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Abstract

Invasion of hepatocytes by Plasmodium sporozoites initiates the pre-erythrocytic step of a
malaria infection. Subsequent development of the parasite within hepatocytes and exit from
them is essential for starting the disease-causing erythrocytic cycle. Identification of signal-
ing pathways that operate in pre-erythrocytic stages provides insight into a critical step of
infection and potential targets for chemoprotection from malaria. We demonstrate that P.
bergheihomologs of Calcium Dependent Protein Kinase 1 (CDPK1), CDPK4 and CDPK5
play overlapping but distinct roles in sporozoite invasion and parasite egress from hepato-
cytes. All three kinases are expressed in sporozoites. All three are required for optimal motil-
ity of sporozoites and consequently their invasion of hepatocytes. Increased cGMP can
compensate for the functional loss of CDPK1 and CDPKS5 during sporozoite invasion but
cannot overcome loss of CDPK4. CDPK1 and CDPKS5 expression is downregulated after
sporozoite invasion. CDPK5 reappears in a subset of late stage liver stages and is present
in all merosomes. Chemical inhibition of CDPK4 and depletion of CDPKS5 in liver stages
implicate these kinases in the formation and/or release of merosomes from mature liver
stages. Furthermore, depletion of CDPK5 in merosomes significantly delays initiation of the
erythrocytic cycle without affecting infectivity of hepatic merozoites. These data suggest
that CDPK5 may be required for the rupture of merosomes. Our work provides evidence
that sporozoite invasion requires CDPK1 and CDPK5, and suggests that CDPK5 partici-
pates in the release of hepatic merozoites.

Author summary

The malaria-parasite Plasmodium begins its mammalian cycle by infecting hepatocytes in
the liver. A single parasite differentiates into tens of thousands of hepatic merozoites
which exit the host cell in vesicles called merosomes. Hepatic merozoites initiate the first
round of erythrocytic infection that eventually causes disease. We show that optimal inva-
sion of liver cells by Plasmodium requires the action of three closely-related parasite
kinases, CDPK1, 4 and 5. Loss of any of the three enzymes in the parasite significantly
reduces infection of liver cells. Furthermore, CDPKS5 is likely required for release of
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hepatic merozoites from merosomes and therefore for initiation of the erythrocytic cycle.
A better understanding of how these kinases function could lead to drugs that prevent
malaria.

Introduction

Parasite genomes are generally small in size with a great deal of functional optimization. The
presence of gene families suggests that in some cases, structurally related proteins play redun-
dant or complementary functions. One such gene family in the malaria-causing parasite, Plas-
modium encodes Calcium Dependent Protein Kinases (CDPKs). In addition to Apicomplexan
parasites, CDPKs are found in plants, protists, green alga and oomycetes [1]. CDPKs are ser-
ine-threonine kinases that are activated by the direct binding of Ca®" to EF-hand domains in
their regulatory region. Their ability to directly bind Ca** enables CDPKs to act both as sen-
sors and effectors of intracellular Ca**.

The human-infective species, P. falciparum encodes at least 7 CDPK members [2]. The
rodent-infective species, P. berghei encodes orthologs of all P. falciparum CDPKs except for P.
falciparum CDPK2. The function of different CDPKs has been extensively examined in the
asexual cycle in erythrocytes and during parasite transmission to and development within
mosquitoes. These studies revealed distinct and overlapping roles for different CDPK mem-
bers during merozoite invasion and egress, gametogenesis and ookinete invasion. In the asex-
ual cycle, CDPKS5 is required for merozoite egress [3, 4], while CDPK1 and CDPK4 play non-
essential roles in merozoite invasion [5, 6]. Invasion by P. berghei merozoites is reduced when
CDPK4 is lost in the background of reduced cGMP-dependent protein kinase (PKG) function
but loss of CDPK4 alone does not affect asexual growth of P. berghei or of P. falciparum [6].
Similarly, in the background of simultaneous decrease in PKG and CDPK4 functions,
CDPK1’s loss decreases merozoite invasion [6, 7] but its individual loss is tolerated in the asex-
ual cycle [6, 8, 9]. CDPK2, CDPK3 and CDPK6 do not appear to play significant roles in the
asexual cycle [10-13]. In sexual stages within the mosquito midgut, CDPK1, CDPK2 and
CDPK4 are essential for male gametogenesis with CDPK4 regulating at least 3 distinct cell
cycle events [13-18]. Ookinete motility requires CDPK3 [10, 11] as it regulates the secretion of
adhesins required for motility. CDPK1 and CDPK4 also contribute to ookinete motility:
simultaneous loss of both reduced ookinete speed in vitro [6]. These studies of CDPK family
members in the mosquito transmissive stages have provided biological validation for targeting
P. falciparum CDPK1 and CDPK4 as a way to chemically block parasite transmission from
mammalian host to mosquitoes.

Sporozoites and liver stages express several CDPKs [8, 12, 19] but, in contrast to our knowl-
edge in asexual and sexual cycles, little is known of CDPKs’ functions in pre-erythrocytic
stages. CDPK4 and CDPKG6 function during invasion by P. berghei sporozoites since their loss
reduces the percentage of sporozoites that enter hepatocytes [12, 19]. However, deletion of
CDPK1 in sporozoites did not significantly impair parasite invasion of or egress from hepato-
cytes [8]. These results suggested that other CDPKs could play a compensatory and comple-
mentary role during sporozoite invasion and parasite exit from hepatocytes.

Here we examine the role of CDPK1, CDPK4 and CDPKS5 in sporozoite motility, and tra-
versal through, invasion of and egress from infected hepatocytes, using conditional protein
depletion in the rodent model, P. berghei. P. berghei offers the distinct advantage of an experi-
mentally accessible pre-erythrocytic cycle. We demonstrate that in P. berghei sporozoites,
CDPK1 (PBANKA_0314200), CDPK4 (PBANKA_0615200) and CDPK5 (PBANKA_1351500)
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are individually required for motility. The loss of each kinase decreases sporozoite motility and
consequently significantly reduces their invasion of hepatocytes. CDPKS5 is required for para-
site egress from hepatocytes and for release of hepatic merozoites from merosomes. Our study
demonstrates the roles of CDPK1 and CDPKS5 in sporozoite invasion. Furthermore, it provides
evidence that CDPK5 could participate in the regulated release of hepatic merozoites from
merosomes.

Results

CDPK1, CDPK4 and CDPKS5 have dynamic expression patterns in pre-
erythrocytic stages

Since CDPKI1, 4, 5 have essential roles in the asexual and sexual cycles, genetic analyses of their
functions in pre-erythrocytic stages requires conditional mutagenesis. Existing methods face
several drawbacks. Excision of DNA in developing sporozoites, through the use of the Flp-FRT
system [20], may not lead to significant protein depletion if the targeted protein has a long
half-life [19, 21], or if DNA excision is initiated after most of the mRNA has been transcribed.
Promoter-swaps require knowledge of promoters that are active exclusively during asexual
stages and sporozoite development. Systems in which target-protein stability is conditioned on
the constant presence of a small molecule in culture [22-24] cannot ensure protein stability
during the sexual cycle and sporozoite development of the parasite that occur in vivo. There-
fore, we adapted a method, previously described in P. berghei asexual stages and ookinetes, in
which the target protein is degraded upon the addition of the plant hormone, auxin (Indole-
3-acetic acid (IAA)) [25, 26]. The target protein is tagged with an Auxin-induced degron
(AID) in a marker-free transgenic P. berghei line that expresses the auxin receptor from Oryza
sativa, OsTIR1under the control of the hsp70 promoter and the p28 3> UTR. [27]. The tag tar-
gets the protein for rapid and reversible degradation, via the proteasome, in the presence of
auxin. In S. cerevisiae and mammalian cells, the AID system has been used to target proteins
localized to the cytoplasm, nucleus, mitochondria and ER [25, 26]. We constructed parasite
lines in which CDPK4 or CDPK5 were fused with an AID domain and an HA,, epitope (S1A
and S1B Fig). These two parasite lines, CDPK4-aid-HA and CDPK5-aid-HA, and a previously
reported CDPK1-aid-HA line [27] were transmitted to mosquitoes for recovery of sporozoites
from salivary glands.

A qualitative microscopic examination of midguts revealed fewer oocysts in mosquitoes
infected with CDPK1-aid-HA or CDPK4-aid-HA parasites compared to mosquitoes infected
with an isogenic control line that expresses OsTIR1 (Ostirl). Oocyst numbers in mosquitoes
infected with CDPK5-aid-HA were equivalent to control. Since genomic deletions of CDPK1
and CDPK4 abolish male gametogenesis [15, 16], the decrease in oocyst numbers in
CDPK1-aid-HA and CDPK4-aid-HA lines suggest that the AID-HA,, domain interferes with
protein activity and therefore, partially impairs gametogenesis in these lines. Consistent with
reduced midgut infection by CDPK1-aid-HA and CDPK4-aid-HA, the average number of sali-
vary gland sporozoites was significantly decreased in mosquitoes infected with CDPK1-aid-
HA and CDPK4-aid-HA, relative to Ostirl-infected mosquitoes (S1C Fig). The number of sali-
vary gland sporozoites in mosquitoes infected with CDPK5-aid-HA was similar to control
(S1C Fig). Despite reduced numbers of CDPK1-aid-HA, we obtained sufficient parasites to
conduct our analyses. Due to the low numbers of CDPK4-aid-HA sporozoites, their analysis
was more limited. As shown by subsequent results, sporozoites derived from AID-tagged lines
exhibited phenotypes within the range observed for control sporozoites. Therefore, if IAA-
dependent depletion of a protein alters a cellular phenotype, it can be inferred that the protein
has a role in the process.
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Fig 1. Spatial and temporal localization of CDPK1 and CDPKS5 in P. berghei pre-erythrocytic stages. A) Representative images of CDPK1 localization
in pre-erythrocytic stages of CDPK1-aid-HA parasites determined using an anti-HA antibody. CDPK1 was detected in sporozoites but not in liver stages.
B) Representative images of CDPK5 localization in pre-erythrocytic stages of CDPK5-aid-HA parasites determined using an anti-HA antibody. CDPK5
was detected in all sporozoites and in a subset of mature liver stages (65 h p.i.). C) Diameter of individual CDPK5-aid-HA liver stages (uM + SEM), that
either displayed staining with anti-HA antibody at 65 h p.i. (+) or not (-) was determined. Data were analyzed using an unpaired ¢-test, **** P value <
0.0001.

https://doi.org/10.1371/journal.ppat.1008131.g001

We began functional interrogation of CDPKs in pre-erythrocytic stages by examining their
temporal and spatial protein expression in sporozoites and liver stages. We previously reported
the presence of CDPK4 in sporozoites and intracellular liver stage parasites formed 24-65 h
post infection (p.i.) of HepG2 cells [19]. Here, we demonstrate that CDPK1 and CDPKS5 are
also present in sporozoites (Fig 1). CDPKS5 is expressed at a low level compared to CDPKI. In
liver stages, expression of the three kinases is dynamic. CDPK1 and CDPKS5 were not detected
in early liver stages 24-48 h p.i (Fig 1). At 65 h p.i., when liver stages are close to exiting the
hepatocyte, CDPK5 was detected in a subset of liver stages (Fig 1B, S2A Fig). CDPK5 expres-
sion correlated with developmental maturity since, in the same culture, liver stages that express
it were significantly larger in size compared to those that did not have detectable CDPKS5 (Fig
1C). Appearance of CDPKS5 in mature liver stages suggested its expression may coincide tem-
porally with parasite egress from the infected hepatocyte. Therefore, we examined its expres-
sion in merosomes and detached cells released at 65-67 h p.i. CDPK5 was detectable in all
merosomes/detached cells and appeared to localize to their periphery (Fig 2 middle panel, S2B
Fig). PbPKG was also present in merosomes but it did not overlap with CDPK5. Our results
confirm proteomic detection of CDPK5 and PKG in P. berghei merosomes [28]. We have pre-
viously shown that PbPKG is required for merosome formation or release [19, 21]. To obtain a
better understanding of the subcellular localization of PbPKG in developing liver stages, we
carried out co-staining experiments with markers of the parasite cytoplasm (HSP70), parasite
plasma membrane (MSP1) and parasitophorous vacuole membrane (Expl) (Fig 3). PbPKG
did not co-localize with HSP70 or MSP1. In some liver stages, PKG appeared to be in close
proximity to Exp1 but the significance of these results remains to be determined.

Validation of AID-mediated conditional protein degradation in pre-
erythrocytic stages

The unique expression profiles of CDPK1, 4 and 5 in pre-erythrocytic stages suggested some
overlapping but also distinct roles. We tested the function of the three kinases in pre-erythro-
cytic stages using conditional protein depletion. We tested the efficiency of IAA-mediated pro-
tein degradation in CDPK1-aid sporozoites and CDPK5-aid schizonts. In both cases, Western
blot analysis of protein lysates demonstrated a significant loss of AID-tagged proteins (Fig 4A).
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CDPK5-aid-HA
a-PbPKG

Fig 2. CDPKS5 and PKG are present in the periphery of merosomes. Representative deconvolved images and optical
sections of immunostained CDPK5-aid-HA merosomes. The top panel illustrates a volumetric view of a merosome.
Middle and bottom panels illustrate longitudinal optical sections of the merosome.

https://doi.org/10.1371/journal.ppat.1008131.g002

We confirmed the loss of CDPK5-aid in IAA-treated sporozoites (S3A Fig) and in mero-
somes/detached cells using immunofluorescence assays (Fig 4B).

Next, we examined if conditions required for protein degradation of AID-tagged proteins
have non-specific effects on parasites. We tested the effect of IAA on motility, invasion, infec-
tivity and egress of isogenic control Ostirl sporozoites, which lack AID-tagged proteins, [27].
Motility was quantified by live imaging sporozoites after treating with IAA or vehicle (S1
Movie and S2 Movie). The percentage of Ostirl sporozoites that moved in complete circles
was similar in both conditions—36% of vehicle-treated (n = 175) and 33% of IAA-treated
(n = 165) (S4A Fig). Sporozoite invasion was determined by quantifying the percentage of
IAA- and vehicle-treated sporozoites that enter HepG2 cells within 90 min. Their intracellular
development was assessed by quantifying the number of liver stages present in HepG2 cells
after addition of IAA or vehicle to sporozoite-infected HepG2 cultures 2-14 h p.i. There was
no significant effect of IAA treatment on sporozoite invasion or on liver stage development as
the fraction of sporozoites that entered cells and the number of liver stages was similar in spo-
rozoites treated with IAA or vehicle (Fig 4C, S4B and S4C Fig). Effect of IAA on parasite egress
from hepatocytes was examined by quantifying the number of merosomes present in media of
control-infected HepG2 cells treated with IAA 48-65 h p.i. (Fig 4C, S4D Fig). IAA treatment
did not significantly affect merosome release by control parasites. We conclude that TAA treat-
ment specifically targets AID-tagged proteins and does not have a deleterious effect on sporo-
zoites. Therefore, IAA-mediated conditional degradation of proteins is a powerful tool for
studying protein function in pre-erythrocytic stages of Plasmodium.
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Fig 3. PbPKG localization liver stages. Representative images of PbPKG’s spatial expression in liver stages of P.
berghei parasites expressing luciferase (PbLuc). Expl is a resident protein of the parasitophorous vacuole membrane,
HSP70 is a cytoplasmic protein and Merozoite Surface Protein (MSP1) is a marker of the parasite plasma membrane.

https://doi.org/10.1371/journal.ppat.1008131.9003

CDPK1, CDPK4 and CDPKS5 are required for sporozoite motility

In vitro, sporozoites display a variety of movement patterns—-moving in continuous circles (glid-
ing), waving with one end attached to the substrate, attached with no movement or a combina-
tion of the previous three [29]. Motility is accompanied by dynamic changes in intracellular Ca**
[30]. Ca®* flux regulates secretion of adhesins onto the sporozoite surface that mediate attach-
ment to the substrate, and turnover of adhesion sites between the sporozoite and substrate during
movement [30, 31]. To examine the role of CDPK1, CDPK4 and CDPK5 as Ca**effectors during
motility, we examined the effect of their loss on sporozoite motility.

Depletion of CDPK1, CDPK4 or CDPK5 had no significant effect on sporozoite attachment
to the substrate but sporozoites lost uninterrupted circular movement (S3 Movie-S8 Movie,
Fig 5A, S4E-S4G Fig). Instead, they stayed attached to the substrate with either one pole (‘wav-
ing’) or both poles attached or displayed discontinuous motion [29]. These results suggest that
the formation and efficient turnover of attachment sites between the sporozoite and the sub-
strate, and consequently sporozoite motility, requires a threshold of Ca** signaling that is
reached through the combinatorial function of each of these kinases. Each kinase can partially
but not completely compensate for the loss of another.
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Fig 4. Conditional degradation of AID-tagged proteins is efficient in pre-erythrocytic stages. A) Western blot
analysis of protein lysates from CDPK1-aid-HA and CDPK5-aid-HA parasites treated with IAA or vehicle.
CDPKI1-aid-HA and CDPK5-aid-HA were detected using an anti-HA antibody. GFP was used as a loading control.
CDPK1-aid-HA and CDPK5-aid-HA have predicted molecular weights of approximately 90 kDa. The arrowhead
indicates a byproduct of partial degradation of CDPK5-aid-HA. B) Depletion of CDPK5-aid-HA protein in
merosomes was examined using immunofluorescence. Optical sections of representative IAA- or vehicle-treated
merosomes immunostained with an anti-HA antibody. Parasite nuclei were visualized using DAPI. C) Effects of IAA
treatment on Ostirl pre-erythrocytic stages were examined by quantifying sporozoite invasion of HepG2 cells, the
number of liver stages detected at 48 h p.i. and the number of merosomes released into the media at 66-70 h p.i., in the
presence or absence of IAA. Results shown are average of 2—-4 experiments with 3 technical replicates (+ SEM),
normalized to vehicle-treated samples for each assay. Data were analyzed using an unpaired ¢-test, not significant (n.s.)
Pvalue > 0.05.

https://doi.org/10.1371/journal.ppat.1008131.g004

In vivo, motility enables sporozoites to disseminate from the site of bite in the skin by tra-
versing through cell layers, entering a blood vessel and invading a hepatocyte in the liver.
Therefore, we examined if decreased motility that results from CDPKI, 4 or 5 depletion has
any functional effect on cell traversal by sporozoites and their eventual invasion of hepatocytes.
Depletion of CDPK1 or CDPKS5 did not decrease cell traversal by sporozoites (S3B Fig). We
were unable to test cell traversal in CDPK4-aid-HA sporozoites due to insufficient sporozoites.
Invasion of HepG2 cells decreased by approximately 50% in all IAA-treated sporozoites (Fig
5B, S4H Fig). These data demonstrate that CDPK1, CDPK4 and CDPKS5 are required for spo-
rozoite invasion of hepatocytes and they have partially overlapping functions in the process.
Optimal invasion by sporozoites requires all three kinases. The ability of sporozoites to invade
cells despite depletion for CDPK1 or CDPK4 or CDPK5 and an apparent complete loss of cir-
cular motion in vitro suggests that motility on glass coverslips is likely an incomplete represen-
tation of sporozoite motility on extracellular matrix. The extracellular matrix provides a
greater number or variety of adhesins using which sporozoites can achieve sufficient motility.
Similar differences in motility on a glass surface [11] or Matrigel were observed in the CDPK3
knockout parasites [10].

Decreased invasion by CDPK1-depleted sporozoites is expected to diminish the number of
liver stages formed by these sporozoites. However, previous studies did not find a significant
difference in the number of liver stages formed by sporozoites in which the CDPK1 gene was
deleted using stage-specific DNA excision (CDPK1 cKO) [8]. To reconcile these seemingly
contradictory results, we examined the possibility that CDPK1 protein is not significantly
reduced in CDPK1 cKO sporozoites. Using immunofluorescence assays, CDPK1 was detected
in these sporozoites (S5 Fig) and its presence was entirely consistent with the normal infectiv-
ity of CDPK1 cKO sporozoites. IAA-mediated degradation of CDPK1-aid-HA protein is more
efficient than stage-specific DNA excision (Fig 4A) and therefore uncovered CDPK1’s func-
tion in sporozoite motility and in host cell invasion.
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Fig 5. CDPKs have partially overlapping but distinct roles in pre-erythrocytic stages. A) Gliding motility of sporozoites was quantified
as the percentage of sporozoites that engage in circular motion (+ SEM). The experiment was performed 3-4 times for each parasite line.
B) Sporozoite invasion was examined by determining the percentage of sporozoites that become intracellular within 90 min of addition to
HepG2 cells. Results shown are average of 3-4 experiments, each with 3-4 technical replicates (+ SEM), normalized to vehicle-treated
samples. C) Interaction between CDPK1, CDPK4 and PKG in sporozoites was studied by determining the number of liver stages formed
by sporozoites in which CDPK1 and CDPK4 functions are inhibited, when PKG is activated. Results shown are average of 3 experiments,
each with 3 technical replicates (+ SEM), normalized to vehicle-treated samples. D) Interaction between CDPK5, CDPK4 and PKG in
sporozoites was studied by determining the number of liver stages formed by sporozoites in which CDPK5 and CDPK4 functions are
inhibited, in the presence of increased cGMP. Results shown are average of 3 experiments, each with 3 technical replicates (+ SEM),
normalized to vehicle-treated samples for each assay. E) Merosome formation and release was determined by quantifying the number of
merosomes present in media of infected cells at 65-67 h p.i. Results shown are average of 2 experiments with CDPK1-aid-HA and 3
experiments with CDPK5-aid-HA, each with 3 technical replicates (+ SEM), normalized to vehicle-treated samples. F) Infectivity of
CDPK5-aid-HA merosomes and hepatic merozoites was quantified by FACS detection of GFP-positive events in 100,000 events at 24 h p.i.
(iRBCs + SEM). The experiment was performed 4 times with intact merosomes (5 mice/each group/experiment), and 2 times with
ruptured merosomes (4-5 mice/each group/experiment). Data were analyzed using an unpaired ¢-test or one-way ANOVA, Dunnett’s
multiple comparisons test, non-significant (n.s.) P > 0.05, * P value < 0.05, ** P value < 0.005, *** P value < 0.0005.

https://doi.org/10.1371/journal.ppat.1008131.9005

To determine the effect of simultaneous loss of CDPK1 and CDPK4, we generated a para-
site line in which both kinases are tagged with AID-HA (CDPK1-aid-HA/CDPK4-aid-HA).
CDPK1-AID-HA/CDPK4-AID-HA parasites were viable in the erythrocytic cycle but they
failed to form any salivary gland sporozoites. This negative interaction between modified
alleles of CDPK1 and CDPK4 confirms previous reports of epistatic interactions between the
kinases during gametogenesis [6].

As an alternative, we utilized a bumped kinase inhibitor compound 1294 [19, 32] to test the
effect of simultaneously inhibiting CDPK4, and CDPK1 or CDPK5. Addition of 1294 (2 uM) to
IAA-treated CDPK1-aid-HA and CDPKS5-aid-HA sporozoites at the time of invasion significantly
decreased the number of intracellular liver stages present at 48 h p.i., compared to liver stages
formed by sporozoites treated with IAA or 1294 alone (Fig 5C and 5D, S4I and $4]J Fig). To con-
firm 1294’s on-target activity, we utilized parasites carrying a ‘gatekeeper’ mutant of CDPK4,
CDPK4 S,47M [18]. Amino acid substitution at the ‘gatekeeper’ position of CDPK4 prevents access
of 1294 to its binding pocket. Infection of HepG2 cells by CDPK4 S,,,M sporozoites was insensi-
tive to treatment by 1294 whereas infection by control sporozoites (gatekeeper mutant of PbPKG,
PbPKG Ti;0Q) was significantly reduced (S6A Fig). These data demonstrate that the effect of 1294
effect on sporozoites is mediated through inhibition of CDPK4. Further, these results establish that
CDPK1, CDPK4 and CDPKS5 act together to provide optimal sporozoite invasion.

Since CDPKs act downstream of PbPKG during merozoite invasion of erythrocytes
(CDPK4 and CDPK1 [6, 7]) and egress (CDPKS5 [4]), we tested if increasing cGMP levels dur-
ing sporozoite invasion could overcome the loss of CDPK1, CDPK4 or CDPKS5. Zaprinast, a
phosphodiesterase inhibitor, increases cGMP levels and consequently PbPKG signaling. Its
addition reversed the effect of depleting CDPK1 or CDPKS5 (Fig 5C and 5D). The number of
liver stages formed by CDPK1-depleted or CDPK5-depleted sporozoites in the presence of
zaprinast was indistinguishable from vehicle-treated sporozoites. However, zaprinast could
not overcome simultaneous inhibition of CDPK4 and either CDPK1 or CDPKS5 (Fig 5C and
5D, S41 and S4] Fig). These results suggest that PbPKG acts upstream of both CDPK1 and
CDPKS5 during sporozoite motility and that CDPK4 functions in a pathway that is, at least in
part, independent of PbPKG.

CDPKS5 is required for parasite egress from hepatocytes and from
merosomes

Entry of Plasmodium into the blood stream after exiting the liver is a two-step process. First,
merosomes are extruded from the infected hepatocyte into the blood stream [33, 34]. Second,
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merosomes are carried intact through the blood stream, before disintegrating, possibly in the
lung microvasculature [34], and releasing free hepatic merozoites that initiate the first round
of erythrocytic infection. Merosome formation requires parasite PKG [34], the subtilisin,
SUBLI [35], the phospholipase, PbPL [36] and the parasite vacuole membrane protein, LISP1
[37] but there is little information about the next step-the release of hepatic merozoites from
merosomes.

The presence of CDPK4 and CDPKS5 in late liver stages suggests a possible function during
parasite egress from hepatocytes. However, a conditional deletion of CDPK4 gene in sporozo-
ites did not demonstrate a clear effect on the number of merosomes released in culture [19].
We attempted to confirm these results using TAA-mediated depletion of CDPK4-aid protein
in liver stages but the small number of CDPK4-aid-HA sporozoites made these assays unfeasi-
ble. As an alternative, we tested the effect of chemical inhibition of CDPK4 on merosome for-
mation. Addition of 1294 to sporozoite-infected HepG2 cells, at 48-66 h p.i., decreased
merosomes released into media at 66 h p.i. (S6B Fig).

Depletion of CDPK5-aid in liver stages, starting 48 h p.i., also reduced the number of mero-
somes formed at 65h p.i (Fig 5E, S4K Fig). Similar treatment of CDPK1-aid-HA-infected
HepG2 cells had no significant effect, which is consistent with lack of detectable CDPK1 in
liver stages (Fig 5E). These results demonstrate that Ca** signaling through CDPKS5 is required
for parasite exit from hepatocytes. Since CDPKS5 is detected in free merosomes (Fig 2), we
investigated its function in the release of hepatic merozoites. CDPK5-aid-HA merosomes were
treated with either IAA or vehicle prior to being injected intravenously into mice. In order to
detect infection by hepatic merozoites, blood parasitemia was monitored at 24 h p.i. This time-
period enables the completion of a single asexual cycle in P. berghei. None of the mice infected
with CDPK5-depleted merosomes (n = 20) had detectable parasitemia at 24 h p.i. while all
mice infected with vehicle-treated merosomes were positive (Fig 5F). Mice infected with
CDPKS5-depleted merosomes became patent on day 3 p.i. and the growth rate of asexual para-
sites was similar in the two groups (S6C Fig). We conclude that loss of CDPK5 in merosomes
does not affect replication of asexual stages.

The longer pre-patent period and undetectable parasitemia at 24 h p.i. from CDPK5-de-
pleted merosomes suggested that CDPKS5 plays an important role in the release of hepatic mer-
ozoites from merosomes and/or in their invasion of erythrocytes. To distinguish between
these two possibilities, we tested the effect of CDPK5 depletion of the infectivity of hepatic
merozoites. We manually ruptured vehicle- or IAA-treated CDPK5-aid-HA merosomes prior
to their injection into mice. In this case, all mice were patent at 24 p.i. and the difference in
average parasitemias of the two groups of mice was much smaller (Fig 5F). Together, these
results are consistent with, although not proof of, a model in which CDPKS5 functions in the
rupture of the merosome membrane and release of hepatic merozoites (S7 Fig).

Discussion

Initiation of the erythrocytic cycle by hepatic merozoites is possibly the least-understood step
of the malaria infection cycle. Hepatic merozoites have a single opportunity to infect host cells
and their release at the wrong time or place, for example in a non-vascular environment,
would prevent or severely debilitate the launch of the erythrocytic cycle. While there is signifi-
cant understanding at the molecular level of events leading to the release of merozoites from
infected erythrocytes, almost nothing is known of how hepatic merozoites are released from
merosomes. We provide strong evidence that CDPK5 regulates this process. Breakdown of the
merosome membrane is likely a response to environmental cues that result in Ca®* flux in
merosomes, activation of CDPKS5 and release of proteolytic enzymes.
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Depletion of CDPK5 from merosomes does not impair the ability of hepatic merozoites to
invade erythrocytes—hepatic merozoites that are manually-released, from CDPK5-depleted
merosomes, initiate erythrocytic infection normally. In contrast, intact merosomes depleted
for CDPKS5 exhibit a significant delay in initiating erythrocytic infection, as blood stage parasi-
temia was undetectable at 24 h p.i. It has been suggested that arrest of merosomes in the lungs,
which have low macrophage density and reduced shear forces in the pulmonary capillary bed
from lower blood velocity, facilitates infection of erythrocytes by hepatic merozoites [34]. We
hypothesize that interaction between merosomes and a lung-specific receptor could trigger
CDPK5-mediated release of hepatic merozoites. Another mechanism that could account for
delayed patency of CDPK5-depleted merosomes is better clearance by the host immune sys-
tem. Testing these models requires development of quantitative assays for release of hepatic
merozoites from merosomes. In addition, it will be interesting to explore if the function of
CDPKS5 during release of hepatic merozoites requires its localization to the merosome
periphery.

CDPKSG5 is also required for the formation of merosomes albeit its depletion has a relatively
modest effect on the number of merosomes. One interpretation of these results is that CDPK5
primarily functions after merosomes have been released from the hepatocyte, for example in
the release of hepatic merozoites. Alternatively, merosome formation could require overlap-
ping/redundant actions of CDPK5 and CDPK4, since both are present in liver stages at 65 h p.
i.. It is also possible that the function of CDPKS5 in merosome formation is compensated by
PbPKG. We cannot rule out the possibility that IAA-mediated depletion of CDPK5-aid-HA in
intracellular and intravacuolar parasite stages, such as liver stages, is less efficient compared to
its depletion in sporozoites or released merosomes. Incomplete depletion of CDPKS5 in liver
stages could provide sufficient protein for close-to-normal function in merosome formation.

The relative dearth of knowledge about the function of CDPKs in pre-erythrocytic stages
can be attributed, in part, to the technical challenge of functionally analyzing kinases that are
indispensable in asexual and sexual stages. Despite this difficulty, it is important to understand
functions of CDPKs in these stages because they constitute the first step in mammalian infec-
tion, and the study of CDPKs in these stages could identify targets for drugs that prevent or
treat Plasmodium’s liver infection. In addition, these studies will provide a fuller view of the
stage-specific and stage-transcending functions of different family members. The relative con-
tribution of different CDPK family members in different parasite stages may be determined by
the threshold of Ca** signaling required for different cellular processes, the sensitivity of spe-
cific kinases to Ca*" level, their expression levels and their subcellular localization.

Our work reveals nuances of CDPK signaling in different parasite stages. First, our results
demonstrate a new stage-specific role for CDPK5—in sporozoite motility and consequently
parasite invasion of hepatocytes. CDPK5 has not been implicated in RBC invasion by merozo-
ites [4]. In contrast to its role in parasite invasion, CDPK5’s role in parasite egress is stage-tran-
scending as it is required for exit from both erythrocytes and hepatocytes. During the
erythrocytic cycle, CDPKS5 triggers micronemal secretion leading to merozoite egress from
schizonts [4]. The mechanism whereby CDPK5 enables release of hepatic merozoites from
merosomes remains to be investigated. In addition, its localization in late liver stages and
merosomes needs to be fully validated. Super-resolution microscopy, that is currently unavail-
able to us, could distinguish between the cytoplasm, parasite plasma membrane, vacuole mem-
brane and merosome membrane. Subcellular localization of CDPKs and PKG may be
dynamic in sporozoites and liver stages. A careful investigation their spatiotemporal patterns
will deepen our understanding of their functions in pre-erythrocytic stages. If future work con-
firms localization of CDPK5 in merosomes, it is tempting to speculate that the kinase
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participates in a spatially-restricted protease cascade close to the merosome surface, thereby
facilitating the release of hepatic merozoites.

Second, our results demonstrate that while different invasive stages may require the same
set of CDPK kinases, the relative contribution of specific kinase members can vary at different
stages or during specific processes. These differences may reflect the diverse host-environ-
ments encountered by different stages. We show that CDPK1, CDPK4 and CDPKS5 have dis-
tinct roles in sporozoite motility and that these functions are only partially overlapping.
Depletion of any of these kinases significantly reduces sporozoite motility. Since I[AA-treated
sporozoites attach to the surface, we speculate that their defective motility is likely due to dys-
regulation in turnover of adhesion sites that is required for sporozoites to move forward [31].
In contrast, in ookinetes, individual depletion or inhibition of CDPK1 and CDPK4 does not
affect motility in vitro and only simultaneous loss significantly reduces ookinete speed [6]. The
implication is that each kinase can fully compensate for the other during ookinete traversal
[6]. As shown previously, ookinete motility and traversal through the midgut epithelium relies
most heavily on CDPK3 [11].

The different effects of genetic knockdown and chemical inhibition of CDPK4 suggest that
parasites can adapt to genetic ablation of CDPK4 in sporozoites but cannot adapt to its chemi-
cal inhibition. In yeast and mammalian cells, there are several examples of kinase inhibitors
and genetic mutants producing different functional outcomes [38]. Compensatory pathways
in genetic mutants can arise from increased activity of a related kinase, acquisition of suppres-
sor mutations or disruption of a protein complex [38]. Since chemical inhibition of kinase
activity is rapid, it may not allow sufficient time for compensatory pathways that can develop
during differentiation from sporozoites into merosomes.

We found that, despite loss of continuous movement, sporozoites depleted of CDPK1 or
CDPKS5 maintained the ability to traverse through cells but were significantly attenuated in
invasion. Our observations add to the growing body of work demonstrating the lack of abso-
lute correlation between motility in vitro and cell invasion by sporozoites. P. berghei mutants
in profilin display profound motility defects but invade and infect hepatocytes normally in
vivo [39]. Similarly, despite a total loss of circular movement in vitro, sporozoites lacking
TRAP are not abrogated in invasion of salivary glands or of hepatocytes [40]. On the other
hand, P. berghei sporozoites carrying mutations in the N-terminal domain of actin display nor-
mal gliding motility in vitro but have a significant defect in salivary gland invasion [41]. Inter-
estingly, these mutant sporozoites infect mice normally demonstrating that invasion of
salivary glands is not identical to the invasion of mammalian cells [41]. These data indicate
that motility, cell traversal and invasion are complex processes that do not rely on all the same
molecules. Sporozoites traverse through cells by forming a transient vacuole without the for-
mation of a tight junction between the sporozoite and hepatocyte membranes [42]. Productive
invasion requires the formation of a tight junction and sporozoites are contained within a
parasitophorous vacuole. Since loss of CDPK1 and CDPKS5 reduces only invasion, it implies
that residual motility in depleted sporozoites is sufficient for traversal. One explanation is that
CDPK1 and CDPKS5 could regulate the formation of the tight junction or another process spe-
cific to the form of cell entry that is accompanied by the formation of a permanent vacuole.

Optimal invasion by sporozoites requires a network of CDPKs-CDPK1, CDPK4 and
CDPKS5, as shown here, and CDPK6 as shown previously [12]. We posit that, in vivo, reduced
motility that results from inhibition or loss of CDPK1, CDPK4 or CDPKS5 will severely impair
cell entry by sporozoites, thereby attenuating hepatocyte infection. In contrast, during invasion
by asexual stages, the loss of CDPK1 or CDPK4, individually or together, has no significant
effect. The role of CDPK4 in erythrocytic invasion is seen only in the background of reduced
PKG activity [6]. The role of CDPK1 in invasion is uncovered only in the background of
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simultaneous reduction in PKG and CDPK4 activities. It is possible that erythrocytic stages
adapt to the loss of CDPK1 and CDPK4 by upregulating the activity of another CDPK member
or of PKG.

We have also determined that CDPK4 and CDPKS5 play a role in merosome formation (Fig
5E and S6B Fig). Although conditional deletion of the CDPK4 gene in sporozoites (CDPK4
cKO) did not significantly decrease merosome formation [19], its chemical inhibition has a
modest effect. The lack of merosome reduction in CDPK4 cKO parasites may be attributed to
upregulation of compensatory pathways. To test these models, we wanted to determine the
effect on merosome formation of rapid reduction in CDPK4 protein. We were unable to do so
because CDPK4-aid-HA sporozoites are not produced in sufficient numbers for robust mero-
some assays. Further studies using alternative methods for depleting CDPK4 exclusively in
liver stages and compounds with greater specificity for CDPK4 will address this issue.

Materials and methods
Ethics statement

All animal work in this project was reviewed and approved by the Institutional Animal Care
and Use Committee (IACUC) of Rutgers New Jersey Medical School, approval number
TR201900067, following guidelines of the Animal Welfare Act, The Institute of Laboratory
Animal Resources Guide for the Care and Use of Laboratory Animals, and Public Health Ser-
vice Policy.

Construction of AID-HA tagged parasite lines

The targeting plasmid for modifying CDPK4 with the aid-HA degron was constructed by
amplifying a C-terminal fragment of CDPK4 using PCR primers AATTGGAGCTCCA
CCGCGGCAAGTATTAAGTGGTATTACATATATG and TCATTCTAGTCTCGAGATA
GTTACATAGTTTTATTAACATGTCTC. The PCR product was cloned into the previously
described AID-tagging plasmid expressing mCherry (pG364) [27], using SacIl and Xhol. The
targeting plasmid for modifying CDPKS5 with the aid-HA degron was constructed by cloning a
fragment amplified using PCR primers AATTGGAGCT-CCACCGCGGCATAGAGATT-
TAAAGCCAGAA and TCATTCTAGTCTCGAGAGATTGT-CTTCCAGACATGC, into a pre-
viously described AID-tagging plasmid expressing GFP (pG362) [27]. The CDPK4-aid-HA
targeting plasmid was linearized using BspEI and the CDPK5-aid-HA targeting plasmid was
linearized using Bcll. Linearized plasmids were transfected into the previously described
OsTIR1-expressing parent line [27], using standard procedures [43]. Transfected parasites
were selected by pyrimethamine treatment and clonal lines were established through limited
dilution. Modification of CDPK4 was confirmed using PCR primer pairs P1 (TGAAGTAGAT
GCAGCTAG) + P2 (GTTAAATGTGGGGTAAAAAA) and P3 (GTATTTACCCTGTCATAC
AT) + P4 (GATTAAGTTGGGTAACGC). Modification of CDPK5 was confirmed using PCR
primer pairs P2 + P5 (CAAATGGATCATCCAAATATT) and (P3) + P6 (AAGGAATAGA
AGGTAGAAATTG).

Mosquito infections

Anopheles stephensi mosquitoes infected with PbLuc [44] were obtained from the insectary at

the New York University School of Medicine. Uninfected A. stephensi were obtained from the
New York University School of Medicine and the Johns Hopkins University School of Public

Health. They were fed on infected Swiss-Webster mice. Mosquitoes were maintained on 20%

sucrose at 25°C at a relative humidity of 75-80%. Sporozoites were obtained by crushing
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salivary glands dissected on days 18-25 post-feeding. Sporozoites were counted in a
hemocytometer.

Immunofluorescence assays for protein detection in sporozoites, liver
stages and merosomes

Primary antibodies used were: anti-HA (Biolegend, 1:200-1:400), anti-PKG (1:1000 [19]),
anti-PfCDPK1 (# 2129, 1:1000, kind gift of Dr. Barbara Kappes [45]) anti-CS (3D11, 1 ug/mL),
anti-HSP70 (2E4, 1.0 pg/mL [46]), anti-Exp1 (1:1000, kind gift of Dr. Volker Heussler) and
anti-MSP1 (1:400, kind gift of Dr. Anthony Holder). Secondary antibodies (anti-mouse
Alexa488, anti- rabbit Alexa594 and anti-chicken Alexa 594, Molecular Probes) were used at a
dilution of 1:3000.

Sporozoites (0.5-1 x 10°) were purified as previously described [47], air-dried at room tem-
perature on poly L-lysine coated glass slides. They were fixed in 4% PFA for 20 min at RT, per-
meabilized with 0.5% TritonX-100 for 15min at RT before blocking with 3% BSA in PBS for
1h. Primary antibodies diluted in blocking solution were added at the appropriate dilutions
and incubated either for 1h at RT or overnight for 4°C. Secondary antibodies diluted in block-
ing solution were incubated for 1h at RT. Washes with PBS were performed after incubation
with each antibody.

Protein expression in liver stages was examined by infecting HepG2 cells, at 70% confluency,
with sporozoites (2x10*~4 x10%). At the appropriate time post-infection, cells were fixed in 4%
PFA for 20 min, permeabilized with cold methanol for 15min and blocked in 3% BSA/PBS for 1
h. For MSP1 staining, cells were permeablized with 0.1% TritonX-100. Primary antibodies
diluted in blocking solution were added at the appropriate dilutions and incubated either for 1
h at RT or overnight for 4°C. Cells were washed 3 times with PBS. Secondary antibodies diluted
in blocking solution were added at the appropriate dilutions and incubated for 1 h at RT.

Protein expression in merosomes was examined by infecting HepG?2 cells, at 70% con-
fluency, with sporozoites (8x10*-10 x10*). Medium was replaced every 12h. Detached cell-
containing cell culture supernatant was collected at 65-67 h p.i. and treated with either IAA
(500 uM) or vehicle (1% ethanol). After 90 min at RT, cells were allowed to settle onto poly-
L-Lysine coated slides, fixed in 4% PFA for 20 min and permeabilized with cold methanol for
15 min before treatment with 3% BSA/PBS for 1 h for blocking. Antibodies were added as
described above.

Images were captured using a Nikon A1R laser scanning confocal microscope using 60X/
NAI.4 oil objective. Image deconvolution was performed using the Nikon NIS Elements
Advanced Research software. For measuring the diameter of liver stages, images were taken at
random using a 100x objective on an Olympus BX61 microscope. The area of a region-of-
interest was measured using Olympus CellSens software.

Western blot analysis for protein detection

Sporozoites (0.5x10° CDPK1-aid-HA/treatment) and schizonts (2.5x10° CDPK5-aid-HA/
treatment) were lyzed in Laemlii buffer in the presence of protease inhibitor. Protein lysates
were separated on a 12% SDS-PAGE gel and transferred to a PVDF membrane using standard
wet transfer. The membrane was blocked in 3% BSA in PBS containing 0.1% Tween20. Anti-
HA (Biolegend, 1:1000) and anti-GFP (Rockland Laboratories, 1:1000) antibodies were incu-
bated overnight at 4°C. HRP-conjugated secondary antibodies (GE HealthSciences) were incu-
bated for 1 h at RT. The membrane was washed (3 x15 min) after primary and secondary
antibodies in PBS containing 0.1% Tween20. Membrane was developed using the SuperSignal
substrate (Thermofisher Scientific).
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Motility assays

Sporozoites dissected in DMEM (1x10%) were incubated at RT for 90 min with either IAA
(500 uM) or vehicle (1% ethanol), in a volume of 25 pL. After addition of equal volume of 6%
BSA, they were transferred to a 96-well plate with an optical bottom and centrifuged for 3 min
at 4°C. Sporozoites were filmed on a Nikon A1R laserscanning confocal microscope using a
20X/NAQ.75 objective at 37°C. Movies were recorded over 90 frames at 1 Hz. Image acquisi-
tion and analysis was performed using NIS Elements software from Nikon. Fluorescence
intensity projections were processed using NIS Elements and movement patterns were deter-
mined through visual inspection of individual sporozoites.

Cell traversal assays

Cell traversal assays were performed as previously described [48]. Briefly, sporozoites (4 x10%/
well), in plain DMEM medium, were treated with either IAA (500 uM) or vehicle (1% ethanol)
in a volume of 150 pL. After 90 min at RT, sporozoites were added to confluent HepG2 cells
plated in 8-chamber LabTek slides in the presence of fluorescein-conjugated dextran (1 mg/
mL). After incubation at 37°C for 1 h, cells were washed in PBS and fixed with 4% PFA.

Sporozoite invasion assays

Sporozoites (4 x10*/well), in plain DMEM medium, were treated with either TAA (500 uM) or
vehicle (1% ethanol) in a volume of 75 pL. After incubation for 90 min at RT, 75 pL of 2% BSA
in DMEM was added along with either TAA (500 uM) or vehicle (1% ethanol). Sporozoites
(150 pL/well) were added to confluent HepG2 cells plated in 8-chamber LabTek slides. Inva-
sion assays were performed as previously described [48]. Briefly, 90 min after sporozoite addi-
tion, cells were fixed with 4% PFA, blocked with 3% BSA in PBS and incubated with 3D11
(1pg/mL) for 1h at RT. After washes with PBS, cells were incubated with anti-mouse Alexa594
(1:3000) for 1h at RT. Cells were permeablized with cold methanol for 15 min, blocked and
incubated with 3D11. After washes, cells were incubated with anti-mouse Alexa488 (1:3000)
for 1h at RT. The number of sporozoites that became intracellular were determined by calcu-
lating the difference in numbers of sporozoites that stain with Alexa488 and Alexa594. The
percentage of sporozoites that invaded was calculated by determining the percentage of total
sporozoites that were intracellular.

Sporozoite infection assays

Sporozoites, pre-treated with IAA (500 uM), vehicle (1% ethanol), 1294 (2 uM) and zaprinast
(50 uM), were added to HepG2 cells, for a final volume of 200 pL. Sporozoite-containing
medium was replaced with complete DMEM at 2 h p.i. and 24 h p.i. Cells were fixed with 4%
PFA at 48 h p.i., permeablized with cold methanol for 15 min, blocked for 1 h with 3% BSA in
PBS before incubation with the anti-HSP70 and anti-mouse Alexa488 antibodies as described
above. The number of liver stages was determined through microscopic examination.

Liver stage development

Sporozoites (2-4 x10*/well), in DMEM supplemented with 10% FCS, were added to HepG2
cells plated in 8-chamber LabTek slides. To determine its effect on liver stage development,
IAA or vehicle was added to infected HepG2 cells 3 h p.i.. Medium was replaced at 14 h p.i.
and cells fixed for immunofluorescence analysis using anti-HSP70 as described above.
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Merosome formation

Sporozoites (8-10 x10*/well) were added to sub-confluent HepG2 cells plated on glass cover-
slips in 24-well plates. Medium was replaced every 12 h. To determine its effect on the develop-
ment and release of merosomes, IAA was added to infected HepG2 cells 48 h p.i.. The number
of merosomes present in the medium was quantified in a hemocytometer at 65-67 h p.i..

In vivo infections

Merosomes were treated with IAA (500 uM) or vehicle (1% ethanol) for 90 min at RT in
DMEM. Following treatment, they were injected intravenously into Swiss-Webster female
mice (4-5 mice/group, 6-8 weeks) either immediately (200 intact merosomes/mouse) or after
passaging 10 times through a 23G needle (5000 ruptured merosomes/mouse) as previously
described [49]. Blood was collected from mice 24 h p.i. and analyzed by flow cytometry for the
number of GFP-positive events as previously described [50]. A total of 1x10° events was
counted per sample. Parasitemia was confirmed through daily microscopic examination of
Giemsa-stained blood smears.

Statistical analysis

Data were examined using GraphPad Prism v7.
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S1 Movie. Video of vehicle-treated Ostirl sporozoites.
(MP4)

$2 Movie. Video of IAA-treated Ostirl sporozoites.
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$3 Movie. Video of vehicle-treated CFP-expressing CDPK1-aid-HA sporozoites.
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S$4 Movie. Video of IAA-treated CFP-expressing CDPK1-aid-HA sporozoites.
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S5 Movie. Video of vehicle-treated mCherry-expressing CDPK4-aid-HA sporozoites.
(MP4)

S$6 Movie. Video of IAA-treated mCherry-expressing CDPK4-aid-HA sporozoites.
(MP4)

S7 Movie. Video of vehicle-treated GFP-expressing CDPK5-aid-HA sporozoites.
(MP4)

S8 Movie. Video of IAA-treated GFP-expressing CDPK5-aid-HA sporozoites.
(MP4)

S1 Fig. Characterization of CDPK4-aid-HA and CDPK5-aid-HA parasites. A) Schematic
for modifying CDPK4 and CDPKS5 with aid-HA,, through single recombination. The blue
box represents the expression cassette for hDHFR and fluorescent marker and the dashed line
represents the site of plasmid linearization. Integration of targeting constructs was detected by
interrogating the locus by PCR. Primer pairs P1+P2 and P3+P4 were used to detect 5’ and 3’
integration events in CDPK4-aid-HA parasites, respectively. Primer pairs P5+P2 and P3+P6
were used to detect 5" and 3’ integration events in CDPK5-aid-HA parasites, respectively. B)
Southern hybridization strategy for detecting CDPK4-aid-HA and CDPK5-aid-HA
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modification. Restriction-digested parasite genomic DNA from CDPK4-aid-HA (Sphl

+ Xhol) or CDPK5-aid-HA (Xbal) was probed with DIG-labeled probes (indicated by grey
boxes). Digested WT genomic DNA was used as control. C) Sporozoite numbers in salivary
glands of mosquitoes infected with CDPK1-aid-HA, CDPK4-aid-HA, CDPK5-aid-HA and
isogenic Ostirl parasites used as control. The experiment was repeated 3-5 times.

(TIF)

S2 Fig. CDPKS5 localization in pre-erythrocytic stages of CDPK5-aid-HA parasites.
CDPKS5 was detected using an anti-HA antibody. Anti-PbPKG was used as control. A)
CDPKS localization in mature liver stages at 65 h p.i. B) Representative deconvolved images
and optical sections of immunostained CDPK5-aid-HA merosomes. The top panel illustrates a
volumetric view of a merosome. Middle and bottom panels illustrate longitudinal optical sec-
tions of the merosome.

(TIF)

S3 Fig. A) Representative images of CDPKS5 expression in CDPK5-aid-HA sporozoites after
IAA treatment. IAA depletes CDPK5 protein in sporozoites. B) Cell traversal by sporozoites is
not significantly affected by depletion of CDPK1 or CDPKS5. The number of cells containing
dextran-FITC (+ SEM) formed in each condition was normalized to vehicle-treated controls.
The experiment was performed 3-4 times with 4 technical replicates. Results shown are aver-
age of 3-4 experiments with 3 technical replicates (+ SEM), normalized to vehicle-treated sam-
ples.

(TIF)

$4 Fig. IAA-dependent depletion of CDPKs on pre-erythrocytic stages. A-D) Effect of IAA
treatment on gliding (A), invasion (B), liver-stage formation (C) and merosome formation (D)
by Ostirl control parasites. Results shown are the mean of 2-4 experiments with 3 technical
replicates (+ SD). E-G) Effect of IAA-treatment on gliding by CDPK1-aid-HA (E), CDPK4-
aid-HA (F) and CDPK5-aid-HA (G) sporozoites. Results shown are the mean of 3-4 experi-
ments (+ SD). H) Effect of TAA-treatment on invasion by CDPK1-aid-HA, CDPK4-aid-HA
and CDPK5-aid-HA sporozoites. Results shown are the mean of 3-4 experiments, each with
3-4 technical replicates (+ SD). I) Effect of simultaneous depletion of CDPK1-aid-HA protein
and inhibition of CDPK4 activity or enhancement of PKG activity. Results shown are the
mean of 3 experiments, each with 3 technical replicates (+ SD). J) Effect of simultaneous deple-
tion of CDPK5-aid-HA protein and inhibition of CDPK4 activity or enhancement of PKG
activity. Results shown are the mean of 3 experiments, each with 3 technical replicates (+ SD).
K) Effect of IAA-treatment on merosome formation by CDPK1-aid-HA and CDPK5-aid-HA
liver stages. Results shown are the mean of 2 experiments with CDPK1-aid-HA and 3 experi-
ments with CDPK5-aid-HA, each with 3 technical replicates (+ SD). Data were analyzed using
an unpaired t-test or one-way ANOVA, Dunnett’s multiple comparisons test, non-significant
(n.s.) P> 0.05, * Pvalue < 0.05, ** P value < 0.005, *** P value < 0.0005.

(TIF)

S§5 Fig. Detection of CDPK1 protein in CDPK1 cKO sporozoites. CDPK1 cKO sporozoites
were generated through FlpL-mediated deletion of the CDPK1 ORF in FlpL-expressing para-
sites (FIpL/TRAP). PbCDPK1 was detected using an anti-PfCDPKI1 antibody. Anti-CS was
used as control. Images shown are representative of CDPKI1 expression in these sporozoites.
(TIF)

S6 Fig. Effect of CDPK4 inhibition and CDPKS5 depletion on parasite exit from hepato-
cytes. A) Specificity of 1294 in sporozoites was interrogated by testing its effects on HepG2
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infection by ‘gatekeeper’ mutants of PKG (T14Q) and CDPK4 (S;4,M). Liver stages were quan-
tified at 48 h p.i. The number of liver stages formed under each condition was normalized to
vehicle-treated controls. Results shown for CDPK4 S,,M are average (+ SEM) of 3 experi-
ments, each with 3-4 technical replicates. Results shown for PbPKG Tg;9Q are average (+ SD)
of one experiment with 4 technical replicates. B) Dose-dependent inhibition of merosome for-
mation by 1294. Merosomes and detached cells were quantified at 65-68 h p.i. with PbLuc spo-
rozoites. Compound was added to infected HepG2 cultures at 48 h p.i. and refreshed every 12 h.
The number of merosomes/detached cells (+ SEM) formed in each condition was normalized
to vehicle-treated controls. The experiment was performed twice with technical triplicates. C)
Growth rate of CDPK5-aid-HA parasites in erythrocytes. Parasitemias (+ SD) of mice infected
with vehicle- or IAA-treated CDPK5-aid-HA merosomes were determined daily. Data are from
a representative experiment (5 mice/group). Data were analyzed using an unpaired #-test, non-
significant (n.s.) P > 0.05, * P value < 0.05, ** P value < 0.005, *** P value < 0.0005.

(TIF)

S7 Fig. Model of CDPK functions in pre-erythrocytic stages. CDPK family members play a
critical role during several steps of hepatocyte infection. Sporozoite motility and consequently
infection of hepatocytes requires CDPK1, 4 and 5. In addition, CDPK4 and 5 function in the
formation or release of merosomes from the infected hepatocyte. The release of hepatic mero-
zoites from merosomes requires CDPK5.

(TIF)

Acknowledgments

We thank Dr. Dabbu Kumar Jaijyan, Janet Adeola and Luke Fritzky for helpful discussion and
technical assistance, Dr. Wesley Van Voorhis and Kayode Ojo (University of Washington) for
compound 1294 and Dr. Mathieu Brochet (University of Geneva) for CDPK4 S;,,M parasites.

Author Contributions

Conceptualization: Purnima Bhanot.

Data curation: Kavitha Govindasamy, Purnima Bhanot.
Formal analysis: Kavitha Govindasamy, Purnima Bhanot.
Funding acquisition: Purnima Bhanot.

Investigation: Purnima Bhanot.

Methodology: Kavitha Govindasamy, Purnima Bhanot.
Project administration: Purnima Bhanot.

Resources: Purnima Bhanot.

Supervision: Purnima Bhanot.

Validation: Kavitha Govindasamy, Purnima Bhanot.
Visualization: Kavitha Govindasamy, Purnima Bhanot.
Writing - original draft: Purnima Bhanot.

Writing - review & editing: Kavitha Govindasamy, Purnima Bhanot.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008131  August 31, 2020 18/22


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008131.s015
https://doi.org/10.1371/journal.ppat.1008131

PLOS PATHOGENS

Multiple CDPKs are required for completion of Plasmodium’s pre-erythrocytic cycle

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Valmonte GR, Arthur K, Higgins CM, MacDiarmid RM. Calcium-dependent protein kinases in plants:
evolution, expression and function. Plant Cell Physiol. 2014; 55(3):551-69. Epub 2013/12/24. https://
doi.org/10.1093/pcp/pct200 PMID: 24363288.

Nagamune K, Moreno SN, Chini EN, Sibley LD. Calcium regulation and signaling in apicomplexan para-
sites. Subcell Biochem. 2008; 47:70-81. Epub 2008/06/03. https://doi.org/10.1007/978-0-387-78267-
6_5PMID: 18512342.

Dvorin JD, Martyn DC, Patel SD, Grimley JS, Collins CR, Hopp CS, et al. A plant-like kinase in Plasmo-
dium falciparum regulates parasite egress from erythrocytes. Science. 2010; 328(5980):910-2. https:/
doi.org/10.1126/science.1188191 PMID: 20466936; PubMed Central PMCID: PMC3109083.

Absalon S, Blomqvist K, Rudlaff RM, DeLano TJ, Pollastri MP, Dvorin JD. Calcium-Dependent Protein
Kinase 5 Is Required for Release of Egress-Specific Organelles in Plasmodium falciparum. MBio. 2018;
9(1):e00130-18. https://doi.org/10.1128/mBio.00130-18 PMID: 29487234

Kumar S, Kumar M, Ekka R, Dvorin JD, Paul AS, Madugundu AK, et al. PICDPK1 mediated signaling in
erythrocytic stages of Plasmodium falciparum. Nature communications. 2017; 8(1):63. Epub 2017/07/
07. https://doi.org/10.1038/s41467-017-00053-1 PMID: 28680058; PubMed Central PMCID:
PMC5498596.

Fang H, Gomes AR, Klages N, Pino P, Maco B, Walker EM, et al. Epistasis studies reveal redundancy
among calcium-dependent protein kinases in motility and invasion of malaria parasites. Nature commu-
nications. 2018; 9(1):4248. Epub 2018/10/14. https://doi.org/10.1038/s41467-018-06733-w PMID:
30315162; PubMed Central PMCID: PMC6185908.

Bansal A, Ojo KK, Mu J, Maly DJ, Van Voorhis WC, Miller LH. Reduced Activity of Mutant Calcium-
Dependent Protein Kinase 1 Is Compensated in Plasmodium falciparum through the Action of Protein
Kinase G. MBio. 2016; 7(6). Epub 2016/12/08. https://doi.org/10.1128/mBio.02011-16 PMID:
27923926; PubMed Central PMCID: PMC5142624.

Jebiwott S, Govindaswamy K, Mbugua A, Bhanot P. Plasmodium berghei calcium dependent protein
kinase 1 is not required for host cell invasion. PloS one. 2013; 8(11):79171. https://doi.org/10.1371/
journal.pone.0079171 PMID: 24265753; PubMed Central PMCID: PMC3827138.

Ansell KH, Jones HM, Whalley D, Hearn A, Taylor DL, Patin EC, et al. Biochemical and antiparasitic
properties of inhibitors of the Plasmodium falciparum calcium-dependent protein kinase PFCDPK1. Anti-
microbial agents and chemotherapy. 2014; 58(10):6032—43. Epub 2014/07/30. https://doi.org/10.1128/
AAC.02959-14 PMID: 25070106; PubMed Central PMCID: PMC4187893.

Ishino T, Orito Y, Chinzei Y, Yuda M. A calcium-dependent protein kinase regulates Plasmodium ooki-
nete access to the midgut epithelial cell. Molecular microbiology. 2006; 59(4):1175-84. Epub 2006/01/
25, https://doi.org/10.1111/j.1365-2958.2005.05014.x PMID: 16430692.

Siden-Kiamos |, Ecker A, Nyback S, Louis C, Sinden RE, Billker O. Plasmodium berghei calcium-
dependent protein kinase 3 is required for ookinete gliding motility and mosquito midgut invasion.
Molecular microbiology. 2006; 60(6):1355-63. https://doi.org/10.1111/j.1365-2958.2006.05189.x
PMID: 16796674; PubMed Central PMCID: PMC1513514.

Coppi A, Tewari R, Bishop JR, Bennett BL, Lawrence R, Esko JD, et al. Heparan sulfate proteoglycans
provide a signal to Plasmodium sporozoites to stop migrating and productively invade host cells. Cell
host & microbe. 2007; 2(5):316—-27. https://doi.org/10.1016/j.chom.2007.10.002 PMID: 18005753;
PubMed Central PMCID: PMC2117360.

Bansal A, Molina-Cruz A, Brzostowski J, Mu J, Miller LH. Plasmodium falciparum Calcium-Dependent
Protein Kinase 2 Is Critical for Male Gametocyte Exflagellation but Not Essential for Asexual Prolifera-
tion. MBio. 2017; 8(5). Epub 2017/10/19. https://doi.org/10.1128/mBio.01656-17 PMID: 29042501;
PubMed Central PMCID: PMC5646254.

Bansal A, Molina-Cruz A, Brzostowski J, Liu P, Luo Y, Gunalan K| et al. PFCDPK1 is critical for malaria
parasite gametogenesis and mosquito infection. Proceedings of the National Academy of Sciences of
the United States of America. 2018; 115(4):774-9. Epub 2018/01/10. https://doi.org/10.1073/pnas.
1715443115 PMID: 29311293; PubMed Central PMCID: PMC5789930.

Lourido S, Tang K, Sibley LD. Distinct signalling pathways control Toxoplasma egress and host-cell
invasion. The EMBO journal. 2012; 31(24):4524—-34. https://doi.org/10.1038/emboj.2012.299 PMID:
23149386; PubMed Central PMCID: PMC3545288.

Billker O, Dechamps S, Tewari R, Wenig G, Franke-Fayard B, Brinkmann V. Calcium and a calcium-
dependent protein kinase regulate gamete formation and mosquito transmission in a malaria parasite.
Cell. 2004; 117(4):503—14. https://doi.org/10.1016/s0092-8674(04)00449-0 PMID: 15137943.

Invergo BM, Brochet M, Yu L, Choudhary J, Beltrao P, Billker O. Sub-minute Phosphoregulation of Cell
Cycle Systems during Plasmodium Gamete Formation. Cell Rep. 2017; 21(7):2017-29. Epub 2017/11/

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008131  August 31, 2020 19/22


https://doi.org/10.1093/pcp/pct200
https://doi.org/10.1093/pcp/pct200
http://www.ncbi.nlm.nih.gov/pubmed/24363288
https://doi.org/10.1007/978-0-387-78267-6%5F5
https://doi.org/10.1007/978-0-387-78267-6%5F5
http://www.ncbi.nlm.nih.gov/pubmed/18512342
https://doi.org/10.1126/science.1188191
https://doi.org/10.1126/science.1188191
http://www.ncbi.nlm.nih.gov/pubmed/20466936
https://doi.org/10.1128/mBio.00130-18
http://www.ncbi.nlm.nih.gov/pubmed/29487234
https://doi.org/10.1038/s41467-017-00053-1
http://www.ncbi.nlm.nih.gov/pubmed/28680058
https://doi.org/10.1038/s41467-018-06733-w
http://www.ncbi.nlm.nih.gov/pubmed/30315162
https://doi.org/10.1128/mBio.02011-16
http://www.ncbi.nlm.nih.gov/pubmed/27923926
https://doi.org/10.1371/journal.pone.0079171
https://doi.org/10.1371/journal.pone.0079171
http://www.ncbi.nlm.nih.gov/pubmed/24265753
https://doi.org/10.1128/AAC.02959-14
https://doi.org/10.1128/AAC.02959-14
http://www.ncbi.nlm.nih.gov/pubmed/25070106
https://doi.org/10.1111/j.1365-2958.2005.05014.x
http://www.ncbi.nlm.nih.gov/pubmed/16430692
https://doi.org/10.1111/j.1365-2958.2006.05189.x
http://www.ncbi.nlm.nih.gov/pubmed/16796674
https://doi.org/10.1016/j.chom.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18005753
https://doi.org/10.1128/mBio.01656-17
http://www.ncbi.nlm.nih.gov/pubmed/29042501
https://doi.org/10.1073/pnas.1715443115
https://doi.org/10.1073/pnas.1715443115
http://www.ncbi.nlm.nih.gov/pubmed/29311293
https://doi.org/10.1038/emboj.2012.299
http://www.ncbi.nlm.nih.gov/pubmed/23149386
https://doi.org/10.1016/s0092-8674%2804%2900449-0
http://www.ncbi.nlm.nih.gov/pubmed/15137943
https://doi.org/10.1371/journal.ppat.1008131

PLOS PATHOGENS

Multiple CDPKs are required for completion of Plasmodium’s pre-erythrocytic cycle

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

16. https://doi.org/10.1016/j.celrep.2017.10.071 PMID: 29141230; PubMed Central PMCID:
PMC5700370.

Fang H, Klages N, Baechler B, Hillner E, Yu L, Pardo M, et al. Multiple short windows of calcium-depen-
dent protein kinase 4 activity coordinate distinct cell cycle events during Plasmodium gametogenesis.
Elife. 2017;6. Epub 2017/05/10. https://doi.org/10.7554/eLife.26524 PMID: 28481199; PubMed Central
PMCID: PMC5457135.

Govindasamy K, Jebiwott S, Jaijyan DK, Davidow A, Ojo KK, Van Voorhis WC, et al. Invasion of hepato-
cytes by Plasmodium sporozoites requires cGMP-dependent protein kinase and calcium dependent
protein kinase 4. Molecular microbiology. 2016; 102(2):349—-63. Epub 2016/07/19. https://doi.org/10.
1111/mmi.13466 PMID: 27425827.

Lacroix C, Giovannini D, Combe A, Bargieri DY, Spath S, Panchal D, et al. FLP/FRT-mediated condi-
tional mutagenesis in pre-erythrocytic stages of Plasmodium berghei. Nature protocols. 2011; 6
(9):1412-28. https://doi.org/10.1038/nprot.2011.363 PMID: 21886105.

Falae A, Combe A, Amaladoss A, Carvalho T, Menard R, Bhanot P. Role of Plasmodium berghei
cGMP-dependent protein kinase in late liver stage development. The Journal of biological chemistry.
2010; 285(5):3282—-8. Epub 2009/11/27. https://doi.org/10.1074/jbc.M109.070367 PMID: 19940133;
PubMed Central PMCID: PMC2823412.

Ganesan SM, Falla A, Goldfless SJ, Nasamu AS, Niles JC. Synthetic RNA-protein modules integrated
with native translation mechanisms to control gene expression in malaria parasites. Nature communica-
tions. 2016; 7:10727. Epub 2016/03/02. https://doi.org/10.1038/ncomms 10727 PMID: 26925876;
PubMed Central PMCID: PMC4773503.

Armstrong CM, Goldberg DE. An FKBP destabilization domain modulates protein levels in Plasmodium
falciparum. Nature methods. 2007; 4(12):1007-9. Epub 2007/11/13. https://doi.org/10.1038/
nmeth1132 PMID: 17994030.

Muralidharan V, Oksman A, Iwamoto M, Wandless TJ, Goldberg DE. Asparagine repeat function in a
Plasmodium falciparum protein assessed via a regulatable fluorescent affinity tag. Proceedings of the
National Academy of Sciences of the United States of America. 2011; 108(11):4411-6. Epub 2011/03/
04. https://doi.org/10.1073/pnas.1018449108 PMID: 21368162; PubMed Central PMCID:
PMC3060247.

Holland AJ, Fachinetti D, Han JS, Cleveland DW. Inducible, reversible system for the rapid and com-
plete degradation of proteins in mammalian cells. Proceedings of the National Academy of Sciences of
the United States of America. 2012; 109(49):E3350-7. Epub 2012/11/15. https://doi.org/10.1073/pnas.
1216880109 PMID: 23150568; PubMed Central PMCID: PMC3523849.

Nishimura K, Fukagawa T, Takisawa H, Kakimoto T, Kanemaki M. An auxin-based degron system for
the rapid depletion of proteins in nonplant cells. Nature methods. 2009; 6(12):917-22. Epub 2009/11/
17. https://doi.org/10.1038/nmeth.1401 PMID: 19915560.

Philip N, Waters AP. Conditional Degradation of Plasmodium Calcineurin Reveals Functions in Parasite
Colonization of both Host and Vector. Cell host & microbe. 2015; 18(1):122-31. https://doi.org/10.1016/
j.chom.2015.05.018 PMID: 26118994; PubMed Central PMCID: PMC4509507.

Shears MJ, Sekhar Nirujogi R, Swearingen KE, Renuse S, Mishra S, Jaipal Reddy P, et al. Proteomic
Analysis of Plasmodium Merosomes: The Link between Liver and Blood Stages in Malaria. J Proteome
Res. 2019; 18(9):3404—-18. Epub 2019/07/25. https://doi.org/10.1021/acs.jproteome.9b00324 PMID:
31335145.

Hegge S, Kudryashev M, Smith A, Frischknecht F. Automated classification of Plasmodium sporozoite
movement patterns reveals a shift towards productive motility during salivary gland infection. Biotech-
nology journal. 2009; 4(6):903—13. https://doi.org/10.1002/biot.200900007 PMID: 19455538.

Carey AF, Singer M, Bargieri D, Thiberge S, Frischknecht F, Menard R, et al. Calcium dynamics of Plas-
modium berghei sporozoite motility. Cellular microbiology. 2014; 16(5):768—-83. https://doi.org/10.1111/
cmi.12289 PMID: 24617597.

Munter S, Sabass B, Selhuber-Unkel C, Kudryashev M, Hegge S, Engel U, et al. Plasmodium sporozo-
ite motility is modulated by the turnover of discrete adhesion sites. Cell host & microbe. 2009; 6(6):551—
62. Epub 2009/12/17. https://doi.org/10.1016/j.chom.2009.11.007 PMID: 20006843.

Vidadala RS, Ojo KK, Johnson SM, Zhang Z, Leonard SE, Mitra A, et al. Development of potent and
selective Plasmodium falciparum calcium-dependent protein kinase 4 (PfCDPK4) inhibitors that block
the transmission of malaria to mosquitoes. European journal of medicinal chemistry. 2014; 74:562—-73.
https://doi.org/10.1016/j.ejmech.2013.12.048 PMID: 24531197; PubMed Central PMCID:
PMC4024383.

Sturm A, Graewe S, Franke-Fayard B, Retzlaff S, Bolte S, Roppenser B, et al. Alteration of the parasite
plasma membrane and the parasitophorous vacuole membrane during exo-erythrocytic development of

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008131  August 31, 2020 20/22


https://doi.org/10.1016/j.celrep.2017.10.071
http://www.ncbi.nlm.nih.gov/pubmed/29141230
https://doi.org/10.7554/eLife.26524
http://www.ncbi.nlm.nih.gov/pubmed/28481199
https://doi.org/10.1111/mmi.13466
https://doi.org/10.1111/mmi.13466
http://www.ncbi.nlm.nih.gov/pubmed/27425827
https://doi.org/10.1038/nprot.2011.363
http://www.ncbi.nlm.nih.gov/pubmed/21886105
https://doi.org/10.1074/jbc.M109.070367
http://www.ncbi.nlm.nih.gov/pubmed/19940133
https://doi.org/10.1038/ncomms10727
http://www.ncbi.nlm.nih.gov/pubmed/26925876
https://doi.org/10.1038/nmeth1132
https://doi.org/10.1038/nmeth1132
http://www.ncbi.nlm.nih.gov/pubmed/17994030
https://doi.org/10.1073/pnas.1018449108
http://www.ncbi.nlm.nih.gov/pubmed/21368162
https://doi.org/10.1073/pnas.1216880109
https://doi.org/10.1073/pnas.1216880109
http://www.ncbi.nlm.nih.gov/pubmed/23150568
https://doi.org/10.1038/nmeth.1401
http://www.ncbi.nlm.nih.gov/pubmed/19915560
https://doi.org/10.1016/j.chom.2015.05.018
https://doi.org/10.1016/j.chom.2015.05.018
http://www.ncbi.nlm.nih.gov/pubmed/26118994
https://doi.org/10.1021/acs.jproteome.9b00324
http://www.ncbi.nlm.nih.gov/pubmed/31335145
https://doi.org/10.1002/biot.200900007
http://www.ncbi.nlm.nih.gov/pubmed/19455538
https://doi.org/10.1111/cmi.12289
https://doi.org/10.1111/cmi.12289
http://www.ncbi.nlm.nih.gov/pubmed/24617597
https://doi.org/10.1016/j.chom.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/20006843
https://doi.org/10.1016/j.ejmech.2013.12.048
http://www.ncbi.nlm.nih.gov/pubmed/24531197
https://doi.org/10.1371/journal.ppat.1008131

PLOS PATHOGENS

Multiple CDPKs are required for completion of Plasmodium’s pre-erythrocytic cycle

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

malaria parasites. Protist. 2009; 160(1):51-63. https://doi.org/10.1016/j.protis.2008.08.002 PMID:
19026596.

Baer K, Klotz C, Kappe SH, Schnieder T, Frevert U. Release of hepatic Plasmodium yoelii merozoites
into the pulmonary microvasculature. PLoS pathogens. 2007; 3(11):e171. Epub 2007/11/14. https://doi.
org/10.1371/journal.ppat.0030171 PMID: 17997605; PubMed Central PMCID: PMC2065874.

Suarez C, Volkmann K, Gomes AR, Billker O, Blackman MJ. The malarial serine protease SUB1 plays
an essential role in parasite liver stage development. PLoS pathogens. 2013; 9(12):e1003811. hitps://
doi.org/10.1371/journal.ppat.1003811 PMID: 24348254; PubMed Central PMCID: PMC3861531.

Burda PC, Roelli MA, Schaffner M, Khan SM, Janse CJ, Heussler VT. A Plasmodium phospholipase is
involved in disruption of the liver stage parasitophorous vacuole membrane. PLoS pathogens. 2015; 11
(3):21004760. Epub 2015/03/19. https://doi.org/10.1371/journal.ppat. 1004760 PMID: 25786000;
PubMed Central PMCID: PMC4364735.

Ishino T, Boisson B, Orito Y, Lacroix C, Bischoff E, Loussert C, et al. LISP1 is important for the egress
of Plasmodium berghei parasites from liver cells. Cellular microbiology. 2009; 11(9):1329-39. Epub
2009/05/15. https://doi.org/10.1111/j.1462-5822.2009.01333.x PMID: 19438514; PubMed Central
PMCID: PMC2774474.

Knight ZA, Shokat KM. Chemical genetics: where genetics and pharmacology meet. Cell. 2007; 128
(3):425-30. Epub 2007/02/10. https://doi.org/10.1016/j.cell.2007.01.021 PMID: 17289560.

Moreau CA, Bhargav SP, Kumar H, Quadt KA, Piirainen H, Strauss L, et al. A unique profilin-actin inter-
face is important for malaria parasite motility. PLoS pathogens. 2017; 13(5):e1006412. Epub 2017/05/
30. https://doi.org/10.1371/journal.ppat.1006412 PMID: 28552953; PubMed Central PMCID:
PMC5464670.

Sultan AA, Thathy V, Frevert U, Robson KJ, Crisanti A, Nussenzweig V, et al. TRAP is necessary for
gliding motility and infectivity of plasmodium sporozoites. Cell. 1997; 90(3):511-22. Epub 1997/08/08.
https://doi.org/10.1016/s0092-8674(00)80511-5 PMID: 9267031.

Douglas RG, Nandekar P, Aktories JE, Kumar H, Weber R, Sattler JM, et al. Inter-subunit interactions
drive divergent dynamics in mammalian and Plasmodium actin filaments. PLoS biology. 2018; 16(7):
€2005345. Epub 2018/07/17. https://doi.org/10.1371/journal.pbio.2005345 PMID: 30011270; PubMed
Central PMCID: PMC6055528.

Risco-Castillo V, Topcu S, Marinach C, Manzoni G, Bigorgne AE, Briquet S, et al. Malaria Sporozoites
Traverse Host Cells within Transient Vacuoles. Cell host & microbe. 2015; 18(5):593-603. Epub 2015/
11/27. https://doi.org/10.1016/j.chom.2015.10.006 PMID: 26607162.

Janse CJ, Ramesar J, Waters AP. High-efficiency transfection and drug selection of genetically trans-
formed blood stages of the rodent malaria parasite Plasmodium berghei. Nature protocols. 2006; 1
(1):346-56. Epub 2007/04/05. https://doi.org/10.1038/nprot.2006.53 PMID: 17406255.

Franke-Fayard B, Janse CJ, Cunha-Rodrigues M, Ramesar J, Buscher P, Que |, et al. Murine malaria
parasite sequestration: CD36 is the major receptor, but cerebral pathology is unlinked to sequestration.
Proceedings of the National Academy of Sciences of the United States of America. 2005; 102
(32):11468-73. https://doi.org/10.1073/pnas.0503386102 PMID: 16051702; PubMed Central PMCID:
PMC1183563.

Moskes C, Burghaus PA, Wernli B, Sauder U, Durrenberger M, Kappes B. Export of Plasmodium falcip-
arum calcium-dependent protein kinase 1 to the parasitophorous vacuole is dependent on three N-ter-
minal membrane anchor motifs. Molecular microbiology. 2004; 54(3):676-91. Epub 2004/10/20. https:/
doi.org/10.1111/j.1365-2958.2004.04313.x PMID: 15491359.

Tsuji M, Mattei D, Nussenzweig RS, Eichinger D, Zavala F. Demonstration of heat-shock protein 70 in
the sporozoite stage of malaria parasites. Parasitology research. 1994; 80(1):16—21. https://doi.org/10.
1007/BF00932618 PMID: 8153120.

Kennedy M, Fishbaugher ME, Vaughan AM, Patrapuvich R, Boonhok R, Yimamnuaychok N, et al. A
rapid and scalable density gradient purification method for Plasmodium sporozoites. Malaria journal.
2012; 11:421. https://doi.org/10.1186/1475-2875-11-421 PMID: 23244590; PubMed Central PMCID:
PMC3543293.

Sinnis P, De La Vega P, Coppi A, Krzych U, Mota MM. Quantification of sporozoite invasion, migration,
and development by microscopy and flow cytometry. Methods in molecular biology. 2013; 923:385—
400. https://doi.org/10.1007/978-1-62703-026-7_27 PMID: 22990793; PubMed Central PMCID:
PMC3951895.

Hopp CS, Bennett BL, Mishra S, Lehmann C, Hanson KK, Lin JW, et al. Deletion of the rodent malaria
ortholog for falcipain-1 highlights differences between hepatic and blood stage merozoites. PLoS patho-
gens. 2017; 13(9):e1006586. https://doi.org/10.1371/journal.ppat. 1006586 PMID: 28922424; PubMed
Central PMCID: PMC5602738.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008131  August 31, 2020 21/22


https://doi.org/10.1016/j.protis.2008.08.002
http://www.ncbi.nlm.nih.gov/pubmed/19026596
https://doi.org/10.1371/journal.ppat.0030171
https://doi.org/10.1371/journal.ppat.0030171
http://www.ncbi.nlm.nih.gov/pubmed/17997605
https://doi.org/10.1371/journal.ppat.1003811
https://doi.org/10.1371/journal.ppat.1003811
http://www.ncbi.nlm.nih.gov/pubmed/24348254
https://doi.org/10.1371/journal.ppat.1004760
http://www.ncbi.nlm.nih.gov/pubmed/25786000
https://doi.org/10.1111/j.1462-5822.2009.01333.x
http://www.ncbi.nlm.nih.gov/pubmed/19438514
https://doi.org/10.1016/j.cell.2007.01.021
http://www.ncbi.nlm.nih.gov/pubmed/17289560
https://doi.org/10.1371/journal.ppat.1006412
http://www.ncbi.nlm.nih.gov/pubmed/28552953
https://doi.org/10.1016/s0092-8674%2800%2980511-5
http://www.ncbi.nlm.nih.gov/pubmed/9267031
https://doi.org/10.1371/journal.pbio.2005345
http://www.ncbi.nlm.nih.gov/pubmed/30011270
https://doi.org/10.1016/j.chom.2015.10.006
http://www.ncbi.nlm.nih.gov/pubmed/26607162
https://doi.org/10.1038/nprot.2006.53
http://www.ncbi.nlm.nih.gov/pubmed/17406255
https://doi.org/10.1073/pnas.0503386102
http://www.ncbi.nlm.nih.gov/pubmed/16051702
https://doi.org/10.1111/j.1365-2958.2004.04313.x
https://doi.org/10.1111/j.1365-2958.2004.04313.x
http://www.ncbi.nlm.nih.gov/pubmed/15491359
https://doi.org/10.1007/BF00932618
https://doi.org/10.1007/BF00932618
http://www.ncbi.nlm.nih.gov/pubmed/8153120
https://doi.org/10.1186/1475-2875-11-421
http://www.ncbi.nlm.nih.gov/pubmed/23244590
https://doi.org/10.1007/978-1-62703-026-7%5F27
http://www.ncbi.nlm.nih.gov/pubmed/22990793
https://doi.org/10.1371/journal.ppat.1006586
http://www.ncbi.nlm.nih.gov/pubmed/28922424
https://doi.org/10.1371/journal.ppat.1008131

PLOS PATHOGENS Multiple CDPKs are required for completion of Plasmodium'’s pre-erythrocytic cycle

50. Kenthirapalan S, Waters AP, Matuschewski K, Kooij TW. Flow cytometry-assisted rapid isolation of
recombinant Plasmodium berghei parasites exemplified by functional analysis of aquaglyceroporin.
International journal for parasitology. 2012; 42(13-14):1185-92. Epub 2012/11/10. https://doi.org/10.
1016/j.ijpara.2012.10.006 PMID: 23137753; PubMed Central PMCID: PMC3521960.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008131  August 31, 2020 22/22


https://doi.org/10.1016/j.ijpara.2012.10.006
https://doi.org/10.1016/j.ijpara.2012.10.006
http://www.ncbi.nlm.nih.gov/pubmed/23137753
https://doi.org/10.1371/journal.ppat.1008131

