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Haematopoietic stem cells (HSCs) reside within the bone mar-
row (BM) where they interact with multiple stroma and hae-
matopoietic cell types. These cells form complex niches that 

regulate HSC function by maintaining quiescence and supporting 
their self-renewal1. Once outside the niche, HSC progeny differenti-
ate into highly proliferative progenitor cells, which further develop 
into erythroid, megakaryocyte, myeloid and lymphoid lineages.

Infection is a natural stressor of the haematopoietic system, 
whereby haematopoietic stem and progenitor cells (HSPCs) modify 
their progeny output to promptly cope with the increased demand 
for mature cells2–5. Infectious challenges result in hallmark HSPC 
responses, including expansion of the early progenitor compart-
ment (Lineage−c-Kit+Sca-1+; also known as LKS cells) and altera-
tions in HSC cycling properties, long-term function and migration 
patterns6–9. It is widely accepted that increased proliferation leads 
to loss of HSC function, but it is unclear whether during infections 
other factors may contribute to HSC decline. These phenomena  
happen within the BM microenvironment, yet little is known about 
the role of HSC niche components in regulating the observed 
changes in HSPC dynamics. With severe infections on the rise 
worldwide, it is important to devise therapeutic strategies that  
preserve HSC function, including through targeting the niche.

Malaria is a life-threatening disease, with an estimated  
216 million new cases in 2016 resulting in approximately 445,000 
deaths10. Plasmodium infects and destroys red blood cells and has 
notable impacts on erythropoiesis11–14, and the haematopoietic/
immune function of malaria survivors is compromised both short 
and long term15,16 due to alterations in myeloid lineage cells15,17. It is 

likely that these effects originate from changes at the earliest stages 
of haematopoiesis, including the HSC compartment. So far, how-
ever, little work directly addresses the effect of Plasmodium infec-
tion on primitive HSPCs. Using the murine experimental model 
Plasmodium berghei, we previously demonstrated that multiple 
components of the haematopoietic tree simultaneously respond 
with a substantial increase in proliferation during advanced blood 
stage infection9. This raised questions about what cell-intrinsic 
or -extrinsic mechanisms mediate the observed haematopoietic 
dynamics, how this affects HSC long-term function and whether 
infection-induced changes to the BM microenvironment contribute 
to the phenotypes observed.

Here, we combine molecular, phenotypic, functional and intra-
vital microscopy (IVM) analyses to study the haematopoietic and 
BM microenvironment responses over the course of infection, 
investigate causal links between the two and test whether niche 
manipulation is a viable approach to rescue HSC function.

Results
P. berghei infection leads to loss of HSC transcriptional identity 
and function. Mice infected by bites of mosquitos carrying P. berghei 
sporozoites are an excellent experimental model to study the effect  
of severe malaria on haematopoiesis9. Despite variability in para-
sitaemia, flow cytometry analysis of BM from control and infected 
mice highlighted a dramatic increase in the number of LKS cells by 
day 7 post-sporozoite infection (psi) (Fig. 1a).

To obtain a broad and unbiased understanding of the cellular 
and molecular changes taking place in HSPCs as a consequence 
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of P. berghei infection, we performed single-cell RNA sequencing 
(scRNA-seq) on Lineage−c-Kit+ cells from control mice and mice 
at day 7 psi (Fig. 1b). Similar numbers of cells were analysed from 
two control and two infected animals with average parasitaemia for 
the disease stage (Fig. 1a). Over 7,000 cells passed quality control 
in all samples, and a median of over 2,400 genes were detected per 
cell (Fig. 1b). We grouped control cells into clusters (Extended Data 
Fig. 1a–f) and mapped cells from infected animals against their cor-
responding control cluster. Force-directed graphs18 highlighting the 
various lineage branches (Fig. 1c) indicated that, in infected mice, 
early haematopoiesis was substantially rewired towards myeloid and 
basophil lineages, at the expense of primitive cells and erythroid 
and megakaryocyte lineages (Fig. 1d and Extended Data Fig. 1g). 
These data can be further explored on our interactive website. Next,  
we determined that machine learning-based HSC scores19 were 
strikingly decreased for cells from infected mice (Fig. 1e and 
Extended Data Fig. 1h), raising questions about how P. berghei 
affects HSC function.

To perform functional analyses on relatively homogeneous cell 
populations whose properties are well understood at steady-state, we 
focused on the LKS CD150+CD48low/neg phenotypic cell population, 
which is enriched for HSCs but includes primitive multipotent pro-
genitors (MPPs)20–23. Here, we label cells with this phenotype signal-
ling lymphocyte activation molecule (SLAM) HSPCs and collectively 
label the remaining cells within the LKS population MPPs (Fig. 1f  
and Extended Data Fig. 2a,b). Transplantation of purified SLAM 
HSPCs from control and infected CD45.1 donor mice, together with 
limited numbers of CD45.2 whole BM (WBM) support cells, into 
lethally irradiated CD45.2 recipients (Fig. 1g) indicated that cells 
from infected animals had drastically reduced engraftment ability 
(Fig. 1h); however, their long-term multilineage potential was largely 
consistent with that of transplanted control SLAM HSPCs (Fig. 1i). 
Together with the scRNA-seq, these data show an extensive loss of 
HSC transcriptional identity and functionality upon infection, rais-
ing questions about what mechanisms trigger this extensive damage.

P. berghei infection affects the population dynamics of early 
HSPCs. To gain a quantitative understanding of HSPC dynamics  
as infection progresses, we employed an established dual-pulse 
labelling method23. Consistent with previous observations9, the 
Lineage−c-Kit+ Sca-1− compartment had an increased proliferation 
rate but a reduced size by day 7 psi, whereas proliferation of both 
MPPs and SLAM HSPCs was markedly increased by day 5 (Extended 
Data Fig. 2c–e; circles in Fig. 2a). Unlike MPPs, SLAM HSPC num-
bers remained constant throughout the infection (Extended Data 
Fig. 2e; circles in Fig. 2b), despite increased proliferation.

To test the contribution of proliferation and differentiation 
to each compartment, we performed quantitative inference via a 
simple mathematical model based on the collected data (Fig. 2a,b 
and Supplementary Note). This demonstrated that SLAM HSPC 

contribution alone is not sufficient to account for the growth of the 
MPP population observed experimentally. This instead is consistent 
with MPP progeny remaining within the same compartment up to 
day 5, after which differentiation accelerates. Next, we assessed the 
effect of proliferation on the turnover of SLAM HSPC and MPP cell 
compartments, assuming that all cells within a compartment cycled 
sequentially. In control mice, the maximum number of SLAM 
HSPCs undergoing the S phase at least once within 8 d constituted 
less than the whole compartment (Fig. 2c). However, in infected 
mice, by day 5 psi, the whole SLAM HSPC compartment could have 
already turned over once, and by day 8 psi, it is possible that the 
whole SLAM HSPC population will have turned over approximately 
five times as a result of the faster proliferation rates. The MPP com-
partment could turnover once every 8 d in control mice, but this 
would increase up to 40 times during infection (Fig. 2c). These data 
show that P. berghei infection drastically increases HSPC turnover 
and, together with the transcriptomic analysis and transplantation 
assays, suggest a mechanism for the loss of functional SLAM HSPCs 
in response to severe infection.

Next, we deepened our flow cytometry analyses to focus on 
immunophenotypes highly enriched for the most functional HSCs; 
namely, endothelial protein C receptor-positive (E-SLAM) HSCs24 
(Extended Data Fig. 2f) and LKS CD150+CD48neg HSCs (CD48neg 
HSCs)23 (Extended Data Fig. 2g). The size of each population 
decreased in infected mice (Fig. 2d,e) and the proliferation rate 
of the surviving CD48neg HSCs increased substantially (Fig. 2f). 
However, our mathematical analysis indicated that, by day 8 psi, 
85% of the CD48neg HSC compartment would have been replaced 
by completely new cells, compared with 30% in the control (Fig. 2g). 
These data highlighted that, although P. berghei induces the prolife-
ration of more quiescent HSC subsets, it does not cause the entire 
compartment to turnover. Proliferation alone is therefore unlikely 
to cause the near-complete loss of HSC function observed.

P. berghei-exposed HSPCs and BM stromal cells exhibit a strong 
interferon (IFN) response. To identify molecular mechanisms driv-
ing HSC damage, we re-examined the scRNA-seq dataset to deter-
mine differentially expressed genes (DEGs) between control and 
infected samples. Filtering for genes at least fourfold upregulated 
in all clusters identified 20 initial driving genes, and the list grew 
to 109 when including DEGs whose expression correlated highly 
(Supplementary Table 1). SPRING analysis highlighted the role of 
these genes in separating HSPCs from healthy and infected animals 
(Fig. 3a). Most of the genes were related to IFN, and some spe-
cifically to IFN-γ signalling (Fig. 3b,c and Extended Data Fig. 3a).  
Interestingly, when comparing DEGs in the overall HSPC popula-
tion or in specific clusters, it became apparent that the driving genes 
were indeed upregulated in all clusters (Extended Data Fig. 3b,c). 
Downregulated genes were more numerous and less shared between 
clusters, consistent with haematopoietic rewiring requiring the 

Fig. 1 | P. berghei infection alters HSC transcriptional identity and function. a, Parasitaemia in peripheral blood over the course of infection versus the 
absolute number of LKS cells. each circle represents one mouse and stars indicate mice analysed by scRNA-seq (control: n = 10; day 3: n = 20; day 5: 
n = 27; day 7: n = 42). The data were pooled from more than three independent infection experiments. b, Gating strategy used to isolate Lineage−c-Kit+ 
cells for droplet-based scRNA-seq at day 7 psi. The boxes indicate the number of cells that passed quality control and the median number of genes 
detected per cell per sample. c, Cluster identity of cells from control and infected mice. Using Louvain clustering on the k-nearest-neighbour graph, control 
cells were organized into six populations, as specified in the legend. Infected cells were mapped to their corresponding control cluster. The proportions of 
each cluster in both conditions are shown. d, Log2[fold change] (positive values: increase; negative values: decrease) of the percentage of infected cells 
mapped to each cluster divided by the percentage of control cells in the same cluster. Left- and right-hand bars indicate fold changes for samples from 
two separate infected mice. MeP, megakaryocyte–erythroid progenitor. e, HSC score values plotted on the force-directed graph embedding for all cells 
from control and infected mice. f, Representative flow cytometry plots showing the gating strategy for MPP and SLAM HSPC populations in control and 
infected mice at day 7 psi. g, Schematic of the transplantation assay presented in h. h,i, Overall peripheral blood reconstitution (h) and multilineage output 
(i) of transplanted SLAM HSPCs from control and infected donors into lethally irradiated recipients, as assessed by flow cytometry. The data were pooled 
from recipients of two independent donor groups from two infections (n = 12 recipients per group). The data are presented as means ± s.e.m. *P < 0.05; 
****P < 0.0001. The P values were determined by two-way ANOVA with post-hoc Bonferroni correction (h) or unpaired two-tailed Student’s t-test (i).
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inhibition of programs linked to several lineages and the initiation 
of a common transcriptional program. Gene Ontology analysis of 
primitive HSPC cluster DEGs further highlighted the prominence 

of IFN-γ-mediated signalling pathways, together with cell-cycle 
regulators, type I IFN and tumour necrosis factor (TNF) signalling, 
and metabolism-related genes (Fig. 3d and Supplementary Table 2). 
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Fig. 2 | P. berghei affects population dynamics of early HSPCs. a, experimental data and mathematical model representing SLAM HSPC and  
MPP proliferation rates. Proliferation is constant in the control model, corresponding to the average of measurements from all mice until day 3 psi.  
In the infected model, proliferation is constant until day 3, then linearly increases to the average of the data from infected mice at days 5 and 7 psi.  
b, experimental data and mathematical model of SLAM HSPC and MPP compartment sizes. SLAM HSPCs are modelled as a constant corresponding to 
the average data from all animals. For MPPs, the control model is a constant corresponding to the average of measurements from all control plus infected 
mice up to day 3 psi. In the first infected model (continuous maroon line), the number is constant with the control model until day 3, then increases 
corresponding to the additional SLAM HSPCs entering the S phase in the infected model, as shown in a. In the second infected model (dashed maroon 
line), the number is constant until day 3, then increases based on the sum of additional SLAM HSPCs and MPPs entering the S phase in the infected 
model, as shown in a. c, Modelling of the maximum proportion of SLAM HSPCs and MPPs turned over as a function of time in control and infected mice. 
Note that a log scale has been used for the y axis. Intersections with the grey dashed line visually represent when the entire compartment could have 
completed one turnover. d,e, Absolute numbers of e-SLAM cells (n = 7 controls; n = 8 infected mice) (d) and CD48neg HSCs (n = 14 controls; n = 16 infected 
mice) (e) at day 7 psi. f, Proliferation rate of CD48neg HSCs at day 7 psi (n = 4 control; n = 8 infected mice). In d–f, the data are presented as means ± s.e.m. 
and the P values were determined by unpaired two-tailed Student’s t-test. g, Modelling of the maximum proportion of CD48neg HSCs turned over as a 
function of time in control and infected mice. These data were pooled from up to three independent infection experiments. In a–c and g, the dotted lines 
indicate 95th percentile bootstrap confidence intervals for each model.
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To validate the role of cytokines, we measured IFN-γ, IFN-α and 
TNF-α levels. We detected a striking increase of IFN-γ in the serum 
and the BM supernatant of infected animals (Fig. 3e). IFN-α and 
TNF-α levels were also augmented (Extended Data Fig. 3d,e), albeit 
to a lesser extent than IFN-γ. This was consistent with IFN-γ being 
most widely associated with responses to Plasmodium infection in 
mice and humans25–28.

Based on this and given previous reports highlighting the com-
plex effects of IFN-γ on HSCs and niche components29, we investi-
gated how these effects may be coordinated, and whether the niche 
may be a key mediator. We tested whether not only HSPCs, but 
rather all BM cells—including stroma—would sense and respond 
to the elevated systemic and local IFN-γ in our model by measuring 
Sca-1 upregulation as a proxy of IFN-γ signalling30. Haematopoietic 
cells (CD45+ and/or Ter119+) were reduced in number and, as 
expected, had substantially upregulated Sca-1 (Fig. 3f–h). While the 
overall number of CD45−Ter119− mixed haematopoietic and stro-
mal cells31 was not affected (Fig. 3i), the majority of these cells also 
upregulated Sca-1 (Fig. 3j,k).

To dissect the importance of direct IFN-γ action on HSPCs 
versus an indirect action mediated by changes in the BM micro-
environment, we studied IFN-γ receptor 1 (Ifngr1) knockout and 
chimeric mice. Consistent with previous studies, we observed no 
difference in SLAM HSPC and MPP compartment size and prolif-
eration rate in control and infected Ifngr1−/− mice (Extended Data 
Fig. 4a,b) despite the presence of high levels of IFN-γ (Extended 
Data Fig. 4c). Next, we generated reverse chimeras and two groups 
of 50:50 mixed BM chimeras (Fig. 3l). Upon infection, IFN-γ lev-
els were notably higher in all three chimera types (Extended Data  
Fig. 4d–f). In the reverse chimeras, the number of total SLAM 
HSPCs was unchanged (Fig. 3m, left panel) and their proliferation 
rate increased upon infection (Fig. 3n, left panel). In the mixed 
chimera groups, we analysed Ifngr1-deficient SLAM HSPCs.  
Their absolute numbers were unchanged in both groups (Fig. 3m, 
middle and right panels). SLAM HSPCs became highly prolifera-
tive upon infection in the presence of an Ifngr1-proficient niche  
(Fig. 3n, middle panel). Interestingly, this response was suppressed 
in mixed chimeras with an Ifngr1-deficient niche (Fig. 3n, right 
panel). These data highlight that indirect, niche-mediated mecha-
nisms contribute to HSC proliferation during infection, prompting 
further investigation into morphological and/or functional changes 
in the BM microenvironment.

Targeting the osteolineage inhibits HSC proliferation in response 
to P. berghei infection. Osteoblasts have long been associated with 
HSC maintenance32–35. IVM of the calvarium BM of control and 
infected Col2.3–GFP osteoblast reporter mice36 revealed a progres-
sive and systemic loss of green fluorescent protein-positive (GFP+) 
cells throughout infection (Fig. 4a,b). To confirm that this reflected 

loss of osteoblasts, we examined histological sections of femurs. 
While endosteum-lining cells were visible in control sections, they 
were undetectable in infected ones (Extended Data Fig. 5a,b).

We reasoned that, by targeting the osteolineage, one may con-
trol HSC proliferation and rescue HSC function during infection. 
Intermittent treatment with parathyroid hormone (PTH) enhances 
bone formation and increases osteoblast numbers by stimulat-
ing their proliferation, inhibiting apoptosis and driving osteo-
blast progenitor differentiation37–41. We treated mice with PTH for 
2 weeks before and a further week during infection, before sacrifice 
and analysis (Fig. 4c). While PTH had no effect on parasitaemia 
(Extended Data Fig. 5c), it had an anabolic effect on the osteolin-
eage, and a substantial number of osteoblasts survived through 
infection, as measured by IVM tilescans and flow cytometry analy-
ses of long bones (Fig. 4d–f).

To investigate the effects of PTH treatment on HSPC population 
dynamics, we measured their size and proliferation rate. Consistent 
with Sca-1 upregulation occurring in both groups of infected mice 
(Extended Data Fig. 5d), the absolute numbers and proliferation 
rates of Lineage−c-Kit+ Sca-1+ cells (Extended Data Fig. 5e,f) and 
MPPs (Fig. 4g,h, left panels) were similar in all infected animals. 
However, PTH treatment had a specific effect on SLAM HSPCs. 
In line with previous studies32,42,43, in control mice, PTH treat-
ment alone increased the number of SLAM HSPCs without affect-
ing their proliferation rate (Fig. 4g,h, right panels). Importantly, 
SLAM HSPCs from PTH-treated infected mice proliferated as 
little as those of control animals and strikingly less than those of 
phosphate-buffered saline (PBS)-treated infected mice.

To test whether PTH treatment could rescue HSC function, 
we performed transplantation assays with SLAM HSPCs puri-
fied from PBS- and PTH-treated infected donors at day 7 psi. 
Surprisingly, we observed no difference between the engraftment 
and multilineage output of the two populations, and the overall 
donor-derived reconstitution was very low (Fig. 4i and Extended 
Data Fig. 5g). When we measured the numbers of CD48neg HSCs 
in PTH-treated mice, we observed that their abundance was mark-
edly reduced in infected animals (Fig. 4j), despite proliferation not 
being induced. Interestingly, systemic and local IFN-γ levels were 
higher in PTH-treated infected mice compared with PTH-treated 
non-infected mice, but were lower than those of PBS-treated 
infected animals (Fig. 4k,l). Because PTH has immunomodulatory 
properties and T cells have been described to contribute to the ana-
bolic processes triggered by this hormone42,44, we analysed T cells in 
the BM and blood of PBS- and PTH-treated mice. While there were 
no differences in the absolute number of T cells and there was no 
change in the proportion of T cell subsets in the BM of PTH-treated 
mice (Fig. 4m,n), there was a striking decrease in the proportion of 
activated CD8+ T cells in PTH-treated infected animals compared 
with those that were PBS treated (Fig. 4o). Further analyses revealed 

Fig. 3 | P. berghei-exposed HSPCs and BM stromal cells exhibit a strong iFN response. a, Single-force graph embedding of combined control and infected 
cells, highlighting the large separation between samples according to their infection status, regardless of cell type. Recalculating the force graph with the 
driving genes removed suggests that they play a major role in driving this parting. b,c, Violin plots showing the expression of Irf7 (b) and Gbp2 (c), as 
determined by scRNA-seq analysis in control (black; left panels) and infected samples (maroon; right panels) (n = 14,193 control cells; 13,905 infected 
cells). The central dots show median values and the box limits show the upper and lower quartiles. The whiskers extend from the box limit to the smallest 
and largest value at no further than 1.5× the interquartile range from the hinge. d, Representative results from a Gene Ontology analysis of biological 
processes enriched in samples sequenced from infected mice compared with controls. Padj, adjusted P value. e, IFN-γ levels measured by eLISA in serum 
and BM supernatant at day 7 psi (n = 3 mice per group). Ctrl, control; inf, infected. f, Absolute number of CD45+Ter119+ haematopoietic cells at day 7 psi 
(n = 9 controls; n = 12 infected mice). g,h, Representative histogram plot (g) and absolute numbers (h) of CD45+Ter119+Sca-1+ cells at day 7 psi (n = 9 
controls; n = 12 infected mice). i, Absolute numbers of CD45−Ter119− mixed haematopoietic and stromal cells at day 7 psi (n = 9 controls; n = 12 infected 
mice). j,k, Representative histogram plot (j) and absolute numbers (k) of CD45−Ter119−Sca-1+ cells at day 7 psi (n = 9 controls; n = 12 infected mice).  
l, Schematic detailing the generation of Ifngr1−/− reverse and mixed chimera groups that were subsequently infected and analysed. KO, knockout; WT,  
wild type. m,n, Absolute numbers (m) and proliferation rates (n) of wild-type (n = 9 controls; n = 7 infected mice) versus Ifngr1−/− (n = 5 controls; n = 5 
infected mice) SLAM HSPCs from chimeric mice. These data were pooled from up to three independent infection experiments. All of the data are 
presented as means ± s.e.m. The P values were determined by unpaired two-tailed Student’s t-test. NS, not significant.
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overall lower proportions of both CD4+ and CD8+ T cells produc-
ing IFN-γ in PTH-treated infected mice compared with PBS-treated 
mice (Fig. 4p). This was reflected by T cells analysed in the blood 
of these mice (Extended Data Fig. 5h–k). We observed this effect 
on T cells only following the prolonged, anabolic PTH treatment 
regimen, and not when PTH was administered exclusively for the 

week following infection initiation (Extended Data Fig. 6). This 
raises the interesting hypothesis that, in this context, PTH may not 
act directly or acutely on T cells, but rather its immunomodulatory 
effects may be niche mediated too. Together, these data suggest that, 
although prolonged PTH treatment leads to partial retention of 
osteoblasts, avoidance of infection-induced HSC proliferation and 
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a global reduction of IFN-γ levels, the remaining IFN-γ may still be 
sufficient to affect the long-term reconstitution capacity of HSCs 
exposed to P. berghei, possibly by affecting other niche components.

P. berghei infection alters the integrity of vessels in the BM 
microenvironment. Osteoblasts have been shown to be dependent 
on healthy endothelial cells45 and endothelial cells support HSC 
maintenance and function46–49. Using IVM of Flk1–GFP transgenic 
mice50, we investigated the distribution, morphology and function 
of BM endothelial cells. Tilescans revealed no obvious changes in 
BM vessels (Fig. 5a) and the number of GFP+ voxels remained con-
stant throughout infection (Fig. 5b). Flow cytometry analysis of 
long-bone endothelial cells, including arteriolar Sca-1+ and sinusoi-
dal Sca-1− endothelial cells, reflected this with no alterations by day 
7 psi (Fig. 5c–e).

Time-lapse IVM of randomly selected calvarium BM areas in 
these mice revealed unusual dynamics over the course of a few hours. 
While the vasculature of control mice appeared static (Supplementary 
Video 1), in infected animals, GFP+ cells were more dynamic, with 
many shifting their centre of mass while maintaining their position 
along the vessel wall (Fig. 5f and Supplementary Video 1, blue arrow-
heads) and some separating from the vessel surface and migrating 
within the extravascular space (Fig. 5f and Supplementary Video 1, 
red numbered arrowheads). We confirmed by CD45 in vivo stain-
ing that these migratory cells were not haematopoietic51 (Fig. 5g). 
Questioning whether the observed GFP+ cells may be due to endo-
thelial cell proliferation, flow cytometry analysis revealed no change 
in the proportion of EdU+ endothelial cells by day 7 psi (Fig. 5h).

To assess whether the dynamism shown by endothelial cells was 
an indication of vascular stress, we investigated whether damage 
developed during the course of P. berghei infection, using vascular 
leakiness as our readout52. Following the injection of tetramethyl-
rhodamine (TRITC)-labelled dextran, time-lapse imaging revealed 
that infected mice had highly permeable vessels (Fig. 5i,j and 
Supplementary Video 2). HSCs localized in the proximity of more 
leaky vessels have been shown to have higher levels of reactive oxy-
gen species (ROS)53. Thus, we measured intracellular ROS in SLAM 
HSPCs from infected animals and, as expected, the increased vas-
cular leakiness triggered by P. berghei was associated with a twofold 
rise in the concentration of ROS (Fig. 5k).

PTH treatment coupled with ROS scavenging rescues the func-
tion of P. berghei-exposed HSCs. Our data on increased vascular 
leakiness and SLAM HSPC ROS suggest that they may be, among 
other things, one of the mechanisms leading to loss of functional 
HSCs during P. berghei infection. In line with this, PTH-treated 
infected animals exhibited leaky vasculature and increased ROS+ 
SLAM HSPCs (Fig. 6a,b). Vascular permeability is important in 
enabling immune responses globally; however, ROS are highly 

damaging to cells. We reasoned that ROS may be an appropri-
ate target to curb HSPC proliferation and/or damage in response 
to P. berghei infection. We treated mice with the ROS scavenger 
N-acetyl-l-cysteine (NAC) daily from 2 d before infection until 
analysis (Fig. 6c). This had no effect on parasitaemia (Extended 
Data Fig. 7a) but reduced ROS in MPPs and SLAM HSPCs com-
pared with PBS-treated infected animals (Fig. 6d,f). However, pro-
liferation of both cell types was comparable to that of PBS-treated 
infected controls (Fig. 6e,g). After NAC treatment, vessels remained 
highly permeable (Fig. 6h), osteoblasts were lost and the absolute 
number of CD48neg HSCs was as reduced as in PBS-treated infected 
mice (Fig. 6i). Consistent with this, IFN-γ levels remained elevated 
(Fig. 6j). These observations suggest that NAC treatment alone is 
insufficient to limit HSC and niche damage resulting from P. berghei 
infection.

We hypothesized that a combination of PTH treatment (to 
reduce proliferation) and NAC treatment (to reduce ROS levels)  
could have a positive impact on HSC function. Mice were pre-treated 
with PTH for 2 weeks before infection and NAC for 2 d before 
infection, and both treatments continued until analysis (Fig. 7a). 
Parasitaemia was not affected by treatment (Extended Data Fig. 7b),  
but ROS levels in both MPPs and SLAM HSPCs were reduced com-
pared with PBS-treated infected controls (Fig. 7b,d). Consistent 
with PTH treatment alone, PTH + NAC treatment did not affect the 
proliferation of MPPs (Fig. 7c); however, it reduced the proportion 
of proliferating SLAM HSPCs compared with PBS-treated infected 
controls (Fig. 7e). To determine whether this combined treat-
ment could rescue HSC function, we transplanted SLAM HSPCs 
from each group into lethally irradiated recipient mice. Cells from 
control, healthy mice achieved the highest engraftment. However, 
PTH + NAC treatment led to better engraftment of SLAM HSPCs 
(Fig. 7f) compared with the same cells from PBS-treated infected 
donors, a lineage output similar to that of healthy donors (Extended 
Data Fig. 7c), and donors had notably more CD48neg HSCs in the 
BM (Fig. 7g). Interestingly, local and systemic levels of IFN-γ in 
combination-treated mice were strikingly lower than in PBS-treated 
infected controls (Fig. 7h,i) and suggest, consistent with the 
scRNA-seq Gene Ontology analysis, that IFN-γ is not the only trig-
ger of HSC damage in P. berghei-infected mice. Altogether, our data 
indicate that, by targeting cellular or chemical components of the 
HSC niche, it is possible to limit HSC loss during severe infection.

Discussion
HSC function is profoundly affected by severe infection, but the 
cellular and molecular mechanisms are not yet fully understood. 
Here, we used a natural Plasmodium infection to gain a quantitative 
understanding of its impact on primitive HSPC populations and to 
investigate the role of the BM microenvironment in mediating the 
phenotypes observed.

Fig. 4 | osteolineage targeting inhibits P. berghei-induced HSC proliferation. a,b, Representative maximum projections and automated segmentation (a) 
and volume calculation (voxels) (b) of Col2.3–GFP+ osteoblastic cells in tilescans of calvarium BM from control (n = 4) and infected Col2.3–GFP mice at 
days 3 (n = 3), 5 (n = 3) and 7 psi (n = 7). c, Schematic of the PTH treatment regimen. d,e, Representative maximum projections (d) and quantification (e) 
of Col2.3–GFP+ osteoblastic cells in tilescans from PBS- (n = 5 controls; n = 4 infected) and PTH-treated mice (n = 4 controls; n = 4 infected) at day 7 psi.  
f, Proportion of osteoblasts identified by flow cytometry analysis of long bones from PBS- and PTH-treated mice at day 7 psi (n = 6 per group). g,h, 
Absolute number (g) and proliferation rate (h) of MPPs and SLAM HSPCs in PBS- and PTH-treated mice at day 7 psi. n numbers represent individual mice 
and are indicated as data points on each graph. i, Peripheral blood reconstitution of transplanted SLAM HSPCs from PBS- and PTH-treated infected mT/
mG donors into lethally irradiated CD45.2 recipient mice, as assessed by flow cytometry (n = 6 mice per group). j, Absolute number of CD48neg HSCs in 
PTH-treated mice at day 7 psi (n = 12 controls; n = 15 infected mice). k,l, IFN-γ levels, as measured by eLISA, in BM supernatant (k) and serum (l) from 
PBS- (n = 4 controls; n = 4 infected) and PTH-treated mice (n = 6 controls; n = 6 infected). m, Absolute number of CD3+ T cells in BM from PBS- and 
PTH-treated mice. n–p, CD4+ and CD8+ T cells as a proportion of CD3+ T cells (n) and as a proportion of CD4+ and CD8+ T cells producing IFN-γ (p), and 
CD44+PD-1+ cells as a proportion of activated CD8+ T cells (o) in the BM of PBS- and PTH-treated mice, as quantified by flow cytometry (n = 4 controls; 
n = 5 infected mice). In m–p, the data were pooled from up to six independent infection experiments. All of the data are presented as means ± s.e.m. 
The P values were determined by one-way ANOVA (b, e, f, k–m and o) with post-hoc Bonferroni correction, unpaired two-tailed Student’s t-test (g–j) or 
two-way ANOVA (n and p) with post-hoc Bonferroni correction. Scale bars, 500 μm.
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scRNA-seq analysis of Lineage−c-Kit+ cells provided an unbi-
ased approach and confirmed the development of emergency 
myelopoiesis described for multiple infections5,54,55. Moreover, we 

identified a dramatic loss of the most primitive HSPC transcrip-
tional signature and, consistent with this, transplantation assays 
highlighted infection-induced loss of functional HSCs. Building on  
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Fig. 5 | P. berghei infection affects vascular integrity and function. a,b, Representative tilescan maximum projections and automated segmentation (a) and 
volume calculation (voxels) (b) of Flk1–GFP+ endothelial cells in calvarium BM from control (n = 4) and infected Flk1–GFP mice at days 3 (n = 3), 5 (n = 3) 
and 7 psi (n = 6). c–e, Absolute numbers of total endothelial cells (eCs) (c), arteriolar Sca-1+ endothelial cells (d) and sinusoidal Sca-1− endothelial cells 
(e) in control and infected mice at day 7 psi, as analysed by flow cytometry. n numbers represent individual mice and are indicated as data points on the 
graphs. f, Representative frames from time-lapse imaging of an infected Flk1–GFP mouse, demonstrating a shift in the centre of mass of endothelial cells 
(blue arrowheads) and detachment and migration of GFP+ cells into the parenchyma (red; numbered arrowheads) at day 7 psi. g, Representative maximum 
projection of an area of calvarium BM in an infected Flk1–GFP mouse, at day 7 psi, injected with CD45 antibody. The white arrowheads indicate GFP+ cells 
that have detached from the endothelium. h, Proportion of edU+ endothelial cells at day 7 psi, as measured by flow cytometry (n = 7 controls; n = 7 infected 
mice). i, Vascular leakiness was assessed by time-lapse imaging of selected regions (red boxes) within the calvarium following administration of TRITC–
dextran. Selected frames from control and infected Flk1–GFP mice at day 7 psi demonstrate how extravasation of vascular dye over time allows quantification 
of vascular permeability. The white lines delineate bone (B). j, Quantification of the fold change of TRITC–dextran intensity in calvaria at day 7 psi (n = 4 
controls; n = 5 infected mice; n = 4 positions acquired per mouse). k, Intracellular ROS levels in SLAM HSPCs, as measured by flow cytometry, at day 7 psi 
(n = 6 controls; n = 6 infected mice). The data were pooled from up to six independent infection experiments. All of the data are presented as means ± s.e.m. 
The P values were determined by one-way ANOVA with post-hoc Bonferroni correction (b) or unpaired two-tailed Student’s t-test (c–e, h, j and k), with (j) 
or without Holm–Šídák correction for multiple comparisons (c–e, h and k). In j, *P < 0.05. Scale bars, 500 μm (a), 50 μm (f), 20 μm (g) and 50 μm (i).
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our previous qualitative observations9, we measured the prolifera-
tion rate and compartment size of multiple HSPC populations, and 
a simple mathematical model demonstrated the extent of increased 
turnover of each population studied. Both SLAM HSPC and  
MPP populations turned over multiple times, and even the most 
quiescent CD48neg HSC compartment was seen to proliferate,  
albeit at a much lower rate. This suggests that other mechanisms 
beyond simply proliferation could be driving the dramatic loss of 
functional HSCs.

Gene expression profiling highlighted the central role of IFN 
in driving the observed phenotypes. IFN-γ is highly expressed in 
response to multiple strains of human and murine Plasmodium and 

contributes to controlling the intensity of infection25,26,28. However, it 
has also been reported to mediate and exacerbate the disease itself, 
causing damage to the host27. In our model, the IFN response was 
shared across not only haematopoietic cells but also BM stroma, 
including known components of the HSC niche. Consistent with 
a role of the BM microenvironment in mediating infection and 
IFN-γ-driven HSC damage, Ifngr1−/− SLAM HSPCs in chimeric 
mice with haematopoietic cells derived from both wild-type and 
Ifngr1−/− donors exhibited a proliferative response. Importantly, 
this was lost when the stroma was Ifngr1 deficient, indicating that  
P. berghei-induced IFN-γ affects HSPCs both directly and indirectly, 
through niche cells that sense and respond to it.
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It was recently reported that both Plasmodium infection and 
sepsis affect bone biology56,57. Sepsis-induced loss of osteoblasts has 
been linked to the loss of lymphoid progenitors and myeloid-skewed 
haematopoiesis, and the same mechanism is likely to take place 
in response to Plasmodium infection. Here, we show that loss of 
osteoblasts is specifically associated with primitive HSPC pro-
liferation and loss of function, potentially through a reduction of 
the most HSC-enriched cell populations, including CD48neg HSCs. 
Osteoblast maintenance through PTH treatment was associated 
with the rescue of infection-induced HSC proliferation but did not 
preserve HSC function. This is an important finding as HSC prolif-
eration and loss of function are usually directly linked5,8. While the 
effects seen on mature osteoblasts are dramatic, we cannot exclude 
an important role for other mesenchymal cells contributing to the 
effects of PTH; however, based on our data, it is unlikely that HSC 
proliferation is regulated directly by PTH-responsive T cells.

BM vascular damage was recently reported in response to 
IFN-α58 and in mice burdened with malaria, where it was proposed 
to mediate parasite accumulation in the tissue59,60. Our data on vas-
cular leakiness and HSPC intracellular ROS are consistent with pre-
vious observations that steady-state HSCs residing in the vicinity of 
more permeable vessels contain higher levels of ROS and are less 
functional53, suggesting that increased vascular permeability may be 
one of the mechanisms leading to loss of functional HSCs during  
P. berghei infection, and the same is likely to happen in human malaria. 
ROS trigger signalling cascades and are a recognized component 
of the HSC niche chemical milieu61. ROS quenching alone did not 
rescue vascular leakiness, nor SLAM HSPC proliferation or osteo-
blasts loss. However, combined PTH treatment and ROS quenching  

partially reduced SLAM HSPC proliferation and limited HSC 
function decline. PTH + NAC-treated mice displayed IFN-γ levels 
similar to those of uninfected animals, suggesting that PTH + NAC 
treatment does not impair immune responses and that IFN-γ is an 
important trigger of HSC damage, albeit not the only one. Given the 
effects of PTH and NAC treatments alone, we propose that the two 
interventions combined may act side by side and on specific com-
ponents of the HSC milieu; however, further studies will be needed 
to fully understand the interplay of all of the involved cell types 
within the BM. While our interventions are not directly translatable 
to malaria sufferers, our data provide a promising indication that it 
might prove possible to limit HSC damage during severe infection, 
and future work should focus on identifying therapeutic approaches 
aimed at preserving HSCs through the course of severe infections.
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Methods
Mice. The animal work was carried out in accordance with the animal ethics 
committee (Animal Welfare Ethical Review Body) at Imperial College London and 
UK Home Office regulations (Animals (Scientific Procedures) Act, 1986) under 
licence numbers 70/8403 and PP9504146. The Flk1–GFP50 mice were a gift from 
A. Medvinsky (University of Edinburgh). The Tuck CD1 and C57BL/6 mice were 
obtained from Envigo or Charles River. The Col2.3–GFP36, mT/mG62 and CD45.1 
(B6/SJL) mice were bred and housed at Imperial College London or the Sir Francis 
Crick Institute, according to institutional guidelines. The Ifngr1−/−63 mice were 
kindly provided by J. Langhorne (Sir Francis Crick Institute). Male and female 
mice >6 weeks of age were used in all of the experiments. The mice were housed 
in Tecniplast mouse greenline cages with appropriate bedding and enrichment. 
The temperature, humidity and light cycles were kept within the UK Home Office 
code of practice, with the temperature between 20 and 24 °C, the room humidity at 
45–65% and a 12 h/12 h light cycle with a 30-min dawn and dusk period to provide 
a gradual change.

For PTH treatment, rat PTH (1–34) (Bachem; 80 µg kg−1 body weight) or PBS 
(vehicle control) was injected intraperitoneally five times a week for 2 weeks before 
the infection and for a further week through infection until sacrifice and analysis. 
Strictly, 4- to 6-week-old female mice were used. To determine the effects of PTH 
treatment post-infection, PTH treatment was initiated on the day of infection and 
administered daily until analysis at day 7 psi.

For NAC treatment, NAC (Sigma–Aldrich; 130 µg kg−1 body weight) or PBS 
(vehicle control) was injected intraperitoneally daily, starting 2 d before infection 
and throughout until sacrifice and analysis.

For combined treatment with PTH + NAC, mice received PTH five times a 
week for 2 weeks and NAC for 2 d before infection, and both treatments carried on 
through infection until sacrifice and analysis.

P. berghei experimental model. Parasite maintenance, the generation of 
infected mosquitos and the infection of mice were carried out as previously 
described9,64. Briefly, red fluorescent protein-tagged P. berghei65 was maintained 
in 4- to 10-week-old female Tuck CD1 mice by serial blood passage, according 
to Home Office-approved protocols. Hyper-reticulocytosis was induced 2–3 d 
before infection by treating with 6 mg ml−1 phenylhydrazine chloride. Stock mice 
were infected by intraperitoneal injection of blood containing parasites, and 
parasitaemia was monitored on Giemsa-stained tail blood smears and expressed as 
a percentage of more than 500 red blood cells counted per slide. For each individual 
experiment, a group of five female CD1 phenylhydrazine chloride-treated mice 
were infected with intraperitoneally injected P. berghei, followed by feeding to 
mosquitos. Infected mice were subsequently anaesthetized and exposed to cages 
containing 500 starved female Anopheles stephensi mosquitos. Fed mosquitos were 
maintained until 21 d post-infection, at which point salivary gland sporozoites are 
at their peak. To infect mice with P. berghei for the experiments, each mouse was 
exposed to five infected mosquitos, with control mice receiving five mosquito bites 
from naive, non-infected mosquitos in parallel. Blood parasitaemia and symptoms 
of malaria were monitored, and mice were sacrificed for analysis at time points of 
interest (always before the onset of cerebral malaria).

Transplantation assays. Tibias, femurs, ileac bones, vertebrae and sternum 
were harvested from control or infected (untreated or PBS-, PTH- or 
PTH + NAC-treated) mT/mG, CD45.1 (B6/SJL) or CD45.2 (C57BL/6) donor mice 
at day 7 psi. The bones were crushed and filtered through a 40-µm strainer, and red 
blood cells were lysed. WBM was labelled with a cocktail of biotinylated lineage 
antibodies (CD3, CD4, CD8, Ter119, B220, Ly6G and CD11b) and streptavidin 
magnetic MicroBeads (Miltenyi Biotech) to perform a lineage depletion using 
the MACS Column Technology (Miltenyi Biotech). The lineage-depleted 
sample was stained and sorted for SLAM HSPCs (defined as Lineage−c-Kit+Sca-
1+CD150+CD48neg/low) on a FACSAria III (BD Biosciences). Some 200 SLAM 
HSPCs were transplanted into lethally irradiated (two doses of 5.5 Gy, at least 3 h 
apart) CD45.2 (when testing CD45.1 or mT/mG HSPCs) or mT/mG recipients 
(when testing CD45.2 HSPCs) alongside 300,000 support BM cells from a donor 
matching the recipients’ genotype. Baytril antibiotic was administered to recipient 
mice for 6 weeks post-transplant. Multilineage engraftment of the recipients 
was monitored every 4 weeks up to week 20 by flow cytometry analysis of the 
peripheral blood.

Generation of BM chimeras. Reverse chimeras (wild-type BM → Ifngr1−/− 
recipients and wild type → knockout) were generated by transplanting 2 × 106 
WBM cells from CD45.1 donor mice into lethally irradiated Ifngr1−/− recipients 
(CD45.2). Mixed BM chimeras were generated by transplanting 1 × 106 WBM 
cells from Ifngr1−/− mice and 1 × 106 WBM cells from mT/mG (CD45.2) mice into 
lethally irradiated CD45.1 (knockout + wild type → wild type) or Ifngr1−/− recipient 
mice (knockout + wild type → knockout). Peripheral blood reconstitution was 
assessed by flow cytometry 8 weeks after transplantation and stable chimeras were 
infected for experiments at approximately 12 weeks post-transplantation.

Flow cytometry. For the analysis of HSPC and T cell compartments in the BM, 
bones were crushed in PBS with 2% foetal bovine serum and the cells were 

filtered through a 40-µm strainer, depleted of red blood cells and stained with 
relevant antibodies. For analysis of stroma and endothelial cells, bones were 
crushed and digested with collagenase I (Worthington) at 37 °C for 20 min with 
110 r.p.m. agitation. For analysis of osteoblasts, bone chips were digested twice 
with collagenase I at 37 °C for 45 min with agitation. The cells obtained were 
filtered and stained with relevant antibodies. For analysis of T cell compartments 
in peripheral blood, approximately 400 µl blood was obtained by cardiac puncture 
and mixed with ethylenediaminetetraacetic acid to prevent clotting. For analysis 
of reconstitution in peripheral blood during transplantation assays, approximately 
10 µl blood was obtained from mice via the tail vein. Red blood cells were 
subsequently lysed and the cells were washed with 2% foetal bovine serum and 
then stained with appropriate antibodies. For information on all of the antibodies 
used, see Supplementary Table 3. BrdU and EdU were detected and analysed as 
previously described23 using a combination of the BrdU kit (Becton Dickinson) and 
Click-iT EdU Kit (Life Technologies). For the analysis of cellular ROS, CellROX 
Deep Red Reagent was used, following the manufacturer’s instructions (Thermo 
Fisher Scientific). Calibrite beads (BD Biosciences) were used to determine the 
absolute cell numbers in the populations of interest, as described previously66. Cells 
were analysed with an LSRFortessa (BD Biosciences) and the data were analysed 
with FlowJo (Tree Star). Please see Extended Data Figs. 8–10 for additional gating 
strategies used for analysis of the data presented in this manuscript.

Mathematical modelling. Please see the Supplementary Note for details.

scRNA-seq and analysis. For the 10× Chromium (10× Genomics) experiments, 
two mice were selected based on showing parasitaemia close to average levels 
from a pool of six mice infected at the same time. Lineage−c-Kit+ cells were sort 
purified, as described above, from these infected mice and two control, uninfected 
mice, and the cells were subsequently processed according to the manufacturer’s 
protocol. Libraries were sequenced with a HiSeq 4000 and corresponding Illumina 
commercial software.

Data processing and quality control. Sample demultiplexing, barcode processing and 
gene counting were performed using the count commands from the Cell Ranger 
version 1.3 pipeline. Each sample was filtered for potential doublets by simulating 
synthetic doublets from pairs of scRNA-seq profiles and assigning scores based 
on a k-nearest-neighbour classifier on principle component analysis-transformed 
data. The top 4.5% of cells with the highest doublet scores from each sample were 
removed from further analysis. Cells with >10% of unique molecular identifier 
counts mapping to mitochondrial genes, expressing fewer than 500 genes, or with 
the total number of unique molecular identifier counts further than 3 s.d. from the 
mean for all cells, were excluded.

Identification of variable genes. Variable genes were identified for all samples 
following the method of Macosko et al.67, with expression = 0.001 and 
dispersion = 0.05 used as minimum cut-offs. The cells were normalized to the same 
total count for each cell and log transformed (x → log[x + 1]). Each gene was scaled 
so it was zero centred. Typically, 5,000 variable genes were carried forward for 
analysis. All further analysis was performed using the Scanpy Python module. In 
total, there were 14,193 control and 13,905 infected cells.

Clustering and mapping. The control cells were clustered using Louvain clustering 
(Scanpy igraph method). To assign infected cells to clusters, the infected samples 
were projected into the principle component analysis space of the control data and 
the nearest neighbours were calculated between the control and infected samples 
based on the Euclidean distance in the top 50 components. Infected cells were 
assigned to the same cluster that the majority of their 15 nearest control neighbours 
belonged to. Force graphs for the control and infected datasets were created by 
constructing k = 7 nearest neighbour graphs on the top 50 principal components of 
the variable genes for each dataset. Edge lists were exported into Gephi 0.9.1 and 
graph coordinates were calculated using the ForceAtlas 2 layout. Data visualization 
was also carried out in R using the ggplot2 package. MA plots were created by 
plotting the log2[fold change] of infected cells against the mean expression in the 
control expression for each gene. DEGs were identified as those with an adjusted 
P value of <0.05 and a fold change of >1.5. The bar graph showing the abundance 
changes of certain cell types between control and infected cells were created by 
calculating the percentage abundances of each cell cluster and calculating the 
log2[fold change] of the infected cells compared with the control. The infected  
cells were split into two samples, each corresponding to one mouse.

HSC score. Each cell transcriptome for control and infected samples was scored 
using the HSC score method19. Briefly, the transcriptome of each cell was compared 
with the transcriptomes of known HSCs using a multilayer perceptron (MLP) deep 
learning model to assign a score representing how likely the cell was to be a true 
HSC. These scores were then interpolated between 0 and 1 and plotted on the  
force graphs.

Determining initial IFN genes, correlating IFN genes and DEGs. Differential 
expression was performed between the control and infected cells for each cluster. 
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This was done in the R package edgeR, using a likelihood ratio test. Genes that 
were at least fourfold upregulated in the infected compared with control cells in 
all clusters were chosen as an initial set of driving genes involved in the infection. 
This list contained 20 genes. The entire set of variable genes (calculated using the 
combined control and infected samples) was analysed to find all of the genes whose 
expression correlated highly with any of those in the initial set of 20. Genes that 
had a Spearman correlation of >0.3 with any of these genes were added to the list 
of driving genes. This procedure added 89 genes for a total of 109 driving genes. 
All violin plots were generated using the Python modules seaborn or matplotlib 
with default parameters. In a further, independent analysis, a Wilcoxon rank-sum 
test with multiple testing correction was used to identify DEGs by comparing the 
entire control/infected dataset or each control/infected cluster. An adjusted P value 
threshold of <0.05 and a fold change threshold of >1.5 were used to calculate 
the lists of statistically DEGs. Gene Ontology analysis of biological processes was 
carried out using EnrichR68,69.

Enzyme-linked immunosorbent assay (ELISA). To obtain BM supernatants, 
tibias and femurs were harvested from experimental mice. The metaphysis and 
diaphysis of long bones were separated with scissors and 80 µl PBS was flushed 
through each diaphysis into an Eppendorf tube, collected and re-flushed through 
the bone. Cells were pelleted by centrifugation at 400g for 5 min. The supernatant 
was removed and any remaining cells were excluded by further centrifugation 
at 500g for 5 min. Serum was prepared by collecting blood by cardiac puncture 
after terminal anaesthesia with pentobarbital. The blood was incubated at 4 °C 
for at least 3 h to enable it to clot and subsequently centrifuged at 12,000g for 
10 min at 4 °C. The serum supernatant was transferred to an Eppendorf tube. BM 
supernatants and serum were stored at −20 °C until they were required for ELISA. 
IFN-γ, TNF-α and IFN-α ELISAs (BioLegend and Invitrogen) were performed 
according to the manufacturer’s instructions, and by diluting BM supernatants  
1:4 and serum samples 1:2.

IVM. IVM was performed using a Zeiss LSM 780 upright confocal microscope 
equipped with argon (458, 488 and 514 nm), a diode-pumped solid-state 561-nm 
laser, a helium–neon 633 nm laser and a tuneable infrared multiphoton laser,  
four non-descanned detectors and an internal spectral detector array. Live 
imaging of the calvarium BM was carried out as described in previously published 
reports45,70. Blood vessels were labelled with 80 µl 8 mg ml−1 Cy5–Dextran  
(Nanocs) or TRITC–dextran (Sigma–Aldrich). The second harmonic signal was 
excited at 860–880 nm and detected with external detectors. The cyan fluorescent 
protein signal was excited at 870 or 458 nm and detected using external or 
internal detectors. the GFP signal was excited at 880 or 488 nm and detected 
using external or internal detectors. The Cy5 signal was excited at 633 nm and 
detected using internal detectors. Assessment of vascular leakiness with infection 
was carried out by adapting previously published protocols52,53. Briefly, with the 
mouse ready on the microscope stage and the positions for analysis selected, 
60 µl low-molecular-weight TRITC–dextran (3 mg ml−1; 65–80 kDa) was injected 
intravenously and the positions were continuously recorded (one frame per 
minute) for 10 min after injection.

BM histology. Femurs were harvested from control and infected animals at day 
7 psi, fixed in 4% paraformaldehyde at 4 °C overnight and decalcified in 10% 
ethylenediaminetetraacetic acid for 3 d. The bones were subsequently embedded 
in paraffin, sectioned and processed for haematoxylin and eosin staining at the 
National Heart and Lung Institute histopathology facility at Imperial College.

Image processing and quantification. Zen black (Zeiss) software was used to 
stitch three-dimensional BM tilescans (tilescans represent individual tiles stitched 
together to form a composite). ImageJ was used to visualize, register and process 
raw data. ImageJ was also used to manually crop out autofluorescent signal 
from the tissue. Automated cell segmentation and volume measurements were 
performed in Definiens (Definiens Developer 64). For analysis of TRITC–dextran 
extravasation in time-lapse videos from control and infected mice, the pixel 
intensity within three equally sized and randomly placed regions of interest was 
evaluated per time frame. The average of these values was subsequently calculated 
and the fold change increase in TRITC intensity in control and infected samples 
was plotted as a graph.

Statistics and reproducibility. Raw data were visualized and processed using 
Microsoft Excel and GraphPad Prism (GraphPad Software). Group means were 
compared using unpaired, two-tailed Student’s t-tests. For multiple comparisons, 
unpaired, two-tailed Student’s t-tests or one- or two-way analysis of variance 
(ANOVA) with post-hoc Bonferroni or Holm–Šidák corrections were used. For 
Fig. 7f, an exact one-tailed permutation test was implemented in MATLAB for 
the time-course data. The statistic used was the sum across days of the difference 
between the mean reconstitution in the PTH + NAC-treated and PBS-treated 
infected cohorts, and between the mean reconstitution of PBS-treated infected 
and control cohorts. For all data, differences were considered significant when 
P < 0.05. All specific statistical details can be found in the figure captions. For all 
experiments, n corresponds to the number of independent experiments providing 

values for statistical analysis. At least three biological replicates were performed 
for all in vivo experiments, with similar results obtained. Mice were randomly 
allocated to control or experimental conditions and experimenters were not 
blinded to the conditions during data collection or analyses.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The scRNA-seq data that support the findings of this study have been deposited 
in the Gene Expression Omnibus under accession code GSE156410. Data are also 
available in processed form for interactive browsing at http://128.232.224.252/
malaria_control/ and http://128.232.224.252/malaria_infected/. All other data 
supporting the findings of this study are available from the corresponding author 
on reasonable request. Source data are provided with this paper.

Code availability
The computational code used in this study can be obtained by request to B.G. 
(bg200@cam.ac.uk).
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Extended Data Fig. 1 | Transcriptomic analysis reveals rewiring of haematopoiesis and loss of HSC identity in response to P. berghei infection. The 
expression of some exemplar genes used to determine the clustering of a, primitive HSPC, b, myeloid, c, erythroid, d, MeP, e, megakaryocyte and  
f, basophil cell populations plotted on the force-directed graph embedding for cells from control and infected mice at day 7 psi. g, Proportion (left panel) 
and number of cells (right panel) in each cluster shown in Fig. 1c. each dot represents one mouse and bars represent the mean (n = 2 control, 2 infected 
mice). h, Violin plots quantifying HSC-scores calculated for the top 1% of highest scoring cells in the control and infected samples based on the fact that 
multi-potential HSCs occur on the order of approximately 1 out of every 100 cells found in the Lineage-c-Kit+ gate. n = 142 control cells and 140 infected 
cells. The centre dot shows the median and the box limits show the upper and lower quartiles. The whiskers extend from the box limit to the smallest and 
largest value to no further than 1.5x inter-quartile range from the hinge.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Quantification of instantaneous proliferation rate and size of HSPC populations. a, Representative flow cytometry plots showing 
the changing pattern of Sca-1 and c-Kit expression in Lineage− BM haematopoietic cells. Boxes indicate the gating strategy used for LKS, LK, MPP and 
SLAM HSPC compartments throughout. b, A comparison of the absolute number of SLAM HSPCs obtained when gating with (LKS SLAM) and without 
(LK SLAM) the marker for Sca-1 in the BM of infected mice at day 7 psi. (n = 6 per group). c, Representative flow cytometry plots showing the gating 
strategy for edU+, BrdU+ and edU+BrdU+ Lineage-c-Kit+Sca-1- (LK) (top panel), MPP (middle panel) and SLAM HSPC (lower panel) populations in control 
and infected mice at day 7 psi. d, Proliferation rates and e, absolute numbers of LK, MPP and SLAM HSPC populations analysed by flow cytometry at 
day 1, 2, 3, 5 and 7 psi in control and infected mice. n numbers represent individual mice and are indicated as data points on the graph. f, Representative 
flow cytometry plots showing the gating strategy for e-SLAM cells (defined as CD48neg/lowCD150+CD45+ePCR++) in control BM. g, Representative flow 
cytometry plots showing the gating strategy for CD48neg HSCs in control and infected BM. Data pooled from up to 3 independent infection experiments. 
All data presented as mean ± s.e.m. P values determined by unpaired two-tailed Student’s t-tests. N.S, not significant.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | P. berghei triggers an inflammatory response driven primarily by iFN-γ. a, Violin plots showing the expression of the 20 initial 
driving genes determined via scRNAseq analysis in control (black, left panels) and infected (maroon, right panels) mice. n = 14,193 control cells and  
13,905 infected cells. The centre dot shows the median and the box limits show the upper and lower quartiles. The whiskers extend from the box limit to 
the smallest and largest value to no further than 1.5x inter-quartile range from the hinge. MA plots demonstrating the differential expression of genes in 
b, all cells analysed and c, the primitive HSPC cluster specifically. All significant differentially expressed genes are highlighted in red and the 109 driving 
genes are highlighted in green. d, IFN-α levels (pg/mL) measured by eLISA in the serum and BM supernatant of control and infected mice at day 7 psi  
(n = 9 control, 7 infected serum and 9 infected BM supernatant samples). e, TNF-α levels (pg/mL) measured by eLISA in the serum and BM supernatant 
of control and infected mice at day 7 psi (n = 6 control, 5 infected serum and 4 infected BM supernatant samples). Data pooled from 2 independent 
infection experiments (d and e). Data presented as mean ± s.e.m. P values determined by one-way ANOVA with post-hoc Bonferroni corrections.
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Extended Data Fig. 4 | Evaluating the effects of iFN-γ on HSPCs and BM stroma of P. berghei-infected mice. a, Absolute numbers and b, proliferation 
rates of MPPs and SLAM HSPCs in control and infected Ifngr1-/- mice at day 7 psi (n = 3 per group). IFN-γ levels (pg/mL) measured by eLISA in the serum 
and BM supernatant of control and infected c, Ifngr1-/-, d, WT → KO, e, KO + WT → WT and f, KO + WT → KO chimeric mice at day 7 psi (n = 5 per 
group). All data presented as mean ± s.e.m. P values determined by unpaired two-tailed Student’s t-tests. N.S, not significant.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Targeting the osteolineage with PTH during P. berghei infection. Representative images of haematoxylin and eosin stained 
sections of femurs from a, control and b, infected mice at day 7 psi. Black arrowheads indicate osteoblasts. Scale bars in control and infected images 
represent 50 μm. Scale bars in control and infected high magnification images represent 20 μm.c, Parasitaemia measured in peripheral blood calculated 
from Giemsa-stained blood films taken from PBS- (n = 14) and PTH-treated (n = 14), infected mice at day 7 psi - quantified by microscopic analysis.  
d, Representative flow cytometry plots of Lineage- BM haematopoietic cells in PTH-treated control and infected mice at day 7 psi. Boxes indicate the 
gating strategy used for LKS and LK populations throughout. e, Absolute number and f, proliferation rate of LK cells in PBS- and PTH-treated control and 
infected mice at day 7 psi. n numbers represent individual mice and are indicated as data points on the graph. g, Multilineage output of transplanted SLAM 
HSPCs from PBS- (maroon line) and PTH-treated (blue line), infected mT/mG donors into lethally irradiated CD45.2 recipient mice, assessed by flow 
cytometry up to 20 weeks after transplantation (n = 6 per group). h, Absolute number of CD3+ T-cells in peripheral blood of PBS- and PTH-treated mice. 
i, CD4+ and CD8+ T-cells as a proportion of CD3+ T-cells, j, proportion of activated CD8+ T-cells and k, proportion of CD4+ and CD8+ T-cells producing 
IFN-γ in peripheral blood of PBS- and PTH-treated, control and infected mice - quantified by flow cytometry. n = 4 control, 5 infected (h – k). Data pooled 
from up to 6 independent infection experiments. All data shown as mean ± s.e.m. P values determined by unpaired two-tailed Student’s t-tests (c, g), 
one-way (e, f, h, j) or two-way (i, k) ANOVA with post-hoc Bonferroni corrections. N.S, not significant.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Short-term PTH treatment and combined long-term PTH and NAC treatment. a, Schematic of the short-term PTH treatment 
regime carried out post-infection. b, Parasitaemia measured in peripheral blood calculated from Giemsa-stained blood films taken from PBS- (n = 5) 
and PTH-treated (n = 5), infected mice at day 7 psi - quantified by microscopic analysis.Absolute number of c, MPPs and e, SLAM HSPCs measured 
by flow cytometry in PBS- and PTH-treated, control and infected mice at day 7 psi (n > 4 per group).Proportion of edU+ d, MPPs and f, SLAM HSPCs in 
PBS- and PTH-treated, control and infected mice at day 7 psi, measured by flow cytometry. n numbers represent individual mice and are indicated as 
data points on the graph. Absolute number of CD3+ T-cells in the g, BM and k, peripheral blood of PBS- and PTH-treated mice. CD4+ and CD8+ T-cells 
presented as a proportion of CD3+ T-cells in the h, BM and l, peripheral blood of PBS- and PTH post-infection-treated mice. Proportion of activated 
(defined as CD44+PD1+) CD8+ T-cells in the i, BM and m, peripheral blood of PBS- and PTH-treated mice. IFN-γ levels (pg/mL) measured by eLISA in 
j, BM supernatant and n, serum from PBS- and PTH post-infection-treated mice. For (g – n), n numbers represent individual mice and are indicated as 
data points on the graph. Data pooled from 2 independent infection experiments. All data presented as mean ± s.e.m. P values determined by unpaired 
two-tailed Student’s t-tests (b - f), one-way (g, h, j, k l, n) or two-way (i, m) ANOVA with post-hoc Bonferroni corrections. N.S, not significant.
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Extended Data Fig. 7 | Combined PTH+NAC treatment partially rescues HSC function. a, Parasitaemia measured in peripheral blood calculated  
from Giemsa-stained blood films taken from PBS- (n = 3) and NAC-treated (n = 4), infected mice at day 7 psi - quantified by microscopic analysis.  
b, Parasitaemia measured in peripheral blood calculated from Giemsa-stained blood films taken from PBS- (n = 3) and PTH+NAC-treated (n = 4), 
infected mice at day 7 psi - quantified by microscopic analysis. c, Multilineage output of transplanted SLAM HSPCs from PBS-treated, control (black 
line) and infected (maroon line) or PTH+NAC-treated, infected (green line) CD45.2 donors into lethally irradiated mT/mG recipient mice, assessed by 
flow cytometry of tomato- cells up to 20 weeks after transplantation (n = 7 recipients of PBS-treated control cells, 6 recipients of PBS-treated, infected 
cells, 7 recipients of PTH+NAC-treated, infected cells). All data presented as mean ± s.e.m. P values determined by unpaired two-tailed Student’s t-tests 
(a, b) or two-way ANOVA with post-hoc Bonferroni corrections (c). N.S, not significant. In (c) PBS-treated, infected versus PTH+NAC-treated, infected 
T-cell comparison P = 0.0137; PBS-treated, infected versus PTH+NAC-treated, infected B-cell comparison P = 0.0427; PBS-treated, control versus 
PTH+NAC-treated, infected Myeloid comparison P = 0.0396 and PBS-treated, infected versus PTH+NAC-treated, infected Myeloid comparison  
P = 0.0437.
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Extended Data Fig. 8 | Gating strategy for measuring lineage output in transplantation assays. Representative flow cytometry plots from the peripheral 
blood of transplantation assay recipient mice allowing the analysis of multilineage output after transplantation of SLAM HSPCs from control or infected 
donor mice (presented in Fig. 1i, extended Data Figs. 5g and 7c). Black boxes indicate the gates used after excluding debris, doublets and dead cells to gate 
on T cells, B cells and the non-lymphoid compartment in order to isolate myeloid cells.
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Extended Data Fig. 9 | Gating strategy for analysing stroma, endothelial cells and osteoblasts. Representative flow cytometry plots of the bone marrow 
of control and infected mice at day 7 psi demonstrating the gating strategy used to isolate haematopoietic cells and stroma (Fig. 3), (i) osteoblasts (Fig. 4) 
and (ii) endothelial cells (Fig. 5). Black boxes indicate the gates used after excluding debris, doublets and dead cells to gate on the populations labelled.
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Extended Data Fig. 10 | Gating strategy for analysing T-cell subsets. Representative flow cytometry plots of the bone marrow of PBS-treated control and 
infected mice at day 7 psi demonstrating the gating strategy used to isolate CD3+ T-cells, identify CD4+ and CD8+ subsets and look at activated (defined 
as CD44+PD1+) CD8+ T-cells (presented in Fig. 4m–p, extended Data Fig. h - k and extended Data Fig. 6g–i,k–m). Black boxes indicate the gates used after 
excluding debris, doublets and dead cells to gate on the populations labelled. Note: the same gating strategy was used in PTH-treated mice as well as for 
the peripheral blood analysis of T cells.
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