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Malaria infection involves an obligatory, yet clinically silent liver stage?. Hepatocytes
operate in repeating units termed lobules, exhibiting heterogeneous gene expression

patterns along the lobule axis®, but the effects of hepatocyte zonation on parasite
development at the molecular level remain unknown. Here we combine single-cell
RNA sequencing® and single-molecule transcript imaging’ to characterize the host
and parasite temporal expression programmes in azonally controlled manner for the
rodent malaria parasite Plasmodium berghei ANKA. We identify differences in parasite
gene expression in distinct zones, including potentially co-adaptive programmes
related toiron and fatty acid metabolism. We find that parasites develop more rapidly
inthe pericentral lobule zones and identify a subpopulation of periportally biased
hepatocytes that harbour abortive infections, reduced levels of Plasmodium
transcripts and parasitophorous vacuole breakdown. These ‘abortive hepatocytes’,
which appear predominantly with high parasite inoculum, upregulateimmune
recruitment and key signalling programmes. Our study provides aresource for
understanding the liver stage of Plasmodium infection at high spatial resolution and
highlights the heterogeneous behaviour of both the parasite and the host hepatocyte.

Malariais amosquito-borne disease caused by Plasmodium spp. para-
sites. When aninfected female Anopheles mosquito bites amammalian
host, itinoculates around 100 sporozoites, amotile form of the parasite
capable of target recognition and host interaction'. The sporozoites
migrate through the dermis and travel in the bloodstream until they
reach the liver through the portal vein®. Upon colonizing a hepato-
cyte, the parasite encapsulates itself in the plasma membrane, form-
ing a parasitophorous vacuole®, where it rapidly replicates to forma
coenocyte of a few thousand nuclei'. At the end of the liver stage of
the parasite’s life cycle’ (48-60 h post-infection (hpi)) thousands of
individual merozoites are released into the bloodstream, giving rise
to the pathological blood stage.

The mammalian liver exhibits spatial heterogeneity. Itis composed of
repeating anatomical units termed lobules. Each lobule has adiameter
of around 0.5 mm in mice and consists of 9 to 12 concentric layers of
hepatocytes®. Blood flows from portal nodes through radial sinusoidal
channels into draining central veins, creating gradients of oxygen,
nutrients and hormones. As a result, hepatocytes in different zones
exhibit different gene expressionsignatures®. Periportal hepatocytes
engage in protein secretion, ureagenesis and gluconeogenesis, whereas
pericentral hepatocytes specialize in processes such as bile acid pro-
duction, xenobiotic metabolism and glutamine biosynthesis®. Previous
exvivo studies have suggested that the pace of Plasmodium infection
could differ between pericentral and periportal hepatocytes®®. Studies
using bulk RNA measurements have characterized the transcriptomes
of hostand parasite during the liver stage of infection'', and amalaria

single-cell atlas has been generated using an ex vivo platform®, How-
ever, accounting for the hepatocyte spatial heterogeneity and iden-
tifying heterogeneous host and parasite responses requires in vivo
single-cell approaches.

Single-cell atlas of liver-stage malaria

Tostudy the Plasmodium liver stage at single-cell resolution, we injected
mice with GFP-expressing P. berghei ANKA™ (approximately 10 para-
sites perinjection; Fig.1aand Methods). We euthanized infected mice
at different time points after infection (2,12, 24, 30 and 36 hpi), and
extracted livers for single-cell RNA sequencing (scRNA-seq; Extended
DataFig.1a-f). We also embedded liver tissue for single-molecule fluo-
rescence insitu hybridization (smFISH) experiments. We sorted GFP*
and GFP~hepatocytes and performed scRNA-seq using the MARS-seq
protocol* (Extended DataFig. 1g-k). We aligned the reads toboth mouse
and Plasmodium genomes, obtaining 24,968 hepatocytes of which
4,115 were infected (Fig. 1b,c and Extended Data Fig. 2). Both infected
and uninfected hepatocytes exhibited clear zonated expression pro-
grammes, as evident from the mutually exclusive expression of the
periportally zonated hepatocyte gene Cyp2f2 and the pericentrally
zonated gene CypZ2el (Fig.1d). We used a previously established set of
hepatocyte landmark genes®, and additionally filtered for those that
did not exhibit changes between infected and uninfected hepatocytes
to establish a zonation score for each hepatocyte that is correlated
with its location along the lobule radial axis (Fig. 1e and Methods).
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Fig.1|Host-pathogensingle-cell atlas of the Plasmodiumliver stage
enables annotation ofinfections by zone and time. a, Experimental
schematic. GFP* parasites are injected into mice (left) and livers are extracted
(middle) at different ensuing time points for scRNA-seq and in situimaging
(right). Middle top, schematic of hepatocyte zonation. CV, central vein; PV,
portal vein. b, Uniform manifold approximation and projection for dimension
reduction (UMAP) of hepatocytes coloured by time after infection. c, UMAP of
hepatocytes coloured by log,, of the sum of Plasmodium reads (xPBA).d, UMAP
coloured by the expression of the pericentral hepatocyte gene Cyp2el and

the periportal gene Cyp2f2.Black dotsinc,d denote infected hepatocytes.

e, Zonationscoreinferred from the sum of zonated hepatocyte landmark
genes. UMAP projections are reconstructed on the basis of the combined
mouse and Plasmodium transcriptomes.

The natural course of malaria infection involves a mosquito bite and
inoculation of roughly 100 sporozoites'. To examine whether the inocu-
lum size might affect our results, we complemented our experiments
with natural mosquito bite delivery by exposing individual mice to
35 infected mosquitos for 30 min. We further analysed control mice,
either non-infected or mock-infected with mosquito saliva (Extended
Data Fig. 2a-c and Methods).

Hepatocyte response to malariainfection

Unbiased clustering of the data on the basis of the combined mouse
and Plasmodium transcriptomes revealed nine clusters (Extended
DataFig.2c-g). Theseincluded pericentral and periportal uninfected
hepatocytes, as well as early and late-infected hepatocytes. The unin-
fected hepatocytes further clustered according to stress genes, such
as Saal and Saa2, with mosquito-bitten and non-infected mice exhibit-
inglower stress responses (Extended Data Fig. 2d,g). A cluster that we
termed ‘activated hepatocytes’ was enriched inuninfected hepatocytes
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at 36 hpi, with strong increases in interferon activity genes such as
Ifit1 and Ifit3" (Extended Data Fig. 2c-g). At 2 hpi, both infected and
uninfected hepatocytes exhibited a global increase in expression of
genesthat have previously been shownto be associated with the stress
involved in tissue dissociation, including Cxcl10 and MtI (Extended
Data Fig. 3a—c). Using smFISH, we demonstrated that expression of
these genesindeed does notincrease at this stage following infection
(Extended Data Fig. 3d-f). Notably, the dissociation-stress signature
also appeared at 2 hpi in mosquito-bitten mice, suggesting this pro-
gramme represents a transient stress stemming from the infection
process (Extended Data Fig. 3c). Hepatocytes therefore seem to have
amodified cellular state that prompts the induction of stress genes
upontissue dissociationat 2 hpi. Our atlas also included a small cluster
consisting of paired hepatocytes and non-parenchymal cells (Extended
DataFig. 2d,e). Each of the clusters included several mice, excluding
major batch effects and inter-mouse variability (Extended Data Fig. 2g).

To identify host programmes modified by infection at different
time points, we performed differential gene expression analysis
between the infected and uninfected hepatocytes. We stratified sin-
gle hepatocytes by their inferred zone so that comparisons were per-
formed between infected and uninfected hepatocytes that resided at
similar lobule coordinates and were sampled at the same time points
(Fig. 2a, Extended Data Fig. 4, Supplementary Table 1 and Methods).
We found that infected hepatocytes upregulated genes enriched for
several programmes, including TNF signalling, interferon-a (IFNa) and
IFNy responses and glutathione metabolism (Fig. 2b). Upregulated
genes included FtlI and Fthil (which encode the iron chelator ferritin
light and heavy chains, respectively) and Slc40al (which encodes the
iron export ferroportin-1transporter) (Fig. 2a). Iron is essential for
liver-stage malaria development, and ferritin has been shown to be
increased in the serum of infected individuals™. The increased levels
of hepatocyte ferritin and ferroportin genes might be an adaptation
to deprive the parasite of available iron. Downregulated processes in
infected hepatocytesincluded fatty acid metabolism, bile acid metabo-
lism and complement and coagulation cascades (Fig. 2b). Given the
essential role of fatty acids for the parasite development'®?, the reduc-
tionin hepatocyte fatty acid biosynthesis genes such as Acly and Fasn
(Fig.2a) might serve to deprive the parasite of these key building blocks.
We used smFISH to validate the predicted change in the expression
of representative genes in infected hepatocytes (Fig. 2¢,d), demon-
strating a significant increase in Ftl1 and a decrease in G6pc, Fasn and
Apob.We further validated the respective changesin expressionin the
mosquito-bitten model, using both scRNA-seq (Extended Data Fig. 3h)
and smFISH (Extended Data Fig. 3i).

Toidentify potential zonated patternsininfection rates we analysed
the computationally inferred zonation scores of infected hepato-
cytes (Extended Data Fig. 5a). The single-cell data suggested that
pericentral infections were more abundant at all time points; however
this differential abundance could stem from differences in the effi-
ciency of single-cell extraction from different lobule zones. To identify
zonated features of infection rates inan unbiased manner, we there-
fore analysed the zonal abundances of infected hepatocytes in situ.
We combined smFISH for the periportally zonated albumin-encoding
geneAlb®, and established anin situ zonation score on the basis of Alb
levelsinthe hepatocytes that neighbour eachinfected cell (Extended
Data Fig. 5b-d and Methods). We found that infected hepatocytes
were not zonated at 2, 15, 24 and 36 hpi but were significantly more
abundantin the pericentral zones at 40 hpi (Extended Data Fig. 5d).
We further used our scRNA-seq data to demonstrate that the para-
site mRNA content was significantly higher in pericentral infections
specifically at the later sequenced time points of 30 hpi and 36 hpi
(Extended Data Fig. 5e). Parasites infecting pericentral hepatocytes
therefore seem to survive and to develop at a higher rate compared
with parasites in periportal hepatocytes in the retro-orbital setting
with high levels of inoculum.
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Periportally enriched abortive infections

We next explored the reasons for the lower abundance and smaller
fraction of parasite transcripts in periportal hepatocytes at late time
points. We examined the scRNA-seq data of infected hepatocytes at
36 hpi (Fig.3a). Infected hepatocytes exhibited two distinct clusters
based on the host transcriptome. The minor cluster was enriched
in periportal hepatocytes (Fig. 3b) and contained cells with signifi-
cantly lower numbers of parasite reads (Fig. 3¢), despite the overall
number of counts being the same (log,,(sum of counts) =4.50 + 0.31
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data points outside thisrange. d, smFISH images of validated genes at 36 hpi.
Phal, phalloidin; PBA-18S, Plasmodium Ch1218S rRNA (PBANKA_1245821). Blue
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imaging fields from 3 mice. Scale bars, 10 pm. Inall figures, *P< 0.05,**P< 0.01,
***p<0.001,****P<0.0001; NS, not significant (P> 0.05).

compared with 4.47 + 0.44 in the major cluster). This minor clus-
ter was enriched in genes related to immune programmes, such as
Cxcl10, Nfkbia and Sgstm1, p53 pathway genes such as Mdm2, the
transcription factor MYC and its downstream targets, and the Notch
downstreamtarget transcription factor HES1 (Fig. 3d-h and Extended
DataFig. 6a-d).

Our in situ validations of the signatures of the minor cluster
(Fig.3g,hand Extended Data Fig. 6a-d), identified by theirincreased
levels of marker transcripts (Fig. 3d,e), uncovered distinct mor-
phological features of the minor cluster cells. The parasitophorous
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Fig.3| A periportally enriched subpopulation ofinfected abortive
hepatocytesisassociated with vacuole breakdown. a, Infected hepatocytes
exhibitadistinct subclusterat36 hpi, annotated as ‘Abortive’. b, Zonation
scores show that abortive hepatocytes are more periportally zonated
compared with productive hepatocytes. c, Abortive hepatocytes harboura
smaller fraction of parasite mRNA at 36 hpi.Inb,c,boxbounds spanIQR,
horizontal yellow lines denote the median, whiskers span1.5x IQR and black
boldcirclesindicate data points outside this range; two-sided Wilcoxon
rank-sumtest. Cells sampled from five biologically independent mice.

d, Volcano plotshowing differentially expressed hepatocyte genes between
thetwo clusters. e, UMAP plots of representative genes (bold ind) thatare
upregulatedin abortive hepatocytes. f, GSEA analysis demonstrates increased
expression ofimmune-recruiting pathways, and MYC and p53 pathways.

g, Abortive cells harbour adisintegrated vacuole. Images are representatives
of107 (56 productive and S1abortive) imaging fields from 3 mice. h, SmFISH

vacuole was disintegrated, as evident by the ubiquitous fluorescence
of both GFP and parasite 18S rRNA (Fig. 3g). The parasitic nuclei were
also dispersed throughout the hepatocyte cytoplasm. Our in situ
analysis validated the portal enrichment of these cells (Extended Data
Fig. 7a). These events most probably do not represent hepatocytes
harbouring productive merozoites, since merozoite formation and
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validation of genes thatare increased in expressioninabortive hepatocytes.
n=3biologicallyindependent mice. Two-sided Wilcoxon rank-sum test. Exact
P-values: Myc uninfected versus productive: 0.065, productive versus abortive:
4.3x107™", uninfected versus abortive: <2.22 x 10™%; Sgstm1 uninfected versus
productive: 0.05, productive versus abortive: 1.1 x 107, uninfected versus
abortive: 6.8 x10™%, Mdm2 uninfected versus productive: 0.83, productive
versus abortive: 7.2 x 1078, uninfected versus abortive: <2.22 x 107, Cdknla
uninfected versus productive: 0.17, productive versus abortive: 0.13,
uninfected versus abortive: 0.0022. Box bounds span IQR, horizontalred lines
denote the median, whiskers span1.5x IQR, and black bold circles indicate data
points outside of thisrange.i, Abortive cells are distinct from egressing
parasites. The dotted white line indicates the region of interest for analysis.
Images are representatives of 74 (25 at 48 hpi and 49 at 36 hpi) imaging fields
from 6 mice (3 per time point). Scale bars, 10 pm.

release from hepatocytes starts at 50-60 hpi in vitro’. Moreover,
blood transfer from liver-stage infected mice gave rise to parasitae-
mia’® in recipient mice only at 52 hpi and not at 42 hpi. To validate
that these hepatocytes constitute a cellular state distinct from mero-
zoite egress, we performed smFISH analysis, probing for the gene
encoding the merozoite marker merozoite surface protein1 (MSPI;
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Fig.4 | Temporally resolved programmes of the Plasmodium transcriptome.
a, UMAP projections of the infected hepatocytes based on the associated
Plasmodiumtranscriptomes, coloured by time after infection. Abortive cells
(black outline) are annotated according to the minor cluster in Fig 3a.

b, Representative genes colour-coded by stage of infectionin which gene
expression peaks: early (UIS4; PBANKA_0501200, blue), intermediate-early
(GRX1; PBANKA_0404700, yellow), intermediate-late (GS; PBANKA 1111800,
orange) and late (L/ISP2;PBANKA_1003000, red). c, UMAP projection coloured
by pseudotime, calculated with Monocole. d, Pseudotime distributionsin cells
binned by zone and time after infection. Bounds of boxes span IQR, whiskers
span1.5x IQR, blackbold circles are outside of this range, and the dashed red
line connects the medians. Two-sided Wilcoxon rank-sumtest. e-h, k-means
clustering of Plasmodium averaged expression programmes over pseudotime.
Titles indicate Plasmodium KEGG pathways enriched in each pseudotime
cluster. e, Glycerolipid metabolism, glycerophospholipid metabolism, glyoxylate
and dicarboxylate metabolism and ubiquitin genes (asterisk denotes ubiquitin
genes, which were the major component of the enriched KEGG arginine

PBANKA_0831000) gene. MSPI expression increased in infected
hepatocytes with intact vacuole at 48 hpiand 52 hpi, but was barely
expressed in the hepatocytes with vacuole breakdown, either at
36 hpi or 48 hpi (Fig. 3i). Given the pattern of vacuole breakdown

biosynthesis pathway) (Supplementary Table 3). f, Porphyrin and chlorophyll
metabolism. g, Glycolysis and gluconeogenesis, purine metabolismand
pyruvate metabolism. h, Biotin metabolism and fatty acid biosynthesis.
Dataaremean +s.e.m.Expression of genesine-hisnormalized tothe
maximum across time points. i, Pseudotime expression profiles of Plasmodium
genes: SAMdMT (PBANKA_1404800 SAM dependent methyltransferase),

LCMT (PBANKA_130360 leucine carboxyl methyltransferase) and FAB/
(PBANKA _122980). Dataare mean+s.e.m., vertical dashed lines are median
pseudotime values of the corresponding time after infection. j, k, smFISH
validation of genesiniat 24,40 (n=2biologically independent mice) and

36 hpi (n=3) biologicallyindependent mice.j, Two-sided Wilcoxon rank-sum
test. FABI24 versus 36 hpi: P=9 x 107,36 versus 40 hpi: P=0.001; LCMT 24
versus 36 hpi: P=6.6 x107,36 versus 40 hpi: P= 0.451; SAMAMT 24 versus

36 hpi: P=0.71,36 versus 40 hpi: P= 0.16). Box bounds span IQR, horizontal
black lines denote medians, whiskers span1.5x IQR, and black bold circles show
pointsoutside of thisrange. k, Representative images of allimaging fields
analysedinj.Scalebars,10 pm.

andrelatively early phase of their appearance, we therefore termed
these cells ‘abortive hepatocytes’.

The fractions of hepatocytes with disintegrated vacuole increased
over time from3%at 24 hpito17%at 36 hpiand 27% at 40 hpi (Extended
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Data Fig. 7a). Moreover, abortive hepatocytes also appeared in the
mosquito-bitten model (Extended Data Fig. 7b,e). At 36 hpi, the frac-
tion of abortive hepatocytes increased with inoculum size, ranging
from 3.5% for the mosquito-bitten mice, to 17% with inoculum contain-
ing 2 x 10* parasites and 45% with inoculum containing 10° parasites
(Extended DataFig. 7b). Notably, the pericentral bias of infected hepato-
cytesincreased concordantly with the fraction of abortive hepatocytes
(Extended DataFig. 7c).

Abortive hepatocytes harboured adistinct parasite gene expression
signature compared with productive hepatocytes (Supplementary
Table 2) that included higher expression of genes encoding the Plas-
modium heat shock proteins HSP90, HOP and UIS24 (Extended Data
Fig.7d). We also identified distinctly different mRNA localization pat-
terns for several parasite genes between abortive and non-abortive
hepatocytes—the Plasmodium transcripts for LISPI, LISP2 and BIN3
(PBANKA_090330) were localized in distinct fociin productive hepat-
ocytes but were completely interspersed in abortive hepatocytes
(Extended DataFig. 7g). Our analysis therefore highlights amolecular
blueprint of periportally biased infected hepatocytes with an abor-
tive phenotype and elevated expression of immune-recruiting pro-
grammes. Elimination of these abortive hepatocytes by the immune
system could account for the lower abundance of periportally infected
hepatocytes at late time points of infection.

Spatio-temporal programmes of the parasite

We next used our single-cell atlas to examine the developmental pro-
grammes of the parasite during the liver stage (Fig. 4a,b, Extended
Data Figs. 8-10 and Supplementary Table 3). Unbiased clustering of
the infected hepatocytes according to the parasite transcriptome
revealed clusters that corresponded to the time after infection, as
well as abortive hepatocytes (Extended Data Fig. 8). Since parasites
develop asynchronously, we applied the Monocle tool** (Fig. 4c,d,
Extended Data Fig. 9 and Methods) to assign a pseudotime for each
infected hepatocyte. The pseudotime coordinates correlated with
the discrete times (Fig. 4d). Notably, pseudotime coordinates were
higher in the pericentral hepatocytes at late time points (Fig. 4d),
consistent with the higher fraction of Plasmodium transcripts that we
observedinthiszone (Extended DataFig. 5e). Our pseudotime analy-
sis enabled characterization of the parasite expression programmes
at high temporal resolution (Fig. 4e-h and Supplementary Table 3).
Early parasite genes included sporozoite genes>?*** (Extended Data
Fig.10a-c), and those encoding RNA polymerases (Extended Data
Fig.10e) and ubiquitin (Fig. 4e), presumably serving to remove the
protein content of the preceding sporozoite state. The parasites next
sequentially upregulated purine metabolism genes (crucial for the
synthesis of mMRNA during the ensuing massive parasite proliferation;
Fig. 4g), DNA polymerases (Extended Data Fig. 10f) and metabolic
programmes for glycolysis, gluconeogenesis and pyruvate metabo-
lism (Fig. 4g and Extended Data Fig. 10i,j). Finally, parasites induced
genes associated with biotin metabolism and fatty acid metabolism
(Fig. 4h and Extended Data Fig. 10k,l). The late increase in the para-
site genes encoding de novo fatty acid biosynthesis coincided with a
declineinthe earlier expression of the genes encoding UIS4 and UIS3
(Fig. 4b and Extended Data Fig. 10a), which have been suggested to
facilitate transport of free fatty acids from the hepatocyte host®. We
used smFISH to validate the temporal programmes of selected parasite
genes (Fig. 4i-k).

We further identified Plasmodium genes that were differentially
expressed between pericentral and periportal hepatocyte host cells
(Extended Data Fig. 9i and Supplementary Table 2). To this end, we
compared periportal and pericentral hepatocytes at late pseudotime
coordinates while ensuring that they were matched in distributions,
to account for the more advanced pericentral pseudotime coordi-
nates (Methods). Parasitesin periportal hepatocytes exhibited higher
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levels of GILP—which encodes the glyoxalase I-like protein**—and
TLP2—which encodes thioredoxin-like protein 2%. Parasites in peri-
central hepatocytes exhibited higher levels of GPI16—which encodes
glycosylphosphatidylinositol-anchored protein?*—as well as several
fam-b genes® (Supplementary Table 2).

Discussion

Here we provide acomprehensive molecular overview of the life cycle
of individual parasites and their hepatocyte hosts throughout the
Plasmodium liver stage. The lack of zonated abundances at early time
points indicates that the parasite does not appear to preferentially
colonize hepatocytes at specific zones under a regime of high-inoculum
retro-orbitalinjections. Rather, our results align with arandom process
of colonization with zone-dependent rates of development and/or sur-
vival. The higher pericentral abundance of infections at late time points
could be explained either by the lower oxygen tensioninthe pericentral
lobule layers®, which has been shown to promote parasite development
exvivo’®, or owing to lower survival of periportal infected hepatocytes.
Itis also consistent with recent findings of enhanced ex vivo growth
of Plasmodium falciparum in pericentral-like hepatocytes™. The liver
lobule exhibits immunological zonation®, with a higher periportal
abundance of myeloid and lymphoid cells. The decreased frequencies
of periportalinfections in the high-inoculum setting could be explained
by higher elimination rates of abortive hepatocytes, which we found to
be more abundant periportally. Indeed, infections at later time points
were more pericentrally zonated with higherinoculum sizes, concord-
antly with the higher abundance of the abortive hepatocytes (Extended
DataFig. 7b,c). Notably, in mosquito-bitten mice, infections at 36 hpi
were notsignificantly zonated. Technical challenges associated the low
inoculum size prevent us from determining whether initial infection
iszonally random in this more natural scenario.

Abortive hepatocytes exhibit a distinct gene expression signature
enriched inimmune recruitment genes, such as the IFNy response
and—toalesser extent—the IFNa response. Typelinterferon has been
shown to mediate the liver-stage immune response'®*, as well as con-
tribute toimmune mediated pathology®. The abortive cells that we have
identified may eventually become immune-infiltrated and eliminated™®.
Itwill be informative to apply paired-cellapproaches™*to explore the
interactions between abortive hepatocytes and specificimmune cell
subsets. Specifically, such studies could resolve whether the abortive
stateisanintrinsic autonomic response of the hepatocyte to the infec-
tion, or rather isinduced by interactions withimmune cells.

Our scRNA-seq data suggested that abortive hepatocytes strongly
increase the activities of key pathways, such as Notch, p53 and MYC.
p53inhibition has been shown to affect liver-stage malaria progres-
sion®, and MYC inhibition dampens acute liver failure®. It would be
informative to apply our approach of spatially resolved scRNA-seq of
infected hepatocytesinmice with drug-induced or genetically induced
perturbations of these pathways, to explore the possibility of increas-
ing the rate of the abortive hepatocyte state. Although we observed
abortive hepatocytes also in the mosquito-bitten mouse model—which
represents a more physiological model of infection compared toinocu-
lation via injection—their frequencies were substantially lower. This
implies that abortive hepatocytes may therefore be arare eventin
natural settings of infection.

The combined measurements of the parasite and host presented in
this study forms a resource for the detailed analysis of the Plasmodi-
umliver stage, while accounting for the liver’s spatial heterogeneity?>.
We have identified several potentially adaptive programmes of the
host hepatocyte and the parasite, including processes such as iron
and fatty acid metabolism, as well as zonal trends inboth the host and
the parasite. Our atlas can serve as a basis for future exploration of
potential vulnerabilities and the identification of targetable host and
parasite pathways>®.
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Methods

Mice and tissues

Experiments were conducted on 6-to 7-week old C57BL/6) female mice.
Mice were purchased from the Charles River Breeding Laboratories
and were housed in the facilities of the Instituto de Medicina Molecular
in Lisbon in a germ-free environment supplied with water and food
ad libitum. Mice were kept in 22-24 °C with 45-65% humidity, under
14h/10h light/dark cycle. All in vivo protocols were approved by the
internal animal care committee of Instituto de Medicina Molecular and
were performed according to national and European regulations. For
smFISH, 2 or 3 mice were sampled per time point. For scRNA-seq 4, 5,4,
3and 5 miceweresampledat2,12,24,30and 36 hpi, respectively, with
4 mice for control (3 non-infected and one mock-infected sampled2 h
after injection). For the mosquito-bitten infection model, scCRNA-seq
samples were collected from 2 mice at 2 hpi and 3 mice at 36 hpi. Due
to technical limitations, mice from time points 24 hpiand 12 hpi were
collected +1-2 h from the designated time point.

Parasite

GFP-expressing P. berghei ANKA (clone 259cI2™*) was used. Sporozoites
were obtained by dissection of the salivary glands of infected female
Anopheles stephensi mosquitoes bred and infected at the Instituto de
Medicina Molecular. Mice were inoculated using retro-orbital injec-
tion. For scRNA-seq, each mouse was injected with 10° sporozoites in
200 pl DMEM. Mock-infected control mouse was injected with filtered
mosquito salivary gland debris devoid of the parasite. For smFISH,
each mouse was injected with 2 x 10* sporozoites in 200 pl DMEM. In
addition, some mice wereinoculated via natural exposure to infected
mosquitos. Individual mice were exposed to 35 infected mosquitos
for30 min.

Liver dissociation and FACS sorting of hepatocytes

Mice livers were perfused and dissociated into single cells using Lib-
erase Blendzyme 3 recombinant collagenase (Roche Diagnostics) as
previously described?®. Isolated hepatocytes were sorted on BD FACS
Arialluusing a130 pmnozzle and 1.5 neutral density filter, running on
BD FACSDiva (v6.1.3) (Extended Data Fig.1). Samples were stained with
anti-CD45 (BioLegend 103137, lot B296484, 1:300), anti-CD31 (BioLe-
gend 102509, lot B312608, 1:300) antibodies and DAPI or propidium
iodide (PI). Cells were gated to include live cells only (DAPI or Pl nega-
tive) and exclude doublets (FSC, SSC) and non-parenchymal (CD31"and
CD45"). The remaining cells were then gated for infected (GFP*) or
uninfected (GFP") and sorted accordingly. The cells were sorted into
384-well capture plates containing 2 pl lysis solution and barcoded
poly(T) reverse transcription primers for MARS-seq*, allowing for both
single-cell barcoding and unique molecular identifiers (UMIs) barcod-
ing of mRNA transcripts. Every plate contained uninfected hepatocytes
and several rows (3, 5 or 10) of infected hepatocytes. Four wells were
leftempty onthe bottom left corner of each plate (wells 01,02, P1and
P2) for background control. Sorted plates were spun down, frozen on
dryiceandthen kept at —80 °C until library preparation.

MARS-seq library preparation and sequencing

Libraries were prepared as previously described*. In brief, mRNA in
capture plateswerebarcoded and reverse transcribed into cDNA then
pooledtogether. The pooled cDNA libraries were then amplified using
T7invitrotranscription and fragmented. Resulting RNA libraries were
then tagged with pool-specific barcodes and Illumina sequencing
adapters and converted to cDNA again. Pooled libraries were quality
controlled at different times of the protocol and prior to sequencing.
The final libraries were then pooled together (15-20 at a time) and
sequenced using the NextSeq 500/550 kit High Output Kit v2.5 (Illu-
mina20024906) or NovaSeq 6000 SP Reagent Kit v1.5 (100 cycles,
Illumina20028401). The lllumina output files were converted to fastq

format using bcl2fastq (v2.20.0.422) and then aligned to a combined
reference genomes of Mus musculus (GRCm38.p6) and P. berghei ANKA
(PBANKAO1.43) using STAR (v2.7.3a)* and zUMI (v0.0.6¢)*.

scRNA-seq data processing

Data processing (Extended Data Fig. 1g-k) was done in Python (3.7.6;
packages include scanpy, numpy, pandas and scipy). For every plate,
the background counts per gene were calculated based on the mean
expression in the empty wells (defined as wells with less than 1,000
total UMIs). The background was then subtracted from all the wells
in the plate. Using the Ensembl database, rows were renamed using
‘gene-id’ indication and pseudogenes were filtered out based on the
‘gene-biotype’indication. Rows with duplicated gene-ids were merged
into a single row. Cells were divided into ‘infected’ and ‘uninfected’
based on sorting scheme per plate. Since sorting/barcoding errors
occasionally led to miss-classification of the infected wells, a classifier
was further applied based on the logarithm of the ratio between the
summed PBA UMIs and the total cellular UMISs (after adding a pseudoc-
ountof1toboth, Extended DataFig.1h). For each plate, 100 thresholds
for this ratiowere scanned, and for each threshold, false positive rates
(FPR) and false negative rates (FNR) were computed. FPR was defined
as the fraction of cells annotated as uninfected that were above the
threshold. FNR was defined as the fraction of cells annotated as infected
that were below the threshold. The equal error rate was selected as
the threshold for which FPR = FNR. Only cells annotated as infected
or uninfected that had alog PBA summed ratio above or below this
threshold, respectively, were retained.

Following thefiltered annotation, a PBA transcriptomic background
was subtracted from all wells in plates that included infected cells.
To this end, the annotated uninfected cells were considered as the
background. The 99th percentile of every PBA gene in uninfected
cells was subtracted from the same gene in all cells. The pooled and
background-subtracted dataset was next filtered for high mitochon-
drial content. The fraction of mouse mitochondrial genes was calcu-
lated for every remaining cell, and cells with mitochondrial fraction
above the 95th percentile per mouse were removed. Cells were next
filtered to retain cells with more than 1,500 and less than 150,000
reads, as well as more than 200 and less than 8,000 genes. Based on
the filtered cells, low yielding plates were excluded as follows - For
each plate the ratio between the median log summed UMI counts per
plate and the median log summed UMI counts per mouse was com-
puted. A z-score was then calculated for this value, and plates with
z-score <-1.5 were removed from the dataset (Extended Data Fig. 1k).
From this point onwards, all analyses were performed on the reads of
protein-coding genes only, excluding mouse mitochondrial genes and
major urinary proteins (Mups) known to be highly variable between
mice®. In addition, remaining ‘infected’ cells with less than 30 PBA
reads were filtered out.

scRNA-seq processed data analysis

The processed UMl table was analysed using Seurat 4.0.1*° running on
R4.0.2 (packages include dplyr, tidyr, ggpubr, stats, and Enhanced-
Volcano). Data normalization and scaling followed the suggested
default settings for most of the package functions. The data were
log-normalized and scaled without regression. Top 2,000 variable
genes were selected using the FindVariableFeatures function with the
vst method. Principal component analysis was based on these genes,
and the first 10 components were used for clustering (0.2 resolution,
Louvain algorithm) and dimension reduction (UMAP, using the cosine
metric).

Subsets of the main Seurat structure were used to cluster and analyse
the 36 hpiinfected cells using only mouse transcripts (Fig. 3), and all
the infected cells using PBA transcripts (Fig. 4). The subsetted cells
were renormalized and scaled based on the respective subset of tran-
scripts. Whensscaling the 36 hpisubset, the data were batch-corrected



(using the regress optionin the ScaleData function) based on technical
repeats. For each subset, the top 2,000 variable genes were selected,
and thefirst10 principal components were used for clustering (resolu-
tion0.1inFig.3and 0.2inFig.4) and UMAP reductions were generated
(using the cosine metricin Fig. 3 and the Euclidian metricin Fig. 4). For
differential gene expression analysis and pathway enrichment, the raw
data was normalized to relative counts per cell in MATLAB R2019a by
dividing by the sum of allgenes that individually take up less than 0.01
of the cellular summed UMIs when averaged over all cells.

Zonation reconstruction

Single-cell spatial locations along the lobule axis were inferred compu-
tationally fromthe databased on the sum of a panel of landmark genes,
as previously described®. However, for this study a smaller subset of
landmark genes was used, retaining only genes that showed no sig-
nificance change in expression between infected and unifected cells.
Periportal landmark genes used were: Apof, Apom, Asgr2, AtpSal, Cisl,
C8b, Cpt2, Tkfc, Eef1b2, Fadsl, Gc, Hsd17b13, Ifitm3, Igf1, Igfals, Ndufbi0,
Pigr,S100al, Serpinalc, Serpinale, Serpindl, Serpinf1, Ugcrh, Vtn, Argl
and Cpsl. Pericentral landmark genes used were: Alad, Aldhlal, Nat§f2,
Cpox, CybSa, Cyp3all, Lect2, Mgst1, Prodh and Slc16al0.

Pseudotime trajectories

Cell trajectories were calculated using the Monocle 3.10% package.
The normalized data of theinfected hepatocyte PBA genes subset was
used to find the top 10 principal components using preprocess_cds
function (with no additional normalization). Cells were then clustered
and UMAP reductions were generated. Branching trajectories were
calculated using learn_graph with a minimum branching of length of
10. The single-connection node closest to 2 hpi cell cluster was chosen
as astarting node for pseudotime assignment.

Cells were ordered by their pseudotime values and for each gene a
moving average of the normalized expression was calculated along this
axis (sliding window of 800 cells), generating pseudotime expression
matrix for further analysis. When analysing the differences in Plas-
modium transcriptomes between hepatocytes at different zones, we
compared pericentral and periportal hepatocytes, defined as hepato-
cytes with azonation score lower or higher respectively than the30th
percentile over all hepatocytes. Since pseudotime values were higher
inpericentral-residing parasites at late time points, we further ensured
that the pseudotime distributions were identical. To thisend, we com-
pared the periportal infected hepatocytes with pseudotimes above
the 80th percentile of that zonal set, with pericentral hepatocytes
with pseudotimes sampled to match the same periportal pseudotime
distribution, using the inverse transform sampling method*..

Stratified ratio change

To find global markers of Liver-stage infection while excluding
spatio-temporal biases, cells were binned based on their metadata
into 5time points (2,12,24,30 and 36 hpi) and 2 zones (pericentral or
periportal, according to whether zonation score was lower or higher
thanthe 30th percentile of overall zonation scores). The ratio change of
mean normalized expression between infected and uninfected cells was
calculated for every mouse gene (Supplementary Table 1) and one-sided
Wilcoxon rank-sum tests were used to establish statistical significance
of increased or decreased expression in infected cells. Global ratio
change was calculated as the median value of the ratio changes per gene
ineach of the tenbins. Overall significance was calculated using Fisher
combined method corrected using Benjamini-Hochberg FDR < 0.01.

Pathways enrichment

For mouse gene set enrichment, genes with mean relative expression
greater than 10~ of summed mouse UMIs were ranked based on their
ratio change between cell subsets (infected/uninfected; abortive/
productive; pericentral/periportal; and so on). The ranked ratio was

the basis for GSEA (v3.0)*. Curated KEGG and Hallmark annotations
were used, filtered for minimum 15 genes in set and maximum 500.
Defaultsetting of 1,000 permutation was used to establish significance.
For abortive cells DGE stricter thresholds were used: relative expres-
sion>10"*, and minimum 30 genes in set.

KEGGREST (v1.28.0) was used in R4.0.2 to assign Plasmodium genes
todifferent Malaria KEGG pathways. Pathways were grouped into four
clusters based ontheir peak expression in pseudotime using k-means
clustering in MATLAB (‘Distance’ metric = ‘cosine’).

smFISH

Mice werekilled by cervical dislocation and their livers were collected.
Tissues were fixed in 4% paraformaldehyde (Santa Cruz Biotechnol-
ogy sc-281692) for 3 h, incubated overnight with 30% sucrose in 4%
paraformaldehyde, embedded in OCT (Tissue-Tek 4583) and stored at
-80 °C.Cryosections 8-15 pm thick were used for probe hybridization
as previously described®. In brief, the sections were permeabilized in
cold 70% ethanol for 2 h, then rehydrated in 2x SSC (Ambion AM9763).
Rehydrated tissues were treated with proteinase K (10 pg ml™ Merck
124568) and thenincubated with 5% or 15% formamide (Ambion AM9342)
in 2x SSC (5% formamide concentration was used for hybridization of
Plasmodium probe libraries with low GC content). Treated sections were
then mounted with hybridization buffer (5% or 15% formamide; 10%
dextran sulfate (Sigma D8906); 0.02% BSA (Ambion AM2616); 1 mg ml™*
E.colitRNA (SigmaR1753); 2 mMvanadyl ribonucleoside complex (NEB
S1402S); 2x SSC) containing diluted probes and incubated over night
at 30 °C. Probe libraries (Supplementary Table 4) were coupled with
Cy5 or Alexa594 and diluted to 1:3,000, with the exception of the 18Sp
probe that was coupled with Atto 488 and was used in1:3,000,1:6,000
and 1:30,000 dilutions for 2 hpi, 15 hpi and 24-52 hpi, respectively.
After hybridization, the sections were incubated with 50 ng mi™ DAPI
(Sigma-Aldrich, D9542) in 5% or 15% formamide for 30 min at 30 °C, for
nuclear staining and then washed in GLOX buffer (0.01M Tris pH 8.0
(Ambion M9856); 0.4% glucose (Sigma-Aldrich G8270); 2x SSC) until
mounting and imaging. Samples that required hepatocyte segmenta-
tion, underwent additional staining with 1:500 rhodamine-conjugated
phalloidin (Invitrogen R415) in GLOX for 15 min at room temperature.
Imaging was performed on Nikon Ti-E inverted fluorescence microscope
using the NIS elements software AR 5.11.01. The dot stack images were
firstfiltered with athree-dimensional Laplacian of Gaussian filter of size
15 pixels and standard deviation of 1.5 pixels. Images were used for gene
expression validations or in situ zonation analysis.

Single-cellinsitu gene expression validations

Single field 100x images were taken of minimum 21 consecutive 0.3 pm
z-stacks. ImageM* was used for segmentation and dot counting. For
mouse genes: segmentation was done manually based on phalloi-
din staining of the hepatocyte borders. Cytoplasms of productive
infected cells were segmented to exclude the parasite, while abor-
tiveinfected cells were segmented as awhole. Nuclei were segmented
semi-automatically by the software. Gene transcripts were counted in10
consecutive z-stacks and divided by the total volume of the segmented
cell (excluding nuclei). mRNA concentration of every infected cell was
compared to those of 5-10 adjacent uninfected hepatocytes (Wilcoxon
rank-sum test, one-sided) and a P-value was obtained. For Plasmodium
genes: the parasite vacuole was segmented based on a probe for the
parasite chromosome 12 18S rRNA (18Sp, PBANKA_1245821). Gene tran-
scripts were counted in 5-10 consecutive z-stacks and divided by the
total volume of the segmented parasite. mRNA concentrations were
compared between different time points using Wilcoxon rank-sum
test (two-sided).

Insitu zonation analysis
Tissue samples were hybridized with Alb mRNA Cy5 and 18Sp Atto488
probes. Scans of the whole tissue sections wereimaged at10x inasingle
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z-stack. Single fields were autofocused and stitched together using NIS
elements ‘Scan largeimage’ feature. Images were manually processed to
remove out-of-focus pixels and to identify the positions of infected cells.
The processedimages were thenanalysed in MATLAB as follows: A small
section of background pixels (usually central/portal vein) were marked
and abackground threshold established (mean pixel value + 5 x s.d. of
the pixelvalue). A40 x 40-pixel window was sampled around the centre
of every infected cell, then anumber of randomly placed 40 x 40-pixel
windows was sampled from the image (excluding areas below the back-
ground threshold). The median pixel value of the Alb mRNA signal was
then calculated for every window, excluding background pixels. Then, for
eachinfected cell, the fraction of random windows with amedian value
lower thanthat of the cell was calculated and regarded as an approximate
zonationscore foreveryinfected cell, 0 being very pericentraland 1being
periportal. The zonation score distributions of consecutive time point
were compared using two-sided Wilcoxon rank-sum tests.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|scRNAseqsampling. a-f, Representative FACS gating
forscRNAseq. (a) FACS gating based on general size to find hepatocytes.

(b-c) Gating to discernsingle-cells from clumps of cells. (d) Negative selection
to exclude non-parenchymalcells. e, Gating toinclude only live hepatocytes.
(f) gating for infected and uninfected hepatocytes based on GFP content.

g-k, Quality control stepsinthe scRNAseq process. (g) UMIs (unique molecular
identifier) are summed per gene per celland denoted as either mouse or
Plasmodium gene. (h) Quality control for infected tag assigned to cells.
Fraction of PBA gene UMIs out of all reads was calculated per cell. Based on the
logl0 of that value (Y axis) a threshold was established (red line, Methods) to
identify erroneous tagging of cells. Infected/Uninfected cells below/above the
threshold are discarded. Bounds of boxes spanIQR, horizontal black lines
denote medians, whiskers span1.5x IQR. (i) Identifying cells with high
mitochondrial gene fraction. Per mouse, the 95" percentile of cells, based

ontheir Mouse mitochondrial gene content (Y axis), was discarded from the
dataset. (j) filtering all cells based on their high/low total transcriptome yield.
Xaxis - totalnumber of UMIs; Y axis - Total number of genes with at least 1UMI
assigned; cells colored by infection tag (green - Infected, blue - uninfected).
Cellswere discarded if they fell below (teal lines) or above (red lines) certain
thresholds for each category (dashed line - number of UMIs; dotted line -
number of genes). (k), Filtering plates outliers based on Z-score for the ratio
between median UMIs per cellin plate compared to all cells from mouse. Per
mouse, every cell total UMI count was summed, then the median value of log10
thatsum for all cells assigned to plate was divided by the median value of log10
thatsum for all cell assigned to mouse (Y axis). Based on that value a Z-score
(white text on bars) was calculated per plate. Plates with Z-score lower than-1.5
(red outline) were excluded from further analysis.
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represent values of infected neighborhoods labeled correspondingly to the
yellow labelsin (b). Note thatinfected cell ‘C’ resides inamore periportal zone

(asevidentby the higher Alblevelsinits neighborhood).d, smFISH
quantification demonstrates lower proportions of infected periportal
hepatocytes at40hpi. Shownis the zonation score based on the smFISH images,
namely the probability to observe aneighborhood zonation lower than the
value observedinarandom cell within the image field. Data points per category
represent cellsimaged from multiple non-consecutive tissue sections, sampled
from2biologicallyindependent mice per time point (Methods). e, sScRNAseq
analysis demonstrates that periportal parasites have lower transcript counts.
Cells per time-point (Pericentral/periportal): 2hpi = 69/122,12hpi=179/715,
24hpi=760/692,30hpi=182/307,36hpi=364/719 taken from4/5/4/3/5 mice
respectively. For (d) and (e), bounds of boxes span IQR, horizontal red lines
denote the median, whiskers span1.5*IQR (Interquartile range), black-bold
circlesindicate datapoints outside of said range. Significance determined by
two-sided Wilcoxon rank-sum test, with p-value adjusted using Benjamini-
Hochberg procedure.
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Extended DataFig. 6| Abortive hepatocytes show unique transcriptomic PBANKA_1245821) ingreen, Dapiblue; Right panel - Cxcl10/Cdknla/Sqstm1/
markers. a-d, smFISH validations of host genes up regulated in abortive Hes1mRNAinwhite. Dashed yellow line: infected hepatocyte. Images are
hepatocytesat40hpi. Top row - Abortive; Bottomrow - Productive. Per pairof ~ representatives of 35/30/30/49 (Cxcl10/Cdknla/Sqstm1/Hesl) imaging fields

images: Left panel - Phalloidin (Phal) inred, parasite Ch1218S rRNA (18Sp, from2 mice.
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Extended DataFig.7|Properties of abortive hepatocytes. a, Abortive
hepatocytes are periportally zonated in-situ at 24hpiand 36hpi. Shownis the
zonationscore based on the smFISH images, namely the probability to observe
aneighborhood zonation lower than the value observedinarandom cell within
theimage field, bounds of boxes spanIQR, horizontal black lines denote the
median, whiskers span1.5*IQR (Interquartile range). Significance was
calculated using fisher’s method on one-sided Wilcoxon rank-sum test per
mouserepeat (n=2/3/2for 24hpi/36hpi/40hpirespectevly). b-c, Pericentral
bias of infectionincrease concordantly with the frequency of abortive cells.

b, Average frequency of abortive infection at 36hpiinincreasinginoculums.
Error-bars denotes the standard deviation out of n =3 biologically independent
mice for injectionmodel and n = 2 for mosquito bite model. ¢, zonation score
in-situ similar to (a). d, MA plots of the mean PBA expression ratiobetween

(n=43) (n=265) (n=228)

log,,(max expression)

Abortive - 52hpi

Productive - 52hpi

LISP2 Abortive 40hpi BIN3 Abortive 40hpi

abortive and productive hepatocytesat 36hpi. Y axisindicateslog2 of the mean
ratio per gene. X axisindicates logl0 of the gene’s max expression. PBA genes
significantlyincreased or decreased ininfected hepatocytesare plotted inred
orbluerespectively (FDR g-value <0.01, ratio >1.5).e, Abortive hepatocytes
exhibitsimilar transcriptional changes in mosquito-bite model. Left panel -
Phalloidin (Phal) in white, parasite Ch1218S rRNA (18Sp, PBANKA _1245821) in
green, Dapiblue; Right panel - Mdm2 mRNAinred, Myc mRNAingreen. Dashed
yellow line:infected hepatocyte.f, Abortive cells exhibit similar transcriptional
changes even at 52hpi. Left panel - Phalloidin (Phal) in white, parasite Ch1218S
rRNA (18Sp, PBANKA _1245821) ingreen, Dapiblue; Right panel - Mdm2 mRNA
inred, MycmRNAingreen. Dashed yellowline:infected hepatocyte. g, Abortive
parasites exhibit loss of mRNA localization for some Plasmodium genes.
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Extended DataFig. 8| Unsupervised clustering of the infected hepatocytes
based on Plasmodium transcriptome.a, UMAP colored by hours post-
infection (hpi) and inoculation method. b, UMAP colored by Abortive/Productive
tagassignedto cellsbased on clustering analysisin Fig.3a.c, UMAP colored by
Louvain cluster (Methods). d, Heatmap for marker genes per cluster.

purple -low expression; yellow - high expression. e, The contribution of
different sampled time points to the composition of individual clusters and the
complete infected hepatocytes atlas. g, Total Plasmodium (PBA) reads increase
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Pairwise significance between clusters was determined by two-sided
Wilcoxon rank-sumtest (ns:p > 0.05; ****:p <=0.0001; ELS-MELS:p < 2.22e-16,
MELS-MLLS:p <2.22e-16, MLLS-LLS:p =0.15, LLS-Abortive:p =3.9e-7; ncells per
cluster from left-to-right:1,657/1,434/507/319/198). bounds of boxes span IQR,
horizontal black lines denote the median, whiskers span1.5*IQR (Interquartile
range), black-bold circles indicate datapoints outside of said range.
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Extended DataFig. 9 |Pseudotime and spatial analysis of theinfected
hepatocytes based on Plasmodium transcriptome. a-d, Monocle UMAP
visualization of the infected hepatocytes superimposed with their pseudotime
trajectories. Initial node marked with white dot. a, Cells colored by pseudotime
value.b, cells colored by sampled time point (hours post infection, hpi). c, Cells
colored by their Abortive/Productive tag assigned based on clustering analysis
inFig.3a.d, Cells colored by the 3 main branching trajectories. e, main UMAP
figure colored by the 3 main branching trajectories. Note thatbranch B3isin
complete overlap with the “Abortive” cell cluster as shown in Extended Data
Fig.8c, whilebranch B2isasubset of cluter “Mid-early LS”. f-g, B2 branchisa
batch effect of 2 plates with elevated number of reads. f, Heatmap of marker
genes per branch. purple - low expression; yellow - high expression. B2 markers
aremainly ribosomal genes. g, logl0 of total Plasmodium reads is significantly

higherinbranch B2 compared to Bl (two-sided Wilcoxon rank-sum test).

h, Pseudotime distributionsin cells binned by cluster. Pairwise significance
between consecutive groups was determined by two-sided Wilcoxon rank-sum
test (**:p <=0.01;****:p <=0.0001; adjusted p-values for all comparisions

p <2.22e-16; ncells per cluster from left-to-right: 1,657/1,434/507/319/198).
bounds of boxes spanIQR, horizontal black lines denote the median, whiskers
span1.5*IQR, black-bold circles indicate datapoints outside of said range. i, MA
plot (logratio - M; to max average - A) showing zonally enriched genesin late
pseudotime. Y axisindicates log2 of the meanratio per gene. X axisindicates
logl0 of the gene’s max average expression. Genes significantly increased
pericentral or periportal hepatocytes are plottedinred or bluerespectively
(FDR g-value < 0.2, Methods). The names of selected genes marked with black
circle are highlighted.



Article

b Activating spz genes

Real et al. (2021)

a Salivated spz genes

Bogale et al. (2021)

PBANKA-040180| |

PBANKA-146050
TRSP
PBANKA-100170

PBANKA-100700

P113
TRAP
SPELD
GEST
PLP1
HSP70
ApiAP2.2

PBANKA-080670
CDPK4

PBANKA-145690 = |PBANKA-143040
PL . ACT1
PBANKA-133140 PBANKA-OQEZ?

PBANKA-134970

e

PBANKA-000230
RPB6
PBANKA-051670
RPC2

RPB3

RPA2

mtRNAP

RPC34
PBANKA-103810
PBANKA-110900
RPB5
PBANKA-134400
RPB9

RPB10

TFB4

MED6
PBANKA-140610

PBANKA-132690

PBANKA-050130

PBANKA-144890

PBANKA-040630

PBANKA-112420

PBANKA-112910

PBANKA-061320

Glycolysis /
Gluconeogenesis

Pyruvate
metabolism

cGLO2

PEPC]

MQO

PBANKA-112560
GAPDH

LPD1

PBANKA-052000

PBANKA-010400

GLO1

Pseudotime bins

Pseudotime bins

0.4 0.2 0

<1%

5%

#3

Relative expression over pseudotime

#1

#2

Extended DataFig.10|Pseudotemporal expressionindifferent
Plasmodiumgene sets. a, Marker genes for salivated sporozoites (taken from
Bogale et al®®). b, Marker genes for Activating sporozoites (taken from Real
etal®).c, Marker genes for sporozoites in the Malaria Cell Atlas (taken from
Howick etal'®).d, Marker genes for exoerythrocytic forms (EEF) in the Malaria
Cell Atlas (taken from Howick et al®). e-f, RNA/DNA polymerases. g, Genes
related to Plasmodium KEGG pathway “Glycerolipid metabolism”. h, Genes
related to Plasmodium KEGG pathway “Glycerophospholipid metabolism”.

EEF genes
Howick et al. (2019)
PBANKA-031620|__]

c SPZ genes

Howick et al. (2019)

P25
ATRP

MED11
MDH
RPT1

Glycerolipid
metabolism

Glycerophospholipid
metabolism

DHHC9

PIGM

PBANKA-083120
DHHC10
DHHC6

Fatty acid KEGG

PBANKA-120510

FabZ
PBANKA-112710
FABI

ELO-B

PBANKA-030820

BCKDH-E:

Pseudotime bins

Pseudotime bins

Pseudotime bin no.

Time
6% __10% <1%_3% <1% 3%
10% [ 2hoi
- [ 12hpi
= o ) [ 24npi
| [ 30hpi
#4 #5 #6 #7 #3 [ 36hpi

i, Genesrelated to Plasmodium KEGG pathway “Pyruvate metabolism”.j, Genes
related to Plasmodium KEGG pathway “Glycolysis / Gluconeogenesis”. k, Genes
related to Plasmodium KEGG pathway “Biotin metabolism”.1, Genes related to
various Plasmodium KEGG pathways relating to fatty acids (e.g. biosynthesis,
elongation, degradation). Pseudotemporal expression Color indicates
gene-wise normalization over pseudotime with yellow =1=max expression.
m, Pie chart showing the distributions of the times post infection for cells
includedin each ofthe 8 pseudotime binsina-I.



Corresponding author(s):  Shalev Itzkovitz, Maria M. Mota

nature portfolio

Last updated by author(s): Sep 14, 2022

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
Q)
(e
=
)
§o)
o)
=
o
=
_
D)
§o)
o)
=
o)
Q@
w
c
S}
3
Q
<L

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

X

A description of all covariates tested

X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XIXO [ OO0 0O 00
LT X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  For scRNAseq we used bcl2fastq (v2.20.0.422) STAR (v2.7.3a) and zUMI (v0.0.6c¢). For imaging we used NIS elements software AR (v5.11.01).
for FACS sorting we used BD FACSDiva™ (v6.1.3)

Data analysis For scRNAseq we used Python (3.7.6; packages include scanpy, numpy, pandas and scipy), R (4.0.2; packages include seurat, dplyr, tidyr,
ggpubr, stats, EnhancedVolcano and wesanderson) and MATLAB (2019a). Image analysis was done on MATLAB (2019a).
Processing code available at https://github.com/AmichayAfriat/SpatioTemporal_malaria_liver_stage_atlas/. Codes for further analysis
and data visualization available at https://doi.org/10.5281/zenodo.7081863.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data generated in this study have been deposited in Gene Expression Omnibus with the accession code GSE181725.
For scRNAseq read alignment and naming we used genomes from the Ensembl database (release 96): Mus musculus (GRCm38.p6) and Plasmodium berghei ANKA
(PBANKAO1.43)
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Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A no Human subjects

Population characteristics N/A no Human subjects
Recruitment N/A no Human subjects
Ethics oversight N/A no Human subjects

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The sample sizes (number of mice and total number of sequenced cells) where chosen as to obtain sufficient power to discern gene
expression differences between infected and uninfected cells over time and space. Based on the scRNAseq literature and our own experience
we aimed for at least 100 infected cells of high read quality per time point, sampled from at least 2 mice. No Statistical method was used to
determine sample size prior to the study.

Data exclusions  Some single cell data was filtered based on quality control procedures as described in the methods section of the manuscript (Specifically -
cells with mitochondrial fraction above the 95 percentile per mouse were removed. Cells were next filtered to retain cells with more than
1,500 and less than 150,000 UMI reads, as well as more than 200 and less than 8,000 genes).
These filtrations were based on the recommended guidelines for the Scanpy and Seurat packages, as well as our own experience in past
publications, working with mouse derived hepatocytes.

Replication Minimum of 2 mice per timepoint/condition for smFISH or scRNAseq. All attempts at replication were successful.

Randomization  No allocation for experimental groups. All mice underwent same procedure.

Blinding N/A. All mice underwent same procedure.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X|[ ] chip-seq
Eukaryotic cell lines D E Flow cytometry
Palaeontology and archaeology E D MRI-based neuroimaging
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Antibodies
Antibodies used 1. APC anti-mouse CD31; Clone MEC13.3; Cat 102509, Lot B312608, BioLegend (1:300)
2. Brilliant Violet 510 anti-mouse CD45; Clone 30-F1; cat103137, Lot B296484, BioLegend (1:300)
Both were used to avoid sorting non-parenchymal cells.
Validation All antibodies are validated by the manufacturer for their intended purpose.

Previous validated uses:
APC anti-mouse CD31 - doi: 10.1073/pnas.1413234112.
Brilliant Violet 510 anti-mouse CD45 - doi: 10.4049/jimmunol.176.11.6532.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 6-7 week old C57BL/6J female mice. Purchased from the Charles River Breeding Laboratories and were housed in the facilities of the
Instituto de Medicina Molecular in Lisbon in a germ-free environment supplied with water and food ad libitum. Mice were kept in
22-24°C with 45-65% humidity, under 14h/10h light/dark cycle.

Female Anopheles stephensi mosquitoes bred and infected at the Instituto de Medicina Molecular in Lisbon.

Wild animals No wild animals were used.

Reporting on sex All experiments were conducted on female mice, as reported under "Methods".

Field-collected samples  No field-collected samples were used.

Ethics oversight All'in vivo protocols were approved by the internal animal care committee of Instituto de Medicina Molecular and were performed
according to national and European regulations.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
E The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

E The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).
E All plots are contour plots with outliers or pseudocolor plots.

E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Livers of mice infected with GFP expressing Plasmodium berghei ANKA (clone 259c¢l2) were perfused and dissociated into
single cells using Liberase Blendzyme 3 recombinant collagenase (Roche Diagnostics). Samples were stained with antibodies
aCD45, aCD31 and DAPI.

Instrument BD FACS Aria llu using a 130um nozzle and 1.5 neutral density (ND) filter
Software BD FACSDiva™ Software (v6.1.3)
Cell population abundance Out of the total Live single-hepatocytes sampled per mouse (40-50% of analyzed cells) 0.04% were infected. We have sorted

both infected and uninfected cells for our analysis.




Gating strategy Cells were gated to include live cells only (DAPI negative) and exclude doublets (FSC-A) and non-parenchymal cells (CD45-/
CD31-). The remaining cells were then gated for infected (GFP+) or uninfected (GFP-) and sorted accordingly.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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