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Summary

Pathogens can release extracellular vesicles (EVs) for cell-cell communication and
host modulation. EVs from Plasmodium falciparum, the deadliest malaria parasite
species, can transfer drug resistance genes between parasites. EVs from late-stage
parasite-infected RBC (iIRBC-EVs) are immunostimulatory and affect endothelial cell
permeability, but little is known about EVs from early-stage iRBC. We detected the
parasite virulence factor PfEMP1, which is responsible for iRBC adherence and a
major contributor to disease severity, in EVs only up to 12 hours-post RBC invasion.
Furthermore, using PfEMP1 transport knock-out parasites, we determined that EVs
originated from inside the IRBC rather than the IRBC surface. Proteomic analysis
detected 101 parasite and 178 human proteins in iIRBC-EVs. Primary human
monocytes stimulated with iIRBC-EVs released low levels of inflammatory cytokines,
and showed transcriptomic changes. Stimulation with iIRBC-EVs from PfEMP1
knock-out parasites induced more gene expression changes, and affected pathways
involved in defense response, stress response, and response to cytokines,
suggesting a novel function of PfEMP1 when present in EVs. We show for the first
time the presence of PIEMP1 in early-stage P. falciparum iRBC-EVs, and the effects
of these EVs on primary human monocytes, uncovering a new mechanism of

potential parasite pathogenesis and host interaction.
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55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

Introduction

The apicomplexan parasite Plasmodium falciparum caused 99% of the
estimated 429,000 malaria deaths in 2015, predominantly affecting children in sub-
Saharan Africa (WHO Malaria Report 2016). Mortality arises from severe disease
complications such as anemia, metabolic acidosis, and cerebral malaria (White et
al., 2014). P. falciparum invades red blood cells (RBC) and progresses through
several distinct stages over a 48 hour asexual life cycle. After invasion, the parasite
is surrounded by the parasitophorous vacuole, and is visualized as a ring in
microscopy, hence named ‘ring stage’. As the parasite develops inside the RBC, it
enters the trophozoite stage, and then matures into a schizont prior to RBC rupture

and parasite egress in the form of many invasive merozoites.

As the parasite progresses through the intraerythrocytic life cycle, the host cell
is significantly altered. These changes are caused by the production and export of
parasite proteins, of which many are inserted into the RBC plasma membrane; and
by the introduction of parasite organelles, such as the Maurer’s Clefts, into the RBC
cytoplasm (Maier, Cooke, Cowman, & Tilley, 2009). A key parasite protein at the
RBC surface is Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1).
PfEMP1 binds to host cell surface molecules such as ICAM-1, CD36 and CSA, and
causes IRBC sequestration in blood vessels and organs in order to avoid destruction
in the spleen (Baruch, Gormely, Ma, Howard, & Pasloske, 1996; Reeder et al., 1999;
Schofield & Grau, 2005). This adherence is a major contributor to P. falciparum
pathogenesis, and can lead to particularly severe complications when sequestration
occurs in blood vessels of the brain (Jensen et al.,, 2004; Tembo et al., 2014).

Furthermore, PfEMP1 can dampen cytokine release from NK cells, yd T cells

This article is protected by copyright. All rights reserved.
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(D’Ombrain et al., 2007), and monocytes (Sampaio et al., 2017). PfEMP1 is
produced early in the intraerythrocytic life cycle, already detectable in the parasite 8
hours post-invasion, and is shuttled through Maurer’s Clefts to appear at the iRBC
surface from 16 hours post-invasion (Kriek et al., 2003; McMillan et al., 2013). As a
result, cytoadherence of the IRBC occurs when parasites are in the trophozoite

stage, but early ring-stage parasites remain in circulation.

There have been increasing investigations into the role of extracellular
vesicles (EVs) in malaria biology and pathogenesis (recently reviewed here
(Sampaio, Cheng, & Eriksson, 2017)). EVs are bi-lipid membrane vesicles that are
released from cells, either by budding from the plasma membrane or by generation
and release of intravesicular bodies. They generally contain proteins and nucleic
acids, and can fuse or be endocytosed by other cells. Mouse models of Plasmodium
infection showed that parasite-derived EVs can induce an immune response (Couper
et al., 2010; Martin-Jaular, Nakayasu, Ferrer, Almeida, & Del Portillo, 2011).
Similarly, EVs from late-stage trophozoite/schizonts, can induce an inflammatory
response from human monocytes/macrophages (Mantel et al.,, 2013) and can
modulate epithelial cell gene expression and barrier properties (Mantel et al., 2016).
Furthermore, P. falciparum iRBC-derived EVs allow cell-cell communication between
parasites, and EVs from ring-stage iIRBC were particularly efficient at parasite-to-
parasite gene transfer (Mantel et al., 2013; Regev-Rudzki et al., 2013). However, the
study of EVs from the early ring-stage of the asexual lifecycle has been limited.
Therefore, we aimed to investigate this population of vesicles and examine the effect

of EVs on host innate immune cells.

This article is protected by copyright. All rights reserved.
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We hypothesized that ring-stage iIRBC would release vesicles with unique
characteristics, and that these could stimulate host monocytes. We analysed EVs
from iIRBC at different life stages, and found that the protein content of EVs changed
over time. Intriguingly, we discovered that the key P. falciparum virulence factor
PfEMP1 was present only in EVs from early ring-stage parasites, many hours before
PfEMP1 appearance on the iRBC surface, providing a means of the parasite to
disseminate PfEMP1 early in infection. Furthermore, these ring-stage EVs induce
low level cytokine responses from human primary monocytes, while altering the
cellular transcriptome. The EV effects on gene expression were partially PfEMP1-
dependent, suggesting a role for EV-delivered PfEMP1 in modulating the host

immune response to infection.

Results

Extracellular vesicles from early-stage iIRBC contain the virulence factor

PfEMP1

To investigate the potential changes in the protein content of EVs released
during the parasite life cycle, vesicles were obtained from IRBC (iIRBC-EVS) at
different stages of maturity. Wild type CS2 iRBC were tightly synchronised to a 4-
hour window, and vesicles were isolated in 12 hour increments, i.e. at 12, 24, 36 and
48 hours post-invasion, representing ring, early trophozoite, late trophozoite and
schizont stages (Figure 1A). The iIRBC-EVs from the four different stages were
analysed by Western blot for the presence of P. falciparum proteins PfEMP1,

Plasmepsin V, aldolase, and actin depolymerisation factor (ADF1). PfEMP1 is a key

This article is protected by copyright. All rights reserved.
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virulence factor, and EVs derived from ring stage iRBC contained PfEMP1, whereas
PfEMP1 was absent in EVs after 12 hours (Figure 1B). Notably, PFEMPL1 is reported
to appear on the iIRBC surface from 16 hours post-invasion and peak at 36 hours
post-invasion (Kriek et al., 2003), and we confirmed this timing with iIRBC lysates at
the indicated 12 hour intervals (Figure 1C). PFEMPL1 is therefore present in iRBC-
EVs significantly earlier than it's expression on the iRBC surface. The levels of other
parasite proteins in iRBC-EVs also varied at different life-stages. Parasite aldolase,
an actin-binding protein involved in parasite invasion and motility (Diaz et al., 2014),
was found at high levels in both ring stage and schizont-stage iRBC-EVs, whereas
parasite ADF1, another actin-binding protein (Wong et al., 2014), was abundant in
IRBC-EVs from the schizont-stage (Figure 1B). SR1 is a RBC protein and known
marker of erythrocyte-derived vesicles (Salzer, Hinterdorfer, Hunger, Borken, &
Prohaska, 2002), and was used to demonstrate equivalent loading of all samples.
Thus, we find that parasite proteins in iRBC-EVs vary throughout the parasite life

cycle, and that PFEMPL1 is present only in EVs from early ring-stage iRBC.

PfEMPL1 presence in extracellular vesicles is independent of transport proteins

SBP1 and PTP1

The transport of PFEMP1 from the parasite within the parasitophorous vacuole
to the IRBC plasma membrane is a regulated process involving many parasite
proteins (Maier et al., 2009). Genetic ablation of key proteins in this transport
pathway, such as skeletal binding protein 1 (SBP1), or PIEMP1 transport protein 1
and 2 (PTP1 and PTP2), results in PFEMP1 being expressed but localized in the
parasite or parasitophorous vacuole rather than the iRBC plasma membrane (Cooke

et al., 2006; Maier et al., 2007; Maier et al., 2008). EVs from CS2-SBP1-KO, CS2-

This article is protected by copyright. All rights reserved.
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PTP1-KO and CS2-PTP2-KO IRBC were analysed for the presence of PfEMPL1.
IRBC-EVs from both CS2-SBP1-KO and CS2-PTP1-KO still contained PfEMP1,
whereas PfEMP1 expression was negligible both CS2-PTP2-KO IRBC and iRBC-
EVs (Figure 2A). However, parasite aldolase and ADF1 were still detected in EVs
from CS2-PTP2-KO IRBC. Thus, SBP1 and PTP1 are not required for PFEMP1
incorporation into EVs, or EV release from iRBC. This data suggests that the EVs
originate from the intracellular parasite rather than budding from the RBC
membrane, as vesicles budding from the membrane of CS2-SBP1-KO or CS2-

PTP1-KO iRBC would not contain PFEMP1.

Proteomic analysis of iIRBC-EVs allowed quantitative discovery of parasite and

human proteins in EVs

In order to investigate the potential downstream effects of PfEMP1 in iRBC-
EVs, we first performed an in-depth analysis of the proteins present in EVs from ring-
stage wild type 3D7 (3D7-WT) and the 3D7-UpsC® PfEMP1 knock-out parasite
strain. The 3D7-UpsC parasite contains the hdhfr gene, which confers resistance to
WR99210, downstream of the UpsC PfEMP1 promoter (Voss et al., 2006). Due to
the allelic exclusivity of PIFEMP1 expression, where only one PfEMP1-encoding gene
is expressed at a time, the 3D7-UpsCR does not express PFEMP1 in the presence of
WR99210. Western blot analysis confirmed that PFEMP1 was present in iRBC-EVs
from ring-stage 3D7-WT and absent in those from 3D7-UpsCR (Figure 2B). To
determine if proteins other than PfEMP1 were also differentially expressed in the
iRBC-EVs from 3D7-UpsC® compared to 3D7-WT, label-free, quantitative
proteomics of EV proteins was performed. To obtain highly purified iRBC-EVs,

culture supernatant was fractionated by Optiprep density centrifugation (Van Deun et
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al., 2014). Western blot for P. falciparum aldolase and exosome marker flotilin-1
indicated that EVs were enriched in fractions 7 and 8 (Figure 3A). The density of
these fractions was 1.10-1.12 g/ml (Figure 3B), which corresponds to the expected
range for exosomes (Tauro et al., 2012). Fractions 7 and 8 from 3D7-WT and 3D7-
UpsCR were pooled and three independent biological replicates were processed for

mass spectrometry.

Peptides detected by mass spectrometry were searched separately against
both human and P. falciparum databases and low stringency hits were determined. A
total of 178 human proteins and 101 parasite proteins were identified (Table 1 and
S1). PfFEMP1 could not be reliably identified in these data sets, despite being
identified by Western blot analysis. When the label-free quantitative (LFQ) intensity
measurements of human and Plasmodium proteins were compared to intensities of
proteins from the Maxquant contaminant database, Plasmodium proteins were
predominately of lower abundance while contaminant proteins (e.g. serum albumin)
dominated higher abundance proteins (Figure S1). As a result, vesicle proteins were
less likely to be sampled for MS/MS and more likely to be below detection limits,
which are the likely explanations for non-detection of PfEMP1. Other parasite
proteins of interest that were reliably identified by proteomics include merozoite
surface protein 1 (MSP-1), knob-associated histidine-rich protein (KHARP), PIEMP3,
and stevor (Table S1). Furthermore, the exosome marker flotilin-1 and P. falciparum
aldolase, which were detected by Western blot analysis, were reproducibly identified

by proteomics.

The gene ontology (GO) annotations for proteins were downloaded from

UniProt databases for human and Plasmodium (Table S2). Similarities in
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overarching molecular function of human and malaria proteins in iRBC-EVs included
‘Endopeptidase Activity’ and ‘ATP Binding’ as the most abundant functions in both
datasets (Figure 3C). In contrast, proteins with functions in ‘Structural Constituent of
Ribosomes’, ‘GTPase Activity’, ‘Histone Binding’, and ‘Structural Constituent of
Cytoskeleton’ were overrepresented in parasites proteins but not human. Moreover,
‘Serine-type Endopeptidase’, ‘Heme/Oxygen/lron Binding’, ‘Cadherin Binding’, and
‘Receptor Binding’ functions were overrepresented in human proteins only.
Additionally, the ‘Extracellular Exosome’ GO annotation for cellular compartment was
also enriched in the human protein dataset (Table S2). Network analysis using the
STRING database (Szklarczyk et al.,, 2017) showed protein interactions, and
highlighted clusters for ‘Proteasome-associated Proteins’ for both Plasmodium and
human data sets (Figure 3D). ‘Robosomal Proteins’, ‘Rhoptry/Antigen’ and
‘Membrane/Antigen’ protein interaction clusters are present for Plasmodium proteins,
whereas ‘Complement/Protease’, ‘Erythrocyte Membrane’, ‘Hemoglobin-binding
Proteins’ and ‘Flotillin’ clusters are present for human proteins, highlighting functional

differences in the two data sets.

Quantitative analysis of protein abundance between 3D7-WT and 3D7-UpsCR
IRBC-EVs was performed using LFQ intensities for reproducibly identified proteins
via a two-sample t-test. For proteins with a significant p-value (<0.05) the difference
between means was also assessed, which demonstrated the majority of statistically
significant proteins were not accompanied by large changes in abundance (Table
S3, Figure 3E). Of the statistically significant, differentially expressed proteins (Table
2), one human protein (Histone H2B) and no parasite proteins found to be above the
cut-off log-transformed mean difference of 2. Furthermore, several proteins were

reproducibility identified exclusively in one treatment group but were not detected in

10
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any replicate of the other, and could not be means tested. Four Plasmodium and
seven human proteins were detected exclusively in 3D7-UpsC® iRBC-EVs, whereas
two human proteins only detected in 3D7-WT IRBC-EVs (Table S4). These proteins
could be of low abundance and below detection limits (Figure S1), or could represent

biological differences between groups.

Extracellular vesicles from ring-stage iRBC are less immunostimulatory than

whole trophozoite iRBC

Mantel et al. (Mantel et al., 2013) reported that CD14+ monocytes were the
main immune cell population targeted by iRBC-EVs, and that monocyte-derived
macrophages stimulated with EVs from late-stage iRBC upregulated the expression
of IL-1pB, IL-6, IL-10 and IL-12, and released IL-10 and TNF. However, the response
to ring stage iIRBC-EVs was not evaluated. We have recently shown that PfEMP1
located on the IRBC surface can specifically modulate the monocyte immune
response to parasites (Sampaio et al. 2017). However, to investigate whether the
presence of PFEMP1 in ring stage IRBC-EVs had a similar effect on monocytes, the
optimal EV concentration for cell stimulation was first determined by flow cytometry
to achieve the highest response (iRBC-EV) to background (URBC-EV) signal (Figure
S2). The cytokine and chemokine production from primary human monocytes in
response to iRBC-EVs from ring-stage 3D7-WT and 3D7-UpsC® was subsequently
assessed. Furthermore, the magnitude of the cytokine response was compared to
whole trophozoite-stage iRBC, in order to provide a reference for cytokine responses

to known immunostimulatory parasites within the same donor.

Primary human monocytes from five donors were co-incubated for 12 hours

with 5 pg/ml of URBC-EVs or iRBC-EVs from ring-stage 3D7-WT or 3D7-UpsCF, or

11
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intact uRBC or 3D7-WT trophozoite iRBC. Levels of released IL-13, IL-6, IL-10, IL-
12p40, MCP-1, MIP-1a, MIP-13 and TNF, cytokines commonly associated with
monocyte responses to malaria (Stanisic et al., 2014), were measured by multiplex
cytokine ELISA (Figure 4). As previously observed for human PBMC stimulations
with P. falciparum, the range of cytokine responses varied from donor to donor
(D’Ombrain et al., 2008; Stanisic et al., 2014). Some donors had consistently high
cytokine responses to both IRBC-EVs and trophozoites, whereas others did not
respond to IRBC-EVs at all (Figure 4). There were significantly more IL-12p40, MCP-
1, and MIP-1B released in response to trophozoites compared to iRBC-EVs, but no
differences were seen between stimulation with iIRBC-EVs from 3D7-WT versus
3D7-UpsCR parasites. Overall, this data showed that iRBC-EVs from early ring-stage
induce low or no cytokine responses from the majority of human donors, but high

donor heterogeneity exists.

Ring-stage-derived extracellular vesicles induce transcriptional changes in

human monocytes that are partially PFEMP1 dependent

Although the monocyte cytokine responses to iRBC-EVs were relatively
low, the transcriptional profile of these cells in response to EVs was assessed.
Primary human monocytes from six donors were stimulated with EVs from ring-stage
3D7-WT, 3D7-UpsCR, or uRBC for six hours followed by RNA. RNA-sequencing was
used to measure transcriptional changes in monocytes in response to EV
treatments. Median of 23 million reads (min 16, max 64 million) were obtained for
each sample, and >90% of reads were successfully mapped to the human genome.
No sequences mapped to the Plasmodium falciparum genome. After filtering, 10,123

genes were classified as expressed in at least one biological condition as
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determined by filtering criteria (see methods). A multi-dimensional scaling (MDS) plot

shows samples clustering according to stimulation (Figure 5A).

Differential expression of genes in monocytes stimulated with uRBC-EVSs,
3D7-WT iRBC-EVs or 3D7-UpsCR iRBC-EVs was determined, with a 5% false
discovery rate (Figure 5B and C). There were 181 differentially expressed (DE)
genes in monocytes stimulated with 3D7-WT IRBC-EV compared to uRBC-EVs,
whereas there were 530 DE genes when cells were stimulated with 3D7-UpsCR
iIRBC-EVs (Figure 5B, Table 3 and S5). There was no statistically significant
difference in gene expression when cells were stimulated with vesicles from 3D7-WT
compared to 3D7-UpsCR. Nevertheless, heatmaps depicting the up- or
downregulation of genes in each donor with the different EV stimulations indicated a
trend in gene expression changes between monocytes incubated with 3D7-WT and
3D7-UpsCR iRBC-EVs (Figure 5E). This shows that overall gene expression in
monocytes following stimulation with IRBC-EVs compared to uRBC-EVs causes
significant changes, but that the differences between response to 3D7-WT and to
3D7-UpsCR iRBC-EVs are more subtle. Notably, there were 2.9-fold more DE genes
in cells stimulated with 3D7-UpsC® iRBC-EVS versus 3D7-WT iRBC-EVs, compared
to uURBC-EV stimulus, indicating that monocytes had a consistently greater response

to 3D7-UpsCR iRBC-EVs.

There was some overlap between the DE genes in monocytes stimulated
with iRBC-EVs from 3D7-WT compared to 3D7-UpsCR (Figure 5D). Of the 181 DE
genes in 3D7-WT iRBC-EV treatment, 143 (79%) were also changed in 3D7-UpsC~.
In comparison, only 27% of DE genes in 3D7-UpsC® iRBC-EV-stimulated were also

changed in 3D7-WT IRBC-EV-stimulated cells. However, nearly half of the top

13
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twenty most differentially expressed genes in both treatments were the same (Table
4). The majority of these common DE genes are involved in transcription/translation,
and all were upregulated in both sample sets. As there were minimal changes in
protein content of iRBC-EVs from 3D7-WT versus 3D7-UpsCR, with the exception of
PfEMP1, it is possible that differences in monocyte transcriptional changes between

the two stimulations were due to PFEMP1 presence/absence.

Pathway analysis of gene expression changes in monocytes treated with

iRBC-derived extracellular vesicles

In order to characterize the functional differences in the effect of monocyte
stimulus with 3D7-WT and 3D7-UpsCR iRBC-EVs, the GO pathways enriched in
each data set were inferred (Table 5 and S6). Of the twenty most highly associated
GO terms in the IRBC-EV stimulated samples, ten were common between the two
treatments. In addition to transcription/translation processes, there was an
enrichment of GO terms related to cellular metabolism/catabolism. Of interest are the
enriched GO terms that were not in common between the two treatments. These
included ‘defense response’, ‘cellular response to cytokine stimulus’, and ‘response
to stress’ enriched only with 3D7-UpsC® iRBC-EV stimulus, and not with 3D7-WT
iIRBC-EVs. In addition, there was enrichment of terms involving antigen presentation

in both treatment groups.

Type | interferons were recently found to be released in response to human
malaria infection, but to suppress immunity to the infection (Montes de Oca et al.,
2016). To determine if there was an effect on genes specifically associated with
interferon response, DE genes were searched against the Interferome database. Of

the 181 DE genes induced by 3D7-WT IRBC-EVs, 30 were interferon response

14
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genes (16.5%), and of the 530 DE genes induced by 3D7-UpsCR IiRBC-EVs, 79
were interferon response genes (14.9%). In comparison, of the 10,123 genes in the
data set, 1,182 were identified as interferon response genes (11.6%). This suggests
that treatment of monocytes with IRBC-EVs could elicit a type | interferon response

signature.

Discussion

Extracellular vesicles are increasingly being recognised to play important
roles in parasite cell-cell communication and interaction with the host (Mantel &
Marti, 2014; Sampaio et al., 2017). Many parasite species produce EVs and employ
these for modulation of host cells, which enhances pathogenesis (Szempruch et al.,
2016; Twu et al.,, 2013) and/or inhibits immune responses (Buck et al., 2014,
Silverman et al., 2010). The discovery that P. falciparum can use EVs for intra-
parasite communication and exchange of genetic information (Mantel et al., 2013;
Regev-Rudzki et al.,, 2013) has revealed a new aspect of parasite biology and
potential host interactions. We investigated EVs from early ring-stage iRBC, and
found that these vesicles contain PfFEMP1 and induce transcriptional changes in

human monocytes.

PfEMP1 is a transmembrane protein that is a key virulence factor in P.
falciparum malaria, largely responsible for the enhanced pathogenesis and mortality
associated with this disease (Miller, Baruch, Marsh, & Doumbo, 2002). We
demonstrated that PFEMP1 is present in a novel parasite compartment, and may
affect the host response to infection. The protein content of P. falciparum iRBC-EVs
differed throughout the parasite life cycle, notably with the presence of PIEMP1 in

EVs released only from early ring-stage iRBC. Of note, the limited timeframe in
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which PfEMP1 was observed in EVs was different from the appearance of PfEMP1
at the IRBC plasma membrane. PfEMP1 trafficking occurs through intracellular
vesicles moving from the parasite to the cell membrane, via the Maurer's clefts,
(McMillan et al., 2013). It is conceivable that the PfEMP1-containing EVs studied
here were released as a byproduct of PfEMP1 transport to the RBC surface.
However, PfEMPL1 is only present in EVs in the first 12 hours post-invasion, whereas
the intracellular transport of PfEMP1 still occurs after 12 hours, indicating the
processes are temporally distinct. Therefore, it is unlikely that the intracellular
PfEMP1-trafficking vesicles correspond to the EVs studied here. This suggests that
the inclusion of PFEMP1 in EVs could be a specific mechanism applied by the

parasite to affect host cells.

EVs from late-stage iIRBC contain miRNA that can downregulate target genes
in endothelial cells to affect barrier function (Mantel et al., 2016). Since PfEMP1 can
interact with a variety of host cell receptors and dampen cytokine responses from
innate immune cells, it is possible that delivery of PfEMP1 via EVs could provide an
additional means of host manipulation. Alternatively, PFEMP1 could be deployed in
EVs early during parasite infection as a decoy antigen. Indeed, Trypanosoma cruzi
employ EVs as a decoy for complement attack (Cestari, Ansa-Addo, Deolindo, Inal,
& Ramirez, 2012; Diaz Lozano et al.,, 2017), and exosomes have also been
implicated in evasion of humoral immunity in cancer (Aung et al., 2011). A significant
proportion of the natural antibody immunity against P. falciparum targets PfEMP1
(Bull et al., 1998), and P. falciparum EVs can be detected by serum from malaria-
infected patients in vitro (Mantel et al., 2013). Hence, PfEMP1-containing EVs could

serve to attract neutralizing antibodies to protect the parasite against targeted
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immune attack. It would be interesting to evaluate whether parasite EVs from

malaria-infected patients bind parasite-specific antibodies in vivo.

Although we did not directly investigate the origin of iIRBC-EVs, these vesicles
were enriched for the exosome marker flotilin-1, and proteins detected in IRBC-EVs
by proteomics were highly associated with the exosomal cell compartment according
to gene ontology analysis. This suggests that these IRBC-EVs could be exosomes,
or at least originate from within the parasite, rather than being microvesicles shed
from the IRBC plasma membrane. This is further supported by use of PEMP1
transport knockout parasites, which express PIEMP1, but lack PfEMP1 on the iRBC
surface (Maier et al., 2007; Maier et al., 2008). PEMP1 was present in iRBC-EVs
from these knockout parasites indicating that IRBC-EVs originated from the
intracellular parasite and were released through a still unknown mechanism.
Moreover, another study of P. falciparum-derived microparticle/microvesicles, which
are large vesicles derived from the iIRBC plasma membrane, showed that these
contain the parasite ring-infected erythrocyte surface antigen (RESA), which we did
not detect in our iIRBC-EVs (Nantakomol et al., 2011), further distinguishing them
from the more widely investigated surface-derived microparticles. Further studies are
needed to determine whether the IRBC-EVs are exosomes, or
microvesicles/microparticles from the parasite plasma membrane or from parasite-

derived RBC organelles such as Maurer’s Clefts.

Mass spectrometry of iRBC-EVs from 3D7-WT and 3D7-UpsCR parasites
provided the first in-depth analysis of the protein content of ring-stage iRBC-EVs.
Using this method, we detected more peptides than previous proteomic analysis of

P. falciparum IRBC-EVs (Mantel et al., 2013). In addition, label-free quantitative
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proteomics provided an unbiased comparison of the protein abundance between
3D7-WT and 3D7-UpsCR vesicles. Overall, there was little difference in the quantity
of proteins in IRBC-EVs from both strains, though it is possible that differences in low
abundance proteins were not detected by proteomics. Technologies to deplete
contaminating proteins from the sample could allow better resolution of lower
abundance parasite proteins. There were similarities between the protein content
detected in early-stage iRBC-EVs and that reported for late-stage iRBC-EVs (Mantel
et al.,, 2013). Parasite proteins MSP-1, Rhop2, HSP-70, GAPDH, CLAG3.1, Efl-
alpha were among the top twenty proteins identified in both studies, consistent with
their expression patterns throughout the parasite life cycle (Llinds, Bozdech, Wong,
Adai, & DeRisi, 2006). PfEMP1 was not reported in EVs from trophozoites/schizonts
(Mantel et al., 2013), in agreement with our finding that PFEMP1 is only present in
early ring-stage iIRBC-EVs. The function of the various parasite proteins identified in
IRBC-EVs is still largely unknown, and thus further investigations are needed to

understand their role in EVSs.

Human primary monocytes were chosen as the target cell population for
investigation of early-stage IRBC EV effects, since these were the primary
responders to EVs from late-stage iIRBC (Mantel et al., 2013). Although ring-stage
IRBC-EVs were less stimulatory than intact trophozoite iRBC, there was still a
cytokine response to iRBC-EVs. The main pro-inflammatory agonists from iRBC that
are detected by monocytes are GPI and hemozoin, which stimulate TLRs and
inflammasomes (Eriksson, Sampaio, & Schofield, 2013; Gazzinelli, Kalantari,
Fitzgerald, & Golenbock, 2014). The presence of GPI in iRBC-EVs has not been
investigated, but given that many parasite proteins are GPI-anchored (e.g. MSP-1) it

is plausible that GPI is present in iIRBC-EVs. Moreover, there were high peptide
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counts from heat shock proteins (Hsp) in our proteomic analysis of ring-stage iRBC-
EVs. Hsp are important in parasite survival and adaptation to hostile environments,
and are exported to the iRBC cytoplasm during infection (Shonhai, Boshoff, & Blatch,
2007). Indeed, Hsp70 is a danger signal known to be enriched in EVs from other
species (De Maio, 2011), and Hsp70 in EVs can activate innate immune cells
(Gastpar et al., 2005; Lv et al., 2012; Vega et al., 2008). The heat shock proteins in
IRBC-EVs could be detected as danger signals, and thus induce monocyte
activation. Conversely, EVs used in this work did not contain hemozoin, as this was
removed during the EV isolation process. The lack of proinflammatory hemozoin,
and the overall lower quantities of parasite agonists, supports the observed low
capacity of ring-stage iRBC-EVs to stimulate innate immunity. Thus, these EVs may
predominantly provide the parasite with a means of cell-cell communication that has
minimal interference from host immune cells. It is important to note, however, that
some donors were able to respond to IRBC-EVs, indicating that natural variations in

human innate responses likely play a role in detection of ring-stage iRBC-EVs.

By using transcriptomics to study monocyte gene expression changes in
response to ring-stage iRBC-EVs, we further dissected the effect of these vesicles
on human monocytes and the contribution of PfEMPL1 in this response. The transfer
of antigens from extracellular vesicles to antigen presenting cells for T cell priming
has been extensively demonstrated (Beauvillain, Ruiz, Guiton, Bout, & Dimier-
Poisson, 2007; Robbins & Morelli, 2014). The upregulation of antigen presentation
pathways after stimulation with iIRBC-EVs indicates that monocytes can not only
sense these EVs but also take up antigens for presentation. Additionally, there was
an enrichment of interferon response genes among the genes differentially

expressed with iIRBC-EV treatment, which could be relevant to the recent discovery
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that type | interferons suppress innate and adaptive immunity to P. falciparum
infection in humans (Montes de Oca et al., 2016). Nevertheless, there was a
difference in monocyte transcriptome changes when cells were stimulated with
PfEMP1-positive or PIEMP1-negative IRBC-EVs. Namely, stimulus with PfEMP1-
negative IRBC-EVs induced nearly three-fold more gene expression changes
compared to PfEMP1-positive IRBC-EVs, and upregulated pathways involving
‘defence response’, ‘cellular response to cytokine stimulus’, and ‘response to stress’,
which were not upregulated with the PfEMP1-positive iRBC-EVs. PfEMP1, when in
the biologically relevant concentrations and cellular localization of the iRBC surface,
inhibits monocyte responses (Sampaio et al. 2017). It is possible that PfEEMP1 could
also exert an immune modulatory effect on monocytes when delivered via EVs.
Hence, PfEMP1 might not affect EV uptake by monocytes, but could potentially
manipulate monocyte responses to stimulus, as is seen with PFEMP1 on the iRBC
surface. However, further work is still required to unequivocally demonstrate this

effect.

Recent reports have shown that EVs from late-stage iRBC contain RNA.
Since ring-stage iIRBC-EVs can provide a means of exchange of genetic material,
then these vesicles must also contain nucleic acids. Therefore, nucleic acids in ring-
stage IRBC-EVs could also account for transcriptional changes in monocytes.
Although we did not detect parasite RNA in monocytes treated with iIRBC-EVs, it is
possible that parasite nucleic acids were delivered to host cells but degraded prior to
RNA extraction. Studies into the nucleic acid content of ring-stage iRBC-EVs, and
their effects on host cells, are needed in order for the function of these vesicles to be

completely understood.
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The work presented here demonstrates that EVs from early-stage P.
falciparum-infected RBC affect host monocytes, modifying gene expression while
inducing low cytokine secretion. As there have been numerous examples that
pathogen-derived EVs can modulate host cells in order to inhibit the immune
response and promote pathogen survival, P. falciparum might employ EVs for similar
outcomes. These findings could have important implications for our understanding of
parasite modulation of host immunity, and warrant further investigation into the

breadth and magnitude of their effects.

Materials and Methods

Parasite culturing

Reagents were purchased from Sigma-Aldrich unless otherwise specified.
Parasites were maintained in RPMI-1640 medium pH 7.4, 25 mg/ml HEPES, 50
Mg/ml  hypoxanthine, 2 mg/ml sodium bicarbonate, 20 pg/ml gentamycin,
supplemented with 5% human serum and 0.25% Albumaxll. Parasites were grown in
pooled donor red blood cells (RBC;) provided by the Australian Red Cross at 4%
hematocrit, and incubated at 37°C in 1% O, 4% CO, and 95% N,. Wild type
parasite strains used were 3D7 and CS2. PfEMP1 knockdown 3D7-UpsC® (Voss et
al., 2006), and CS2 parasites with the disrupted SBP-1 (PF3D7_0501300), PTP-1
(PF3D7_0202200, PFB0106), and PTP-2 (PF3D7_0731100, MAL7P1.172) genes,
referred to respectively as CS2-SBP1-KO, CS2-PTP1-KO, and CS2-PTP2-KO, were
kindly provided by Alan Cowman (Maier et al., 2007; Maier et al., 2008). 3D7-UpsC~

parasites cultured in the presence of 4 mg/ml blasticidin-S and 4 nM WR99210, do
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not express PfEMP1 (Voss et al., 2006). Cultures were routinely screened for

mycoplasma contamination using MycoAlert Plus Kit (Lonza).

Knob-expressing parasites were selected for by gelatin flotation fortnightly
(Goodyer, Johnson, Eisenthal, & Hayes, 1994). Parasite cultures were synchronized
by treating ring-stage parasites with 5% sorbitol solution at 37°C for 10 min to lyse
trophozoite/schizont-stage parasites. For tight synchronization, parasites were grown
until schizont stage, magnet purified by cell sorting on CS columns (Miltenyi Biotec),
and added to fresh uRBC in culture medium for up to 4 hr to allow invasion, then
remaining trophozoites/schizonts were lysed using 5% sorbitol (McMillan et al.,

2013). For cell stimulations, magnetic cell sorted iRBC were used.

Isolation of iIRBC vesicles

Parasites or uRBC were grown in 0.5% AlbumaxlIl for 12 hr, unless otherwise
indicated, and culture medium was collected for vesicle isolation. Vesicles were
isolated as described previously (Lasser, Eldh, & Létvall, 2012). Briefly, cells and
cellular debris (e.g. hemozoin) were removed by sequential centrifugation at 300 x g
for 5 min, and 3000 x g for 10 min. Large vesicles, cellular organelles, and debris
were further removed by passing supernatant through 0.2 um filter (Sartsted).
Vesicles were pelleted by ultracentrifugation in H,O,-treated Optiseal tubes
(Beckman Coulter) at 120,000 x g overnight at 4°C in a Ti70 rotor, re-suspended in
25 ml of PBS and ultracentrifuged at 120,000 x g for 4 hr at 4°C. Vesicle pellets were
re-suspended in 50-100 ul of PBS and maintained on ice, or stored at -80°C. A flow
chart of vesicle preparation and usage is show in Figure S3. For cell stimulation
assays, freshly isolated vesicles were used. Protein concentrations were determined

using BCA assay (Pierce) according to manufacturer’s instructions.
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SDS-PAGE and Western Blotting

Samples were solubilized with NUPAGE LDS sample buffer, reduced with 2-
mecraptoethanol, and analyzed on 3-8% Tris-Acetate gels (for PFEMP1 visualization)
or 4-12% Bis-Tris gels (NUPAGE, Thermo Fisher Scientific) and transferred to
nitrocellulose (Criterion, Bio-Rad) according to manufacturer’s instructions.
Membranes were blocked with 5% BSA, 0.05% NP-40 Tris-buffered saline (TBS)
and probed with anti-Pf Aldolase (Baum et al.,, 2006), anti-PfEMP1-ATS (clone
1B/98-6H1-1), anti-Plasmepsin V (Boddey et al., 2010), anti-Pf ADF1/cofilin (Wong
et al., 2011), anti-SR1/sorcin (Abcam), or anti-flotillin (BD biosciences), and HRP-
conjugated anti-mouse or anti-Rabbit IgG antibody (Cell Signaling Technology) in

0.5% milk, 0.05% NP-40 TBS.

Proteomics

Culture medium from early ring-stage parasites cultured for 12 hr (40 ml, 4%
haematocrit, 8% parasiteamia) was centrifuged at 3000 x g for 10 min and filtered
through a 0.2 ym syringe filter. Samples were concentrated to 1 ml by centrifugal
filtration using Vivaspin 20 Polyethersulfone 100,000 MWCO tubes (Sartorius) and
fractionated by density using discontinuous Optiprep gradients (Van Deun et al.,
2014). Columns were centrifuged in SW40Ti rotor at 100,000 x g for 18 hr at 4°C.
Twelve 1 ml fractions were collected and density of fractions was measured using a
refractometer (Metler Toedo). Fractions were diluted in PBS, and centrifuged in 70 Ti
rotor at 120,000 x g for 4 hr. Pellets were re-suspended using NUPAGE LDS sample

buffer, and stored at -20°C.
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EV protein was solubilized in 2.5% SDS in 100mM Tris (pH 8), reduced with
10mM DTT followed by alkylation with 15mM IAM. Proteins were precipitated by
methanol-chloroform (Wessel & Fligge, 1984), re-solubilized in 8M Urea in 100mM
Tris (pH 8) and protein concentration equalized across samples (BCA assay;
Pierce). Protein was digested overnight with Trypsin (Promega) at 37°C (1ug
enzyme to 100ug protein). Samples were acidified with 1% trifluoracetic acid and
desalted using solid phase extraction (SPE) with tips packed with styrene divinyl
benzene (3M Empore), and fractionated into three fractions as described
(Rappsilber, Mann, & Ishihama, 2007). Extracts were dried by vacuum
centrifugation, and reconstituted in 2% acetonitrile, 0.1% trifluoroacetic acid for

nanoflow liquid chromatography tandem mass spectrometry (Nano LC-MS/MS).

Samples were analysed by LC-MS/MS using Orbitrap Lumos mass
spectrometer (Thermo Scientific) fitted with nanoflow reversed-phase-HPLC
(Ultimate 3000 RSLC, Dionex). The nano-LC system had an Acclaim Pepmap nano-
trap column and Pepmap RSLC analytical column (Dionex — C18, 100 A, 75 ym x 2
cm and 75 ym x 50 cm, respectively). 1 pyL of the peptide mix was loaded at an
isocratic flow of 5 yL/min of 3% CH3CN containing 0.1% formic acid for 6 min before
the enrichment column was switched in-line with the analytical column. The eluents
used for the LC were 5% DMSO/0.1% v/v formic acid (solvent A) and 100%
CH3CN/5% DMSO0/0.1% formic acid v/v. The gradient used was 3% B to 22% B for
29 min, 22% B to 40% B in 10 min, 40% B to 80% B in 5 min and maintained at 80%

B for the final 5 min before equilibration for 10 min at 3% B prior to the next analysis.
The mass spectrometer was operated in positive-ionization mode (spray

voltage 1.9 kV, source temperature 275°C). Lockmass of 401.92272 from DMSO
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was used. Data-dependent acquisition mode MS spectra scanning from m/z 350-
1550 at 120000 resolution with AGC target of 5e> was used. The “top speed”
acquisition method mode (3 sec cycle time) on the most intense precursor was used
whereby peptide ions with charge states 22-5 were isolated with isolation window of
1.6 m/z and fragmented with high energy collision (HCD) mode with stepped collision
energy of 30 15%. Fragment ion spectra were acquired in Orbitrap at 15000

resolution. Dynamic exclusion was activated for 30s.

Database searching was performed using MaxQuant (version 1.5.5.1) for
label-free quantification (LFQ) (Cox & Mann, 2008; Tyanova, Temu, & Cox, 2016),
using the PlasmoDB 3D7 protein coding sequence file (Aurrecoechea et al., 2009)
for parasite proteins, and human proteins were searched against reviewed protein
entries from UniProt. Default parameters were used for target and decoy searching
with a false discovery rate (FDR) of 1% imposed for peptide-to-spectrum matches,
and the LFQ minimum ratio count set to 1 and matching between runs set to ‘match
from and to’. Oxidation of methionine and N-acetylation of proteins’ N-termini were
set to variable modifications and carbidomethylation of cysteine was considered
fixed modification. The Maxquant output file was imported in Perseus (Tyanova,
Temu, Sinitcyn, et al., 2016) (version 1.5.5.3) and proteins/protein groups identified
in the reverse database, contaminant database or only by site were removed. Low
stringency proteins were filtered to detection in a minimum of three replicates across
the six replicates of both treatment groups. For statistical analyses, high stringency
proteins were filtered to only include those reproducibly identified in all three

biological replicates within at least one sample group.
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Gene ontology (GO) functions were obtained from Uniprot for non-
homologous proteins from human and Plasmodium, and GO annotations for
molecular function were used for further analysis. Network analysis was performed
by submitting the UniProt ascensions to the STRING (Search Tool for the Retrieval

of Interacting Genes) software (v10.5; http://string.db.org) (Szklarczyk et al., 2017).

Interaction networks were visualised for proteins with medium confidence (0.4) with
network edges based on evidence, with continuous lines for direct interactions and
interrupted lines for indirect interactions. Clustering was based on a MCL algorithm

inflation default parameter of 3.

Flow cytometric optimization of EV concentration for cell stimulation

Cryopreserved human PBMCs from naive Melbourne donors were stimulated
with 1, 5 or 10 pg/ml exosomes for 12 hrs at 37°C in 5% CO,. Brefeldin A (10 ug/ml;
Sigma, St Louis, MO) and GolgiStop (2uM; BD Biosciences, San Jose, CA) were
added for the final 8 hrs of incubation. Cells were incubated for 10 min on ice with
PBS containing 10mM glucose and 3mM EDTA to detach adherent cells. PBMCs
were surface stained in FACS buffer (PBS containing 0.5% bovine serum albumin
and 2 mM EDTA) on ice for 30 min with allophycocyanin-Cy7 (APC-Cy7)-conjugated
anti-CD14 (clone M®P9, BD Biosciences). Aqua live/dead amine reactive dye
(Invitrogen) was used for dead cell exclusion. Cells were fixed in 2%
paraformaldehyde and permeabilized using Permeabilizing solution 2 (BD
Biosciences). Intracellular staining with Alexa700-conjugated anti-TNFa (clone
MADb11; BD Biosciences), PE-conjugated anti-MIP1a (clone 93342; RnD Systems,

Minneapolis MN) and APC-conjugated anti-MIP1 (clone 24006; RnD Systems) was
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performed on ice for 1 hr. Samples were analyzed on a four-laser Fortessa flow
cytometer (BD Biosciences). Data analysis was performed using FlowJo software
(TreeStar, Ashland, OR) and positive populations were determined by a combination

of fluorescence minus one (FMOs) and isotype controls.

Isolation of primary human monocytes

For cytokine assays, healthy donors were recruited anonymously through the
Volunteer Blood Donor Registry. All subjects provided informed written consent, and
were self-reported as being malaria naive. Samples of 100 ml of whole blood were
collected into K,EDTA Vacutainer tubes (BD Biosciences) and processed within 2 hr
of collection. For RNA-seq experiments, buffy packs were obtained from the
Australian Red Cross, and processed within 24 hr of collection. The study was
approved by the human ethics committee at the Walter and Eliza Hall Institute

(project no. 13/06).

PBMC were purified from whole blood or buffy packs by Lymphoprep gradient
centrifugation (D’Ombrain et al., 2007). Monocytes were enriched using isosmotic
Percoll (GE Healthcare) density barrier centrifugation as described (de Almeida,
Silva, Barral, & Barral Netto, 2000). Briefly, isosmotic Percoll solution (nine parts
Percoll to one part NaCl 1.5 M) was mixed 1: (v/v) with PBS/citrate (NaH,PO, 1.49
mM; NapHPO, 9.15 mM; NaCl 139.97 mM; CgHsNazO; .2H,O 13mM; pH 7.2).
Freshly isolated PBMC (5 ml at 1-2 x 10" cells/ml in PBS) was overlaid on 9 ml
isosmotic Percoll/PBS/citrate solution in 15 ml centrifuge tubes, and centrifuged at

400 x g for 35 min. Monocytes at the PBS-Percoll interphase were collected and

27
This article is protected by copyright. All rights reserved.



627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

washed twice with PBS before culturing in medium (RPMI-1640, 2 mM L-glutamine,
25 yM HEPES, 100 U/ml penicillin and 100 pg/ml streptomycin) supplemented with
10% FCS. Monocyte purity was verified by CD14 surface staining (CD14-FITC, clone
M5EZ2; BD) and analysed on a FACS Calibur. Purity was on average ~80% (range
75-95%). For RNA-seq experiments, monocytes were further purified by FACS
sorting gating on monocytes based on forward and side scatter. After sorting,

monocyte purity was 299%.

Monocyte stimulation with parasite-derived vesicles

Tightly synchronized parasites at a minimum of 5% parasitemia, or uRBC
control, were incubated at 4% hematocrit in 0.5% Albumax parasite medium for 12 hr
prior to supernatant collection and vesicle purification. For uRBC control, fresh uRBC
were washed in RPMI-HEPES and incubated at 37°C for 48 hr prior to setting up for
vesicle collection. Vesicle preparations were maintained endotoxin-free to exclude
potential non-specific responses. Monocytes from naive Melbourne donors were
added to triplicate wells in 96-well U-bottom plates at 2 x 10> cells/well, and
stimulated with vesicles (5 pg/ml), or LPS positive control (3.5 ng/ml), for 12 hr at
37°C in 5% CO,. In some instances, monocytes were also stimulated with 6 x 10°
cells/well uRBC or IRBC. After incubation, plates were centrifuged and cell-free

supernatants were collected and stored at -80°C until ready for use.

Multiplex cytokine/chemokine ELISA
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Cell culture supernatants from stimulated monocytes (triplicate wells) were
pooled and tested in duplicate. Multiplex ELISA (Bio-Plex Pro Assay; Bio-Rad) on a

Luminex platform was performed according to manufacturer’s instructions.

Library preparation and transcriptome sequencing

Human primary monocytes from 6 donors were isolated and stimulated with
vesicles as described above for 6 hr. RNA was extracted using RNeasy Plus Kit
(Qiagen) according to manufacturer’s instructions. RNA and cDNA were quantified
using the Agilent Tapestation and the Qubit DNA BR assay kit for Qubit 3.0
Fluorometer (Life technologies). An input of 100 ng of total RNA were prepared and
indexed separately for sequencing using the TruSeq RNA sample Prep Kit (Illumina)
as per manufacturer’s instruction. Each library was quantified, and the indexed
libraries were pooled and diluted to 1.5 pM for paired end sequencing on a NextSeq
500 generating 75 base pair paired end reads, using the v2 150 cycle High Output kit

(Illumina) as per manufacturer’s instructions.

Gene expression analysis

All samples were aligned to the human genome (GRCh38) using the
Rsubread aligner (Liao, Smyth, & Shi, 2013), where greater than 90% of reads
mapped in all samples. The number of fragments overlapping each Entrez gene
were summarized using featureCounts (Liao, Smyth, & Shi, 2014) and NCBI RefSeq

annotation (ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/GENE INFO)/). Differential

expression analyses were undertaken using the edgeR (McCarthy, Chen, & Smyth,
2012) and limma (Ritchie et al., 2015) software packages. Any gene which did not

achieve a count per million mapped reads (CPM) of 2 in at least 6 samples was
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deemed to be unexpressed and subsequently filtered from the analysis. Additionally,
all genes without current annotation were also removed. Compositional differences
between libraries were normalized using the trimmed mean of log expression ratios
method (Robinson & Oshlack, 2010). Counts were transformed to log,-CPM with
associated precision weights using voom (Law, Chen, Shi, & Smyth, 2014). Sample
specific quality weights were also calculated using limma’s arrayWeights function
(Liu et al., 2015). Differential expression was assessed using linear models and
robust empirical Bayes moderated t-statistics (Phipson, Lee, Majewski, Alexander, &
Smyth, 2016). P-values were adjusted to control the false discovery rate (FDR)
below 5% using the Benjamini and Hochberg method. To increase precision, the
linear models incorporate 4 surrogate variables. These variables adjust the data for
two know batch effects — donor and day of sample preparation (Figure S4). They

were computed using limma’s wsva function with weight.by.sd set to true.

Gene ontology (GO) pathway analyses used the limma goana function. To
make the heatmap and multi-dimension scaling plot, the expression of each gene
was summarised as a log,-CPM with a prior count of 2. These values were then
adjusted using limma’s removeBatchEffect function to incorporate the surrogate
variable correction. The plots were made with limma’'s coolmap and plotMDS
functions respectively. To reduce redundancy in GO terms, the REVIGO program

(Supek, Bosnjak, Skunca, & Smuc, 2011) was applied.

To identify any Plasmodium falciparum RNA in the samples, an index was
built using the Rsubread package (Liao et al., 2013) that contained both the human
and falciparum genomes (assemblies GRCh38 and P. falciparum 3D7 respectively).

All samples were then aligned to the combined genome using the Rsubread aligner.
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The number of reads aligning to P. falciparum chromosomes was quantified using

featureCounts from Rsubread.
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Table 1 — Top twenty identified proteins

peptide count

in iIRBC vesicle preparations by

Protein IDs

Protein name

Unique

peptide count

Plasmodium falciparum protein

PF3D7_0930300.1 Merozoite surface protein 1 22
PF3D7_0929400.1 High molecular weight rhoptry protein 2 19
PF3D7_1357100.1 Elongation factor 1-alpha 17
PF3D7_0302500.1; Cytoadherence linked asexual protein 3.1; cytoadherence linked 11
PF3D7_0302200.1 asexual protein 3.2

PF3D7_0818900.1 Heat shock protein 70; heat shock protein 70 11
PF3D7_0915400.1 ATP-dependent 6-phosphofructokinase 11
PF3D7_0727400.1 Proteasome subunit alpha type-5, putative 10
PF3D7_0917900.1 Heat shock protein 70 10
PF3D7_1462800.1 Glyceraldehyde-3-phosphate dehydrogenase 9
PF3D7_0608500.1 Proteasome subunit alpha type-2, putative 8
PF3D7_0708400.1 Heat shock protein 90 7
PF3D7_0922600.1 Glutamine synthetase, putative 7
PF3D7_1117700.1 GTP-binding nuclear protein RAN/TC4 7
PF3D7_1353800.1 Proteasome subunit alpha type-4, putative 7
PF3D7_1470900.1 Proteasome subunit beta type-2, putative 7
PF3D7_0317000.1 Proteasome subunit alpha type-3, putative 6
PF3D7_0803800.1 Proteasome subunit beta type-4 6
PF3D7_0905400.1 High molecular weight rhoptry protein 3 6
PF3D7_1015600.1 Heat shock protein 60 6
PF3D7_1444800.1 Fructose-bisphosphate aldolase 6

Human proteins

P02549 Spectrin alpha chain, erythrocytic 1 34
P55072 Transitional endoplasmic reticulum ATPase 24
P11277 Spectrin beta chain, erythrocytic 22
P04040 Catalase 18
P16157 Ankyrin-1 17
P01023 Alpha-2-macroglobulin 14
P02730 Band 3 anion transport protein 13
P27105 Erythrocyte band 7 integral membrane protein 12
P01024 Complement C3 11
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P13798 Acylamino-acid-releasing enzyme

P04075 Fructose-bisphosphate aldolase A

P11171 Protein 4.1

P04406 Glyceraldehyde-3-phosphate dehydrogenase

P13716 Delta-aminolevulinic acid dehydratase

P25786 Proteasome subunit alpha type-1

P25789 Proteasome subunit alpha type-4

pP28074 Proteasome subunit beta type-5

P60900 Proteasome subunit alpha type-6

014818; Q8TAA3 Proteasome subunit alpha type-7; Proteasome subunit alpha type-7-
like

P00352 Retinal dehydrogenase 1

10

This article is protected by copyright. All rights reserved.

33



704

705

Table 2 — Proteins quantitatively different between vesicles from 3D7-WT iRBC

and vesicles 3D7-UpsCR iRBC

Protein IDs Protein names Protein/gene GO annotation Log Mean’s
acronym Student's Difference
T-test p-
value
Plasmodium falciparum proteins
PF3D7_0930300.1 | Merozoite surface protein 1 MSP-1 Pathogenesis 3.30 1.57
PF3D7_1462800.1 | Glyceraldehyde-3-phosphate GAPDH glycolytic process 2.36 1.48
dehydrogenase
PF3D7_1368100.1 | 26S proteasome regulatory RPN11 Ubiquitin- 1.62 1.38
subunit RPN11, putative dependent protein
catabolic process
PF3D7_0617900.1; | Histone H3 variant; histone H3 H3 Chromosome 1.44 -1.13
PF3D7_0610400.1 organization
PF3D7_1328100.1 | Proteasome subunit beta type- - Ubiquitin- 1.37 151
7, putative dependent protein
catabolic process
Human proteins
P06737 Glycogen phosphorylase, liver GYPL Glucose 1.94 1.50
form homeostasis;
glycogen metabolic
process
Q9H4G4 Golgi-associated plant GLIPR2 Regulation of 1.81 0.60
pathogenesis-related protein 1 ERK1 and ERK2
cascade;
P02790 Hemopexin HPX Cellular iron ion 1.78 -1.49
homeostasis;
P00338 L-lactate dehydrogenase A LDHA Glycolytic process; | 1.62 0.27
chain
Q99880; Q99879; Histone H2B (multiple types) H2B DNA binding 1.52 291
Q99877; Q93079;
Q8N257;
Q5QNWE;
Q16778; P62807,
34
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P58876, P57053;

P33778; P23527,

P06899; 060814;

Q96A08

Q99436

P13796; P13797

P16157

P11166

Proteasome subunit beta type-7

Plastin-2
Protein disulfide-isomerase-like
protein of the testis

Ankyrin-1

Solute carrier family 2,
facilitated glucose transporter

member 1

PSMB7

LCP1/PLS3

ANK1

SLC2A1

Proteasome-
mediated ubiquitin-
dependent protein
catabolic process
Actin binding

Cell redox
homeostasis
Cytoskeleton

organization

Glucose
transmembrane

transporter activity

1.48

1.44

1.43

1.42

1.34

-1.00

0.95

1.65

-0.67

-0.57

GO annotation — main gene ontology biological process terms associated with the protein

Mean’s difference - measure of difference in abundance between means as log-fold change, positive indicating

increase, negative indicating decrease; cut-off for biologically meaningful difference set at Log-fold 2
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711 Table 3. Total number of genes differentially expressed between monocytes

712 treated with different vesicle stimulus.

WT vs. uRBC 3D7-UpsC" vs. uRBC 3D7-UpsC” vs. WT
Not significant 9942 9593 10123
Significant 181 530 0
Upregulated 116 326 0
Downregulated 65 204 0
713
714
36
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Table 4. Top 20 DE genes in response to 3D7-WT and 3D7-UpsCR vesicle

stimulation, compared to uRBC vesicles

Gene Symbol Gene description Gene type/function Log Adj. p-
ID FC value
3D7-WT vs. uRBC
26118 WSB1 WD repeat and SOCS box containing 1 Ubiquitination 0.43 0.0062
905 CCNT2 cyclin T2 Transcription 0.35 0.0062
22797  TFEC transcription factor EC Transcription 0.31 0.0062
6142 RPL18A ribosomal protein L18a Translation -0.37  0.0062
57018 CCNL1 cyclin L1 Translation 0.48 0.0062
6498 SKIL SKIl-like proto-oncogene Transcription 0.27 0.0062
58487 CREBZF CREB/ATF bZIP transcription factor Transcription 0.35 0.0090
6168 RPL37A ribosomal protein L37a Translation -0.23  0.0161
84449  ZNF333 zinc finger protein 333 Transcription 0.38 0.0184
54813 KLHL28 kelch like family member 28 Ubiquitination 0.29 0.0208
22107  ARL5B ADP ribosylation factor like GTPase 5B Intracellular signalling 0.28 0.0208
9
55023 PHIP pleckstrin homology domain interacting protein Intracellular signalling 0.32 0.0208
5339 PLEC plectin Cellular structure 0.22 0.0208
28546  CRIPAK cysteine rich PAK1 inhibitor Intracellular signalling 0.73 0.0208
4
40248 LINC01000 long intergenic non-protein coding RNA 1000 Non-coding RNA 0.46 0.0249
3
4637 MYL6 myosin light chain 6 Cell motility -0.20  0.0249
7072 TIAL TIAL cytotoxic granule-associated RNA binding Transcription 0.38 0.0249
protein
72921 LOC72921  uncharacterized LOC729218 Unknown 0.44 0.0249
8 8
64089 SNX16 sorting nexin 16 Intracellular trafficking 0.32 0.0249
11480 MYSM1 Myb like, SWIRM and MPN domains 1 Transcription 0.33 0.0253
3
3D7-UpsCF vs. uRBC
58487 CREBZF CREB/ATF bZIP transcription factor Transcription 0.56 0.0009
6498 SKIL SKIl-like proto-oncogene Transcription 0.41 0.0009
26118 WSB1 WD repeat and SOCS box containing 1 Ubiquitination 0.59 0.0009
57018 CCNL1 cyclin L1 Translation 0.69 0.0009
37
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55015 PRPF39 pre-mRNA processing factor 39 Translation 0.66 0.0009
22797 TFEC transcription factor EC Transcription 0.41 0.0013
13087 AHSA2 AHAL, activator of heat shock 90kDa protein Intracellular trafficking 0.98 0.0013
2 ATPase homolog 2 (yeast)
905 CCNT2 cyclin T2 Transcription 0.46 0.0013
2744 GLS glutaminase Metabolism 0.39 0.0016
64089 SNX16 sorting nexin 16 Intracellular trafficking 0.51 0.0016
10061 MIR5047 microRNA 5047 Non-coding RNA 0.90 0.0016
6408
10011  TMEM170 transmembrane protein 170B Unknown 0.38 0.0016
3407 B
7072 TIAL TIAL cytotoxic granule-associated RNA binding Transcription 0.59 0.0017
protein
51747 LUC7L3 LUCY like 3 pre-mRNA splicing factor Translation 0.65 0.0020
1958 EGR1 early growth response 1 Trancription -0.99  0.0020
54540 FAM193B family with sequence similarity 193 member B Unknown 0.70 0.0020
79982 DNAJB14 DnaJ heat shock protein family (Hsp40) member Intracellular trafficking 0.45 0.0021
B14
54813 KLHL28 kelch like family member 28 Ubiquitination 0.40 0.0022
64859 NABP1 nucleic acid binding protein 1 DNA repair 0.42 0.0022
50999  TMED5 transmembrane p24 trafficking protein 5 Intracellular signaling 0.39 0.0022
Genes in blue were enriched by both 3D7-WT and 3D7-UpsC® EV treatment
38
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Table 5.

Top 20 enriched gene ontology terms enriched in response to 3D7-WT

and 3D7-UpsCR vesicle stimulation, compared to uRBC vesicles

GO term ID Description log10 p-
value
3D7-WT vs. uRBC
G0:0070972 protein localization to endoplasmic reticulum -18.26
G0:0000184 nuclear-transcribed mRNA catabolic process, nonsense-mediated decay -16.60
G0:0019083 viral transcription -15.44
G0:0044033 multi-organism metabolic process -14.22
G0:0006413 translational initiation -13.65
G0:0006364 rRNA processing -12.94
G0:0046700 heterocycle catabolic process -9.84
G0:0022613 ribonucleoprotein complex biogenesis -8.99
G0:0061024 membrane organization -8.63
G0:0034660 ncRNA metabolic process -7.98
G0:1901566 organonitrogen compound biosynthetic process -6.72
G0:0051704 multi-organism process -6.57
G0:0043603 cellular amide metabolic process -6.43
G0:0016071 mRNA metabolic process -6.17
G0:1901564 organonitrogen compound metabolic process -6.08
G0:0042590 antigen processing and presentation of exogenous peptide antigen via MHC class | -5.49
G0:0009056 catabolic process -5.41
G0O:0006396 RNA processing -5.11
G0:0044085 cellular component biogenesis -4.95
G0:1901164 negative regulation of trophoblast cell migration -4.36
3D7-UpsCF vs uRBC
G0:0070972 protein localization to endoplasmic reticulum -20.4881
G0:0019058 viral life cycle -17.2899
G0:0006413 translational initiation -15.3215
G0:0000184 nuclear-transcribed mRNA catabolic process, nonsense-mediated decay -14.5452
G0:0046700 heterocycle catabolic process -10.7375
G0:0006364 rRNA processing -9.8601
G0:0051704 multi-organism process -9.4023
G0:0006952 defense response -9.2865
G0:0048002 antigen processing and presentation of peptide antigen -8.9586
39
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G0:0043603 cellular amide metabolic process -7.8297
G0:0019882 antigen processing and presentation -7.7447
G0:1901566 organonitrogen compound biosynthetic process -7.4283
G0:0009056 catabolic process -7.3134
G0:0061024 membrane organization -7.163
G0:1901564 organonitrogen compound metabolic process -7.1302
G0:0044763 single-organism cellular process -7.0565
G0:0022613 ribonucleoprotein complex biogenesis -6.7282
G0:0042221 response to chemical -6.6596
GO0:0071345 cellular response to cytokine stimulus -6.3799
G0:0006950 response to stress -6.3439
Terms in blue were enriched by both 3D7-WT and 3D7-UpsCR EV treatment

GO term ID — gene ontology term identification number
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Figure 1. Variation in parasite protein content in vesicles from different iRBC
life stages. CS2-infected IRBC were tightly synchronized and cell culture
supernatants were collected at 0-12 hr, 12-24 hr, 24-36 hr, and 36-48 hr. A) Giemsa
stain of parasite cultures at supernatant collection time. B) Lysates from uRBC,
trophozoite-stage CS2 iRBC, and CS2 vesicles from culture supernatants collected
at the specified time points, were analysed by Western Blot for indicated proteins. C)
Lysates from uRBC or CS2 iRBC at the specified time points were analysed by
Western blot; arrow indicates PIEMP1 and asterisk indicates cross-reactivity with

human spectrin. Representative images of two independent repeats.

Figure 2. PfEMPL1 in vesicles from PfEMPL1 transport knock-out and PfEMP1
expression knock-out parasite strains. Lysates from uRBC/IRBC and ring-stage
vesicles from PfEMP1 transport knock-out parasites PTP1-KO, PTP2-KO and SBP1-
KO (A), and lysates and ring-stage vesicles from uRBC, 3D7-WT and PfEMP1
expression knock-out 3D7-UpsCR (B) were analysed for expression of PFEMP1 and
other parasite proteins by Western blot. Arrow indicates PfEMP1 and asterisk
indicates cross-reactivity with human spectrin. Representative images of two

independent repeats. Representative images of minimum two independent repeats.

Figure 3. Proteomic analysis of protein content of vesicles from 3D7-WT and
3D7-UpsCR iRBC. A) Cell culture supernatant from ring-stage 3D7-WT iRBC was
fractionated by Optiprep density centrifugation, and fraction pairs were analysed by

Western blot for P. falciparum aldolase and human exosome marker flotilin-1,
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compared to unfractionated vesicles. B) Fractions 3-10, prepared as in (A), were
analysed by Western blot for flotilin-1, and density of individual fractions was
measured. C) Overarching molecular function gene ontologies of low stringency
proteins identified by mass spectrometry analysis of vesicles from both 3D7-WT and
3D7-UpsCR ring-stage iRBC, from fractions 7 and 8 of samples fractionated as in
(A). Gene ontologies of both Plasmodium falciparum proteins (left) and human
proteins (right) are shown. D) Protein interactome network for iRBC-EVs proteins
identified from Plasmodium and human datasbases using the STRING software.
Proteins nodes and interactions (direct/physical and indirect/functional represented
by continuous and interrupted lines, respectively) are coloured according to MCL
clustering. E) Volcano plots of quantitative analysis of proteins in vesicles from 3D7-
WT vs. 3D7-UpsCR, showing log-fold change t-test difference in the x-axis and log-P-
value in the y-axis. Blue horizontal line indicates cut-off for P=0.05, and yellow,
orange, and red vertical lines indicate means difference log-fold of 1, 1.5, and 2,
respectively. Quantitation of both Plasmodium falciparum proteins (left) and human
proteins (right) are shown. Three biological replicates were used for mass

spectrometry analysis in (C) and (D).

Figure 4. Monocyte cytokine responses to stimulus with parasite vesicles and
iRBC. Naive primary human monocytes (n=5 donors) were negatively isolated and
stimulated for 12 hr with 5 ug/ml of vesicles from uRBC, 3D7-WT or 3D7-UpsCR
iIRBC, or whole intact uRBC or 3D7-WT trophozoites (ratio of 3 RBC/IRBC to 1

monocyte). Levels of indicated cytokines in the culture supernatant were measured
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by multiplex cytokine ELISA. Data shown is after subtraction of uRBC background

from IRBC-stimulated samples. Two-way ANOVA, * indicates P<0.05.

Figure 5. RNA-sequencing of monocytes stimulated with vesicles from uRBC,
3D7-WT iRBC and 3D7-UpsC® iRBC. Naive primary human monocytes (n=6
donors) were negatively isolated and stimulated for 6 hr with 5 ug/ml of vesicles from
URBC, 3D7-WT or 3D7-UpsCR iRBC, prior to RNA extraction and RNA-sequencing.
A) Multi-dimensional scaling plot after correction for donor and experimental day
effects. Samples in orange, mauve, and green represent uRBC, 3D7-WT, and 3D7-
UpsCR vesicles stimulated samples, respectively. B) Mean-difference plot of average
log-expression for each gene (x-axis) against their log-fold change (y-axis) for 3D7-
WT vs. uURBC, C) and 3D7-UpsCR vs. uRBC. The deferentially expressed genes are
highlighted, with points coloured in red and blue indicating up- and down-regulated
genes respectively. D) Venn diagram of number of up-regulated (red) and down-
regulated (blue) genes in common between monocytes stimulated with vesicles from
3D7-WT vs. uRBC and 3D7-UpsCR vs. uRBC. E) Heatmap of the expression of the
530 DE genes between 3D7-UpsCR and uRBC. The Z-scores are batch corrected
log-CPM (counts per million) scaled to have mean 0 and standard deviation. Genes
are displayed horizontally for each donor (1-6), and stimulus condition (URBC, 3D7-
WT, or 3D7-UpsCF vesicles) labelled in the bottom. The red and blue colouring

indicates increased and decreased expression respectively.
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Figure S1.Protein abundance rates of human and Plasmodium proteins
compared to contaminant proteins. Label-free quantitative (LFQ) intensity
measurements of human and Plasmodium proteins compared to intensities of
proteins from the Maxquant contaminant database. Blue bars indicate
Plasmodium or human proteins and red bars represent contaminant proteins. The x-
axis represents *** and the y-axis represents peptide counts. Graphs for individual

samples of IRBC-EVs from 3D7-WT or 3D7-UpsC (three replicates each) are shown.

Figure S2.Frequency of cytokine-producing CD14+ cells following EV
stimulation. PBMCs from naive donors (n=3) were incubated with 1, 5 or 10 ug/ml
of vesicles from URBC or 3D7-UpsCR iRBC for 12 hr prior to assessment of TNF,
MIP1a and MIP1Bproducing CD14+ cells by flow cytometry. Representative dot plots
and summary graphs for each cytokine and for each uRBC-EV and IRBC-EV

concentration are presented from one donor.

Figure S3. Methodological flow chart depicting sample processing for EV

isolation.

Figure S4. Multi-dimensional scaling plot shows transcriptomic data clusters
according to batch effects. Samples clustered according to day of sample

preparation (first plot), and individual donors (second plot).
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