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Background: The transcriptome of Plasmodium falciparum clinical isolates varies according to strain, mosquito
bites, disease severity and clinical history. Therefore, it remains a challenge to directly interpret the parasite's
transcriptomic information into a more general biological signature in a natural human malaria infection.
These confounding variations can be potentially overcome with parasites derived from controlled-human ma-
laria infection (CHMI) studies.
Methods: We performed CHMI studies in healthy and immunologically naïve volunteers receiving the same
P. falciparum strain ((Sanaria® PfSPZ Challenge (NF54)), but with different sporozoite dosage and route of infec-
tion. Parasites isolated from these volunteers at the day of patency were subjected to in vitro culture for several
generations and synchronized ring-stage parasites were subjected to transcriptome profiling.
Findings:We observed clear deviations between CHMI-derived parasites from volunteer groups receiving differ-
ent PfSPZ dose and route. CHMI-derived parasites and the pre-mosquito strain used for PfSPZ generation showed
significant transcriptional variability for gene clusters associated with malaria pathogenesis, immune evasion
and transmission. These transcriptional variation signature clusters were also observed in the transcriptome of
P. falciparum isolates from acute clinical infections.
Interpretation: Our work identifies a previously unrecognized transcriptional pattern in malaria infections in a
non-immune background. Significant transcriptome heterogeneity exits between parasites derived from
human infections and the pre-mosquito strain, implying that the malaria parasites undergo a change in func-
tional state to adapt to its host environment. Our work also highlights the potential use of transcriptomics data
from CHMI study advance our understanding of malaria parasite adaptation and transmission in humans.
Fund: This work is supported by German Israeli Foundation, German ministry for education and research, MOE
Tier 1 from the SingaporeMinistry of Education Academic Research Fund, SingaporeMinistry of Health's National
Medical Research Council, National Institute of Allergy and Infectious Diseases, National Institutes of Health, USA
and the German Centre for Infection Research (Deutsches Zentrum für Infektionsforschung-DZIF).
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1. Introduction

Malaria parasites have a complex life cycle alternating between the
intermediate vertebrate (human) and the definitive insect (mosquito)
hosts. The asexual life cycle within the red blood cell (RBC) is responsi-
ble for the pathologywithin the hostmainly due to development of ane-
mia and the sequestration of infected RBC in the deep tissues leading to
gen.de (M. Frank),
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decreased blood flow, tissue anoxia and ultimately resulting in organ
failure. Development of different severe malaria syndromes has been
associated with the transcription and expression of parasite multigene
families essential for binding to the vasculature endotheliumand aggre-
gate formation between RBCs in the vasculature [1–6]. Stress and repro-
ductive constraints can trigger sexual commitment and differentiation
of late-stage asexual parasites into gametocytes that are transmissible
to the mosquito vector [7,8]. Transmission fate is essentially governed
by an Apicomplexan transcriptional factor; the ApiAP2-G, through the
coordinated transcriptional activation of several sexually-commitment
genes [9,10]. Once in the mosquito host, the parasites undergo another
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

The compendium of transcriptome datasets either from laboratory
or clinical isolates showed divergent functional responses associ-
ated with variation in strain genotype, host pre-existing immunity
and in vitro culture conditions. The functional importance of tran-
scriptome variation during infection is unclear due to the underly-
ing complexity in a natural human malaria infection, but is
central to our understanding of parasite adaptation in the human
hosts. Thus, the the establishment of controlled humanmalaria in-
fection (CHMI) trials provide a unique experimental model to study
parasite adaptation upon transmission and infection.

Added value of this study

Here, we identified a unique transcriptional signature of a single
strain malaria infection in a non-immune background. Transcrip-
tional changes between sporozoite route of infection (intradermal
versus intravenous), sporozoite dose (high versus low) and
before-after mosquito passage (CHMI-derived strain versus pre-
mosquito strain) reveal intriguing functional gene clusters associ-
ated with host immune evasion and parasite transmission. We ap-
plied and showed significant association of the variable
transcriptome component from this study into the transcriptome
component of parasites obtained from acute human infections
from Africa, Bangladesh, Mekong, Myanmar and Cambodia.

Implications of all the available evidence

Parasites derived from CHMI studies can yield novel insights into
the adaptation process in different host environments through
transcriptome profiling studies. We have identified the functional
gene clusters with high transcriptional divergence in genetically
identical parasites fromnon-immune background, likely conferring
a fitness advantage to the parasites during infection. In this con-
text, this study will also bring new concept into new CHMI-trials
in semi-immune individual, where stronger selective pressures
and more profound changes in parasite biology are likely to be
observed.
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complex developmental cycle, leading to the production of motile spo-
rozoites (SPZ) that are able to travel from the mosquito salivary gland
into the human host dermis and capillaries during the ingestion of a
bloodmeal. The SPZ undergo asexual reproduction in the liver resulting
in the release of merozoites into the blood circulation which then initi-
ates the asexual, symptomatic blood stage infection. All the changes the
parasite undergoes during its complex life cycle are controlled by about
5000 protein-coding genes within the malaria parasite genome [11].
Transcriptional profiling of themalaria parasites has led to an enormous
understanding of the malaria parasites biology showing that through-
out the blood stage life cycle, it activates and represses each gene in a
just-in-time fashion under in vitro culture condition [12–15]. The tran-
scriptional portrait of in vitro-adapted parasites however provides
only a fraction of information on the overall parasite biology. Genome-
wide transcriptomic studies on P. falciparum clinical isolates in fact sug-
gested notable transcriptional differences between parasite samples
from human infection and those obtained from long term culture
adapted parasites [16,17]. However, the majority of these clinical iso-
lates were derived from patients with pre-existing immunity, with var-
iation in the number of mosquito bites and sporozoite disposition as
well as mixed infection with multiple strains [18–21]. Therefore, it re-
mains a challenge to directly interpret the parasite's transcriptomic
information into amore general biological signature due to the underly-
ing complexity in a natural human malaria infection.

One approach to address this challenge is the establishment of con-
trolled human malaria infection (CHMI) trials, where immunologically
naïve human volunteers were inoculated either by intradermal (ID), in-
tramuscular (IM) or direct venous inoculation (DVI) injection with pu-
rified PfSPZ generated from a defined P. falciparum strain. Such trials not
only offer a new approach to test new clinical intervention approaches
like vaccine and drug efficacy [22,23], but also provides a unique oppor-
tunity to gain at the same time a better understanding of parasite biol-
ogy in a controlled and standardized environment. PfSPZ infections in
non-immune populations using a defined P. falciparum strain can also
overcome the inherent variation amongst field isolates, hosts and the
impact of variations in PfPSZ inoculum injected from mosquito salivary
glands [24–26]. Thus far, transcriptional profiling of parasites derived
from CHMI individuals, either immediately after patency period
[27,28] or subjected to in vitro cultures [25,29,30] were limited to the
var multigene repertoires using quantitative PCR analysis. More re-
cently, transcriptome profiling analysis of whole blood from 10 adults
following CHMI with PfSPZ Challenge suggested early key transcrip-
tional changes during pre-erythrocytic stage [31]. Here, we report the
global transcriptome of the erythrocytic stage malaria parasites ob-
tained from the dose escalation CHMI of Sanaria® PfSPZ Challenge
(TÜCHMI-001-NCT01624961) derived from a single P. falciparum
NF54 (PfNF54) working cell bank [25]. Our work provides information
on the transcriptome dynamics of the humanmalaria parasites, and ex-
emplifies the selective transcriptome variation in a controlled-human
infection setting. We have explored the variable transcriptome of the
CHMI-derived samples and show that it is influenced by the duration
of intrahost replication and the duration of in vitro culture progression.
We also further distinguish the transcriptional differences between par-
asites from CHMI and pre-mosquito PfNF54 transcriptome, suggesting
that the human malaria parasites reprogram expression pattern for a
subset of genes in the blood stage ensuing mosquito passage and
human infection. Importantly, we recapitulated the transcriptionally
variable genes from CHMI-derived parasites in field isolates tran-
scriptome frompatientswith acutemalaria infection,which circumvent
the issue related in vitro culturing phase. Ourwork here identifies a pre-
viously unrecognized transcriptional pattern of a single strain malaria
infection in a non-immune background and deconvolutes the tran-
scriptome complexity of clinical malaria infection.

2. Materials and methods

2.1. Ethics statement and study participants

This study is designated as TÜCHMI-001; an open label, single cen-
tre, randomized and controlled human malaria infection study in
healthy human volunteers, where the volunteers and samples were
identical to previous study by Bachmann et al. and Dimonte et al.
[25,27]. Written informed consent was obtained from all participating
volunteers from this study. Ethics approval was obtained from the
ethics committee of the University Clinic of the University of Tubingen,
Germany. This study was conducted in accordance to the Declaration of
Helsinki (6th revision) and the International Conference on Harmoniza-
tionwith Good Clinical Practice guidelines. The registration code for this
study is under ClinicalTrials.gov identifier numeric NCT01624961.

2.2. PfSPZ challenge and parasite sample collection

Thirteen participating volunteers received either intradermal or in-
travenous inoculation of PfSPZ Challenge at designated dosage; 3 with
PfSPZ 2500 intradermally, 3 with PfSPZ 800 intravenously and 7 with
PfSPZ 3200 intravenously (Table 1). All PfSPZ Challenge were provided
by Sanaria Inc. In brief, the NF54 WCB SAN02-073009 was propagated
in vitro for 3 generations prior the induction of gametocytogenesis and
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Table 1
Summary of cryopreserved PfSPZ challenge inmalaria naïve healthy volunteers (top) and pre-mosquito NF54 culture generation (bottom). Corresponding PfSPZ dose 2500ID (red); rep-
resents 2500 intradermal PfPSZ injection, 800IV (green); represents 800 intravenous PfSPZ injection, 3200IV (blue); represents 3200 intravenous PfSPZ injection. t1, t2, t3 and t4 represent
the approximate generation stage during in vitro culture.

       

  

Pre-mosquito 
NF54 culture 

Generations in culture collected for 
microarray studies 

  NF54_32_1 21 

  NF54_32_2 22.5 

  NF54_33_1 21 
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1 generation in the mosquito stage for the production of PfSPZ. A posi-
tive thick blood smear with a least 1 to 2 parasites per μl of blood indi-
cates successful blood stage infection or day of positivity in the PfSPZ
challenge volunteers [25].

2.3. Parasite cultures

On the day of positivity, 0·25 ml of patient blood was used to estab-
lish 10 ml in vitro cultures. As soon as the parasitemia reached 3–4%,
4 ml of the culture were expanded into a 20 ml culture. 5 ml cultures
with 5% haematocritweremaintained continuously for eightweeks. Ex-
pansion into 20 ml cultures was subsequently performed twice per
week for a period of 8 weeks. In addition, two cryopreserved vials of
the original NF54 strain WCB SAN02–073009 used to generate PfSPZ
Challenge were provided by Sanaria Inc. Both vials were thawed and
taken into in vitro culture under the same conditions as the volunteers'
isolates. All P. falciparum isolates were cultivated at 5% haematocrit of O
+ erythrocytes. RPMI 1640mediumwas completed with 10% Albumax
(Gibco), 25 mMHepes Buffer, 2 mM L-Glutamine and 0·05 mg/ml gen-
tamicin (all PAA Laboratories). Parasites were incubated at 37 °C in 90%
nitrogen, 5% oxygen and 5% carbon dioxide.

2.4. Sorbitol synchronization, RNA extraction and cDNA synthesis

RNA was harvested as soon as an individual 20 ml parasite culture
reached a parasitemia of 3–5%, and then every 2–3 generations
thereafter. 20 ml parasite cultures were synchronized twice per day
with 5% (v/v) sorbitol in water to obtain ring-stage parasites. The
double-synchronized parasite culture was pelleted, washed two times
with 1× phosphate buffered saline (PBS) and the erythrocytes were
lysed with 0.02% (v/v) saponin. The pellet was washed three times
with 1× PBS and resolved in 750 μl of Trizol® LS Reagent (Invitrogen).
The samples were stored at −20 °C until further processing. The sam-
ples were shipped to Nanyang Technological University, Singapore for
RNA isolation andmicroarray processing. Frozen sampleswere immedi-
ately thawed at 65 °C for 3min and total RNAwas isolated as previously
described [32]. The quality of RNA was assessed by nanodrop spectro-
photometer ND-1000 (Supplementary Table 6).

2.5. cDNA synthesis and microarray hybridization

Details on thematerials used for cDNA synthesis andmicroarray hy-
bridization are as described [33] Briefly, first strand cDNA was synthe-
sized from 500 ng of total RNA using SuperScriptII Reverse
Transcriptase kit (Thermo Fisher Scientific). The cDNA was then sub-
jected to Switch Mechanism at the 5′ end of Reverse Transcription
(SMART)-PCR amplification for 19 cycles to generate at least 4 μg of
aminoallyl-coupled cDNA materials, which was subsequently purified
using MiniElute DNA purification kit (Qiagen). 4 μg of SMART-PCR am-
plified products were labelled with fluorescent dye Cy5 (Amersham)
and mixed with equal amount of Cy3-labelled P. falciparum 3D7 refer-
ence pool comprising of equal mass of total RNA samples representing
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all developmental stages of the parasite [34]. Hybridization was carried
at 65 °C for 20 h on our customized microarray chip [32] using the
Agilent hybridization system. Scanning and image acquisition of the hy-
bridized microarray chips was performed using the PowerScanner™
(Tecan) at 10 μM resolution under automated photomultiplier (PMT)
balancing. Hybridized spots or features were analysed and pre-
processed using GenePix® ProMicroarray Image Analysis Software
v6.0 (Axon Instruments).

2.6. Microarray data processing

Raw microarray data are further subjected to local feature back-
ground correction to remove background fluorescence signal that
would result in the spurious variations in the gene expression datasets.
All features were normalized using normexp function followed by
Lowess normalization within each array using the ‘limma’ package
[35] fromR statistical software v3.5. Normalization using thesemethods
minimize the intensity-dependent variation in two colour dye between
batches. Outlier features with foreground intensity lesser or equal to
1·5-fold median of background intensity will be removed from subse-
quent analysis. Overall, 5061 genes display specific expression profile
with normalized log2-transformed expression ratio of the RNA sam-
ple/3D7 reference pool, which was calculated by averaging the ratio
for all oligo probes map to a gene open reading frame. These gene ex-
pression datasets were used for downstream analyses. The raw and
processed microarray data has been deposited into GEO repository
with accession number GSE136076.

2.7. Estimation of parasite age and gametocyte density

Mixture model andmaximum likelihood estimates [36] was used to
estimate the projected asexual parasite age in hour post-invasion (hpi)
and gametocyte densities from the transcriptome datasets of CHMI-
derived samples and the parent PfNF54 samples. Previously published
P. falciparum Dd2 asexual time course transcriptome [13] and 3D7 sex-
ual time course transcriptome [37] was used as reference.

2.8. Data analysis

All statistical and clustering analysis was conducted using R statisti-
cal software version 3·5. Unpaired Wilcoxon test was used to test the
significance difference between any two groups of samples. For compar-
ing the transcriptome datasets with previously published in vivo
datasets under the same NCT01624961 clinical trials with matched vol-
unteers' identification [27], expression values from each sample was
separately normalized into z-score using the scale function. Pearson cor-
relation coefficient and significance level were applied to measure the
similarity of expression distribution. Unsupervised hierarchical cluster-
ing was done with the hcclust function using the complete linkage
method and Euclidean distance metric. Principal component analysis
was performed using prcomp function. Variation index was measured
for each time-point (t1, t2 t3 or t4) as the expression standard deviation
differences between individual for each PfSPZ group and throughout
culturing phase, relative to the overall expression standard deviation
throughout culturing phase.

Variation index ¼ σ ip−σ ig

σ ig

where σ is the standard deviation expression levels of i-th gene be-
tween volunteer samples; p and throughout the gpi culturing phase
from t1 to t4; g. Differential gene expression analysis for each gene
was calculated as the average log2 expression ratio differences between
CHMI and PfNF54 samples. Significance of differential expression was
assessed with t-tests analysis corrected for multiple testing using
Benjamini and Hochberg, controlling for the false discovery rate
(FDR). Functional enrichment analysis was analysed by hypergeometric
testing, by comparing to annotated functional pathways extracted
from the Malaria Parasite Metabolic Pathway (MPM) database version
2016 [38].

3. Results

3.1. Early culture passage of freshly isolated infected erythrocytes has min-
imal effect on the transcriptional variation between CMHI-derived para-
sites from volunteers receiving the same PfSPZ dose

Infectivity of PfSPZ administration at 2500 PfSPZ injected intrader-
mally and 3200 or 800 PfSPZ injected intravenously was assessed by
thick film microscopy and PCR every 12 h from day 5 until day 21
post-infection (Table 1). The clinical trial protocol with all patient inclu-
sion and exclusion criteria is published as supplement to themanuscript
on standardized CHMIwith PfSPZ challenge [23]. Due to limited amount
of parasite RNA material that can be isolated directly from the freshly
drawn blood of CHMI volunteers, as opposed to field samples often
with higher parasitemia count, the CHMI-derived blood samples ob-
tained from 13 volunteers were immediately subjected to in vitro cul-
ture prior to RNA extraction (Table 1). The parental PfNF54 asexual
stage cultures initiated from two separate vials of the working cell
bank (WCB) (vial 32 and vial 33) used for the production of PfSPZ Chal-
lenge [25,39] was also subjected to in vitro culture and RNA extraction
(Table 1). A total of 52 CHMI-derived and 3 parental PfNF54 culture-
adapted samples were synchronized and collected progressively
throughout the in vitro culturing phase (from t1 to t4) at increasing gen-
eration post infection (gpi) from early to mid-ring stage to emulate the
major developmental stages of infection observed in the human periph-
eral blood (Table 1). A total of 5061 genes were detected bymicroarray
hybridization in at least one of the 55 samples (Supplementary Table 1).
Samples with a poor synchronicity window as determined by maxi-
mum likelihood estimates (MLE) of the core transcriptomes against
the asexual P. falciparum Dd2 references (13, 36, 37) were removed
from subsequent analysis (Fig. 1a). This includes samples with an esti-
mated hpi score of N16, which enters the late ring stage (Fig. 1a). To
our surprise, MLE analysis also estimated high gametocyte proportion
for some of the CHMI-derived samples including the parental PfNF54
using the day 5 to 7 sexual life-cycle reference transcriptome of
P. falciparum 3D7, with values ranging from 20% to 50% (Fig. 1a). Recent
analysis on the parental PfNF54 strain used for CHMI study from Sanaria
Inc. showed significantly higher gametocyte production rate as com-
pared to 3D7 strain [40]. This suggests that the inherent expression of
gametocyte-specific genes, which was used for MLE on the gametocyte
proportion in our study, were higher in our parental PfNF54 and this ef-
fectwas subsequently seen in the CMHI-derived samples during asexual
progression.We then showed that duration of culture passage of freshly
isolated infected erythrocytes has an effect on the transcriptional varia-
tion between CMHI-derived parasites from volunteers receiving the
same group of PfSPZ dose (2500ID, 3200IV and 800IV) using principal
component and transcriptome variation index analysis (see Methods)
(Fig. 1b, c). Principal component analysis (PCA) analysis showed a char-
acteristic association between samples with different PfSPZ dosage and
route of infection,where samples from3200IV-derived dosage aremore
similar than 800IV or 2500ID (Fig. 1b). Samples from gpi t1 and t2 are
also more closely clustered than samples from later gpi (Fig. 1b). Fur-
thermore, the differences in gametocyte proportion estimation from
the above MLE analysis does not showed significant clustering pattern
in PCA analysis (Supplementary Fig. 1). Transcriptome variation index
analysis allows us to visualize between individual or interindividual
transcriptome differences at the same culturing stage (gpi). This is nec-
essary to determine if culture progression have any effect on tran-
scriptome variation between individuals receiving the same PfSPZ
doses. For instance, the transcriptome derived from the three patients
receiving PfSPZ 2500ID (2500.4, 2500.1 and 2500.2) has lesser

ncbi-geo:GSE136076
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Fig. 1. Transcriptional variation throughout the in vitro CHMI-derived samples. (A) Estimation of parasite age in hours post-invasion (hpi) and gametocyte densities based on the overall
transcriptome dataset for 2500ID (red), 3200IV (blue) and800IV (green) and pre-mosquito PfNF54 (purple) group. (B) Transcriptomeprincipal component analysis of 2500ID, 3200IV and
800IV from t1 to t4 culturing phase and as well as the parental PfNF54 samples for a total of 3479 genes. Coloured scatterplot represents grouping by PfSPZ dose (left panel) and gpi (right
panel). (C) Density plot shows the distribution of variation index for 3479 genes during t1, t2, t3 and t4 culturing phase for 2500ID, 3200IV and 800IV PfSPZ group. Variation index is

n of the references to colour
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interindividual variability when at t1 culturing phase compared with t3
culturing phase (Fig. 1c). Transcriptional variation between volunteers
receiving the same PfSPZ doses was more evident with increasing cul-
ture passages, suggesting that a larger part of the parasite's tran-
scriptome begins to fluctuate significantly as the in vitro culture
progresses. The transcriptional variation observed in part of culture pro-
gression also resonates with the overall transcriptional profile of the var
multigene family expression. We matched and analysed the Z-scores
normalized var transcriptional profiles from t1 to t4 CHMI-derived cul-
tureswith the in vivo var gene transcriptional data for the same 9 volun-
teers from Bachmann et al [27]. Z-score normalization was used due to
the differences in the var gene expression profile derived from this
study (microarray) and Bachmann et al. (quantitative Real-time PCR).
As a general trend, the distribution for var expression from the in vivo
samples showed positive and significant correlation (P b 0.05) with
the overall var expression profiles from CHMI-derived t1, t2, t3 and t4
cultured samples, with several group B var dominating the overall var
genes expression hierarchy (Supplementary Fig. 2a). Notably, a trend
to towards preferred expression and variation of expression for group
B/C and C var genes from in vitro samples was apparent across parasites
from all CHMI parasite cultures as the in vitro culture generation pro-
gresses from t1 to t4 (Supplementary Fig. 2b). Specifically, pairwise
comparison between all the in vivo and culture-derived CHMI showed
overall stronger and significant correlation for t1 and t2 samples (Sup-
plementary Fig. 3), suggesting that the var genes expression profile
are relatively conserved from the point of patency to at least 15 gpi in
culture.

3.2. Transcriptome variation associated with differences in intrahost repli-
cation time and distinct PfSPZ dose

A total of 4628 genes were expressed across all CHMI-derived sam-
ples derived after at least 15 gpi in culture (t1 and t2 phase). Tran-
scriptome principal component analysis (PCA) and variation index
analysis of these t1 and t2 cultures showed dynamic transcriptome var-
iation between the CHMI-derived parasites originating from the same
PfSPZ dose, in particular the 800IV and 2500ID-derived parasites
(Fig. 2a, b). A small fraction of genes (18%) exhibited significant tran-
scriptional changes (P b 0·05, FDR b 0·05) as the culture progresses
from t1 to t2, largely involved in parasite metabolic processes, post-
translational modification and transport in the malaria parasites (Sup-
plementary Fig. 4a, b; Supplementary Table 2). These set of genes
were removed from further analysis to further reduce the transcrip-
tional variation dimensionality during in vitro culturing. Next, expres-
sion profile for the remaining 3776 genes was subjected to
unsupervisedhierarchical clustering analysis.We identified twodistinct
sample clusters; six of the 3200IV-derived samples were clustered to-
gether while the rest of the 3200IV, 2500ID and 800IV-derived samples
dominated the second cluster suggesting that transcriptome variation
indeed exists between the interindividual samples (Fig. 2c). Notably,
when we compared six of 3200IV and 2500ID sample clusters that
showed significant differences in intrahost replication time of an aver-
age of 10·8 days vs 13 days respectively (Fig. 2d), we observed a small
fraction of 86 differentially expressed genes between the two groups
(Fig. 2e) (P b 0·05, FDR b 0·05). A large majority of the genes were
up-regulated in the 2500ID cluster and involved in functions suchmem-
brane organization and vesicle-mediated transport (Supplementary
Table 3). One of the genes with striking transcriptional differences be-
tween the 2500ID and 3200IV cluster is PF3D7_1466400which encodes
for the ApiAP2 transcriptional regulator family member, PfAP2-exp.
PfAP2-exp have been shown to positively and/or negatively regulates
the expression of a subset of clonally variant genes in P. falciparum, lead-
ing to the morphological alteration on the surface of infected RBC [41].
We next determine whether the changes in the transcriptional profile
of the transcriptional regulator PfAP2-exp between PfSPZ 2500ID and
3200IV samples have any effect on the putative PfAP2-exp gene targets.
Comparison for the expression of putative PfAP2-exp gene targets ob-
tained from a previous study by Martins et al [41] between the 2500ID
and 3200IV cluster revealed distinct transcriptional pattern, suggesting
that divergence in Pf-AP2-exp gene; PF3D7_1466400 between the two
clusters can alter the expression of its putative gene targets as well
(Supplementary Fig. 5). Collectively, the PfSPZ dose and consequently
the duration of intrahost replication time (2500ID vs 3200IV) were as-
sociated with differences in the core transcriptome profile.

3.3. Transcriptome diversity between parasites recovered from CHMI vol-
unteers is also reflected in parasites recovered from clinical infection

The diversity in gene expression profile may also reflect a form of re-
sponse to natural selection that confers an optimal fitness phenotype in
the given parasite population [42–44]. To evaluate this we first identi-
fied genes with higher transcriptional heterogeneity between the
CHMI-derived samples from 2500ID and 3200IV cluster (Fig. 2c) versus
the pre-mosquito, parental PfNF54 cluster. 1835 genes from the CHMI-
derived 2500ID and 3200 PfSPZ cluster samples showed higher tran-
scriptional variation compared to the parental PfNF54 (Fig. 3a, Supple-
mentary Table 4), suggesting these genes are more likely to differ in
parasites from different individual volunteers in response to infection
after mosquito passage. It is important to note that the NF54 strain
used for PfSPZ generation was propagated for 3 generations before ga-
metocytes and sporozoites were induced. After PfSPZ Challenge and
in vitro adaptation, t1 and t2 CHMI-derived samples were obtained
from 13·5 to 17·5 gpi. Thus the total number of mitotic division for
the in vitro t1 and t2 samples ranged from 16·5 to 20·5. The total num-
ber of mitotic division for the parental NF54 culture was 21 and thus in
the same range as the number of mitotic division of the CHMI-derived
cultures.

We then identify genes with significant transcriptional differences
between the CHMI-derived and parental PfNF54 samples within this
variable transcriptome by calculating the average expression ratio dif-
ferences between CHMI-derived and PfNF54 samples. 197 genes ful-
filled the P b 0·05 and the overall adjusted P value at FDR b 0·05
differential expression criteria (Supplementary Table 4). Geneswith un-
known function account for the vast majority, as well as genes associ-
ated with clonal expression [45], gametocyte commitment [46],
transcription, host cell structural organization and signalling events
(Fig. 3b, Supplementary Table 5). Genes belonging to the clonally vari-
ant, gametocyte and transmission clusters have a higher average differ-
ential expression pattern in the CHMI-derived versus PfNF54 parent
(Fig. 3c). The differential expression of this subset of genes could indi-
cate that they provide the parasite with an adaptive advantage. If this
is indeed the case it would be expected that these genes also show sig-
nificant variation in natural infections. To assess this, we mapped the
transcriptionally variable and differentially expressed 197 genes to the
transcriptomes of P. falciparum clinical isolates from Africa, Bangladesh
and the Mekong region, represented by Myanmar and Cambodia with
early ring developmental stage between 8 and 10 hpi [34]. The
transcriptomes of these clinical isolates were previously generated
using the same batch of 3D7 reference pool and microarray printing
and hybridization protocol, thus enabling us to directly compare both
transcriptomes datasets. Clinical samples from Africa were collected
from symptomatic children with acute malaria infection, whereas the
remaining samples were collected from adult population across the
Asia region with acute malaria [34]. For each geographical cluster, we
observed significantly higher expression variation differences for the
transcriptionally variable 197 genes compared to a control gene group
by randomly selecting 197 genes for 100 permutations from a list of
non-differentially expressed genes (Fig. 3d). Interestingly, samples
fromWest Asia and South East Asia showed higher interindividual var-
iation (P = 0·0006078, P = 5·333e-06) compared to samples from
Africa (P=0·03794), possibly reflecting the heterogeneity of the para-
site transcriptome in patients with acute malaria from different
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Fig. 2. Transcriptome variation associated with distinct PfSPZ dose and intrahost replication rate. (A) Transcriptome principal component analysis of 2500ID (red), 3200IV (blue), 800IV
(green) and parental PfNF54 group (purple) for 4628 genes that are expressed in t1 (circles), t2 (triangles) and pre-mosquito, p (squares) culturing phase. (B) Density plot shows the
distribution of variation index for 4628 genes during t1 and t2, culturing phase for 2500ID (red), 800IV (green) and 3200IV (blue) PfSPZ group. (C) Heatmap shows hierarchical
clustering on row scaled log2 expression ratio for 3776 genes for all PfSPZ samples at t1 and t2 culturing phase. PfSPZ samples with labelled dendrogram nodes (circle, grey) were
selected for further comparative analysis. (D) Differences in pre-patent period represent by days between infection and positive thick blood smear for 2500ID (red), 3200IV (blue) and
800IV (green) group. Asterisks represent *P b 0·05, **P b 0·01. (E) Heatmap shows hierarchical clustering on row scaled log2 expression ratio for 86 genes between 2500ID and
3200IV PfSPZ clusters with significant expression differences at P b 0·05, FDR b 0·05. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 3. Differential expression and transcriptional variation analysis between pre-mosquito parasites and parasites recovered from CHMI volunteers. (A) Boxplots show within sample
transcriptional variation of 1835 genes within the CHMI and PfNF54-derived parasite samples. Asterisk represent ***P b 0·001 for between group differences. (B) Pie chart represents
proportion of genes associated with specific functional cluster for 197 differentially expressed genes between CHMI and PfNF54-derived parasite samples. (C) Scatter dotplot
represents the log2 fold change of genes belonging to clonally variant, gametocyte and transcriptional clusters. (D) Boxplots show within sample transcriptional variation of 197 genes
(red) within the clinical isolates group from Congo (CD), Bangladesh and Myanmar (WEST) and Cambodia (KH). For each group, significance in variation was compared with a control
gene group by 100 times randomly selecting 197 genes from a list of non-differentially expressed genes. Asterisks represent *P b 0·05, ***P b 0·001. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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geographical regions (Fig. 3d). Collectively these findings show that the
transcriptome diversity observed in CHMI-derived samples, for a subset
of genes involved in evasion of host immunity and parasite transmis-
sion, is also prevalent in actual clinical samples after mosquito passage
and human infection suggesting a potential role in host adaptation.

4. Discussion

There have been renewed efforts and strategies towards malaria
eradication, in particular a newdrug pipeline, rapid diagnostics and vac-
cine development [47,48]. More recently, immunization with radiation
attenuated, aseptic, purified, cryopreserved PfSPZ (Sanaria® PfSPZ Vac-
cine) [49–53] and infectious, cryopreserved PfSPZ with chemoprophy-
laxis (Sanaria® PfSPZ-CVac) [54] showed protection of 10 weeks to
14 months against homologous, heterologous, and heterogeneous
P. falciparum infections by CHMI and natural exposure, thus offering
the potential of a vaccine that could be used for malaria elimination
campaigns. Questions concerning the biology of the malaria parasites
during human infection are crucial in understanding the parasites viru-
lence and pathogenesis. A greater part of malaria parasites transcripto-
mics profiling studies has been largely focused on field isolates directly
isolated from patients, with infection phenotypes ranging from uncom-
plicated to severe malaria [16,17,55,56]. These studies have identified
activation of potential genes or functional pathways important for the
malaria parasites physiology, pathogenesis and adaptation to the
human hosts; some of which are not seen in the long-term laboratory
adapted strains. However, major impediments of these transcriptional
profiling studies are associated with strain genetic variation [16], varia-
tion in disease severity and clinical conditions between patients [55]
which could possibly affect the overall transcriptional output. The im-
pact of CHMI studies not only allow for evaluation of malaria vaccine
and drug efficacy, but are also useful for comparing parasite biology
after mosquito passage and human infection as volunteers are infected
with standardized number of aseptic, purified infectious PfSPZ with re-
producible and consistent infections [23,26,57,58]. Nonetheless,
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parasitemia derived from CHMI studies, from non-immune and asymp-
tomatic infection, are significantly lower comparedwith a natural infec-
tion setting due to ethical rationale. This ultimately leads to insufficient
RNA material for whole transcriptomics profiling studies [16,59], and
therefore in vitro culture expansion is inevitable.

Here, we report a comprehensive overview of genome-wide expres-
sion changes of the malaria parasites isolated from 13 immunologically
naïve volunteers from the TÜCHMI-001 CHMI clinical trial. CMHI-
derived parasites were subjected to in vitro culture under homogenous
culturing conditions and RNA was collected at successive gpi for tran-
scriptomics profiling. Previously, it was reported that in vitro culture ad-
aptation of clinical isolates [16] and even isogenic, genetically identical
parasites [60] can result in extensive transcriptional variation. More-
over, variationwas also seen at the genome level comparedwith the pa-
rental source [61,62]. Such variation affecting the transcriptomic and
genetic portrait are presumably due to the loss in immune selection
pressure, differences in life-cycle stage and variation in donor blood
batch, reagents, haematocrit and incubations conditions [63]. Here, we
integrate the global transcriptomic data of the parental PfNF54 and
CHMI-derived samples and performed a comparative analysis between
these two groups. All CHMI-derived parasites were immediately trans-
ferred into in vitro culture on the day of smear positivity, thus avoiding
potential a potential bottleneck effect due to cryopreservation of para-
sites. Pre-mosquito NF54 and CHMI derived parasites were cultured in
parallel in a homogenous batch of culturingmaterials and culture condi-
tions to avoid possible confounding factors due to batch variation.

Three important variables could shape the transcriptional profile ob-
served in the CHMI-derived parasites; [1] culture synchrony, [2] envi-
ronmental variation associated with blood donor batch, culture media
and temperature and [3] parasite population heterogeneity resulting
from genetic drift as the culture-adaptation progresses [63]. We ad-
dressed each of the variables by comparing the transcriptional output
of CHMI-derived parasites with the laboratory-adapted P. falciparum
reference strain and the previously isolated in vivo CHMI-derived used
for var gene expression profiling [27]. Life-cycle estimation for each of
the CHMI-derived parasites transcriptome profile corresponds to
young mid ring stages, thus eliminating potential bias resulting from
culture asynchrony. Comparisons with the limited transcriptional pro-
file of PfEMP1 multigene families frommatched volunteer ID and para-
sites obtained immediately post-CHMI [27] implied that in vitro
expansion of these culture are still able to preserve moderate similari-
ties with the in vivo generation. Interindividual sample variation, also
evidenced by the var gene expression profile, became more apparent
when culture progresses up to 45 gpi. Likewise, significant transcrip-
tional variation was also seen beyond the t2 culturing phase when we
mapped the interindividual variation for the entire transcriptome
reflecting the transcriptome stochasticity in culture environment. Inde-
pendent of this universal culture adaptation phenomenon, marked
transcriptional differences were observed between CHMI-derived para-
sites from intravenously and intradermally infected individuals
throughout the entire period of in vitro growth. Together, these results
suggest that the above-mentioned factor variables may result in the ap-
parent transcriptome fluctuation after each proceeding in vitro life cycle.

In order to best delineate transcriptional changes associated with
the in vivo transcriptome, our study design takes several filtering ap-
proaches to mitigate problems arising from several variable effects;
first, by removing samples which do not match to early-mid ring stage
window and second, by removing samples with high interindividual
transcriptome variation after in vitro culture expansion i.e. stage t3
and t4 samples for further analysis. We then only proceed to identify
the true transcriptional response changes between groups of individ-
uals infected with distinct PfSPZ dose, different intrahost replication
time and between the parental references prior to mosquito infection.
The choice of early gpi phase was according to the correlation analysis
with Bachmann et al.'s samples which best represent the in vivo para-
sites. Our findings suggest that expression of transcripts associated
with membrane organization, variant surface antigen, vesicle-
mediated transport and transcriptional regulator of the clonal variant
genes were significantly modulated between parasites samples origi-
nating from high (3200IV) and low (2500ID) PfSPZ dose, both which
showed significantly different intrahost replication time. Evidence
from previous CHMI studies suggested that variation in intrahost repli-
cation time reflects the differences in parasites load in the liver, which in
turn is affected by the number of inoculated sporozoites through depo-
sition in the dermis or direct into the vasculature [22,57,64]. Further-
more, transcriptional profiling of whole blood following a high dose of
PfSPZ infection by intradermal versus intravenous route revealed differ-
ential gene expression cluster corresponding to the differences of pre-
patency between individual volunteers, supporting that variation in
parasite load in the blood can alter the host response [31] and that the
duration of host-parasite interaction influences parasite transcription.

Variation in theparasite liver load in turn can also affect the antibody
and cellular immune responses; high IV PfSPZ dosing can elicit strong
and sustain T cell immunity in the liver whereas ID administration
showed limited efficacy [49]. However, in view of the fact that all
study participants were immunologically naïve and hence represent a
potentially more homogenous environment, it appears unlikely that
liver immunity differed amongst the study participants though varia-
tions in the innate immune response could make some contribution.
As the transcriptional differences predominantly associated with tran-
scripts that encodes for structural or variant proteins on the infected
RBC membrane, it is tempting to speculate that the observed transcrip-
tional differences between high and low PfSPZ dosing reflect host fac-
tors that favour expansion of parasite populations with the most
beneficial transcriptional pattern, and that the observed transcriptional
differences would be even greater in parasites obtained from semi-
immune individuals. Indeed, a previous study investigating parasites
from a natural chronic asymptomatic infection showed marked differ-
ences in expression of variant surface antigens compared to NF54 para-
sites [65] that persisted for the entire period of in vitro growth. In line
with this observation Bachmann et al. recently reported a strong effect
of host semi-immunity on in vivo var gene expression [66]. Tran-
scriptome analyses of parasites from CHMI of semi-immune versus
non-immune individuals are necessary to further delineate the impor-
tance of host factors for dynamic changes in the P.falciparum
transcriptome.

A large proportion of the CHMI-derived transcriptome resembled
the transcriptional profile of pre-mosquito parental PfNF54 in vitro cul-
tures, suggesting conservation of N90% of the transcriptional profile
after mosquito and human infection from a genetically identical pool
of parasites. Nevertheless, we also observed transcriptional variation
for a group of genes in response to mosquito passage and human infec-
tion. In addition to a small proportion of themajor variant gene families
such as vars, rifin and phist, it was noticeable that transcripts involved in
transcriptional control, protein degradation, signalling machinery and
invasion were up-regulated in CHMI-derived parasites. Up-regulation
of genes involved in these pathways may enable the parasites to cope
with the switch in host environment and the early host-parasite inter-
action mechanism after mosquito passage and human infection. Inter-
estingly, this effect was most apparent in CHMI-derived parasites from
intradermal infections as opposed to intravenous infection. In animal in-
fection studies, mosquito passage of P. chabaudi changes the expression
profiles of surface variant antigen in asexual blood-stage parasites
which led to variation in disease severity [67].

We observed that a small number of 197 genes show significant in-
terindividual expression changes following mosquito passage. To en-
sure that these changes were indeed a result of adaptation to host
differences rather than representing stochastic variations due to the in-
herently small sample size of a CHMI studywe investigated the variabil-
ity of these genes in N500 transcriptomes obtained from natural
infections [34]. In line with our findings using the CHMI samples, the
transcriptome variation was also seen under natural infection setting,
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in individual transcriptome of clinical isolates from the Africa,West Asia
and South East Asia region [34]. These 197 genes represent a range of
different functionalities including clonally variant expression, signal-
ling, metabolism, transcriptional control and as well transcripts associ-
ated with early sexual commitment stages, including the PfAP2-g
[10,46]. The prevalence in activation of early gametocyte genes was
also seen for some of P. falciparum field isolates either directly analysed
from in vivo [17] or from culture-adaptation [16], analogous to our ob-
servations here and suggests that certain parasites may have a tran-
scriptional setting that makes them more adapt for gametocyte
production. Furthermore, a repertoire of the pre-versus post-
mosquito/human infection genes encode proteins of unknown function
with no known homologs in other species, suggesting a previously un-
recognized role of these proteins. We postulate that transcriptional var-
iation of these genes may be a general strategy of selection for parasites
that would best adapt and response to common environmental condi-
tions during infection. Indeed, functional variation in gene expression
has shaped the principle of natural selection for the best phenotypic
trait at the expense of rapid environmental changes [68]. Variation in
gene expression also creates diversity of phenotypes, which confer fit-
ness especially for genetically identical population [42,44,69,70]. In
P. falciparum, variation in the transcriptional response consequential of
environmental changes primarily occurs for clonally variant gene fami-
lies, which is necessary for host-parasite interaction and parasite's sur-
vival under unfavourable conditions [60].

By eliminating the transcriptome variation and complexity associ-
ated with mixed infection, variable mosquito bites, immune response,
culture progression and interindividual variation, our work here iden-
tifies a previously unrecognized transcriptional pattern of P. falciparum
after passage through mosquito and human. We show that differences
in PfSPZ dose and duration of intrahost replication resulted in parasite
populations that showed differential gene expression profiles through-
out the entire period of in vitro growth, whilst a small proportion of
genes showed greater transcriptional variation amongst parasites de-
rived from different individual volunteers. Most notably, the transcrip-
tional variation of these genes was also seen in a larger pool of
parasite samples from real clinical infection, implying that parasites
consequent of CHMI studies can yield novel insights into the adaptation
of parasites in different host environments. Adaptation by changing the
overall transcriptional profiles may be a key survival and transmission
strategy for the malaria parasites. Therefore, identification of tran-
scriptome signature variation in malaria parasites and pathway genes
associated with such variation is of potential clinical relevance for in-
stance, identification of new pathway genes that can be selectively
targeted by new antimalarials. In this context it is important to keep
in mind that the parasites analysed in this work were obtained from a
dosefinding trial in immunologically naïve volunteers, therefore the ob-
served transcriptional differences simply reflect the effect of a relative
short difference in asexual replication time in immunologically naïve
hosts. It is therefore likely that CHMI-trials in semi-immune individuals
will result in stronger selective pressures andmore profound changes in
parasite biology. Transcriptome analysis of tissue culture adapted para-
sites from semi-immune individuals could therefore serve as a basis to
understand the biologic processes that enable asymptomatic chronic in-
fections. So far CHMI studies have been largely utilized for immuniza-
tion strategy, evaluation of malaria vaccine and drug candidates [71].
Our work here supports the use of CHMI derived parasites as an avenue
for the analysis of malaria parasite biology.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.09.001.
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