria infection if antibody titers to previous vaccinations
rapidly declined, in order to remain protected against pre-
ventable infections.

Repeated malaria infections give rise to partial immunity
that protects from symptomatic malaria. Asymptomatic mal-
aria was recently found to be prevalent in malaria-endemic
regions, which contributed to under-reported cases (52).
Asymptomatic malaria may potentially affect hematopoiesis
and host immunity if it remains undiagnosed and untreated.
Plasmodium vivax preferentially infects immature red blood
cells and hides within the bone marrow while remaining un-
detectable in the peripheral blood, making it a challenge
for diagnosis and elimination (53). Our study showed that
most bone marrow populations recovered following com-
plete clearance of parasites, suggesting the necessity to

diagnose and treat asymptomatic malaria cases to prevent
immune dysregulation and compromised immune responses
to vaccinations.
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