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SUMMARY

Plasmodium sporozoites infect the liver and develop
into exoerythrocytic merozoites that initiate blood-
stage disease. The hepatocyte molecular pathways
that permit or abrogate parasite replication and
merozoite formation have not been thoroughly
explored, and a deeper understanding may identify
therapeutic strategies tomitigatemalaria. Cellular in-
hibitor of apoptosis (cIAP) proteins regulate cell sur-
vival and are co-opted by intracellular pathogens to
support development. Here, we show that cIAP1
levels are upregulated duringPlasmodium liver infec-
tion and that genetic or pharmacological targeting of
cIAPs using clinical-stage antagonists preferentially
kills infected hepatocytes and promotes immunity.
Using gene-targeted mice, the mechanism was
defined as TNF-TNFR1-mediated apoptosis via
caspases 3 and 8 to clear parasites. This study
reveals the importance of cIAPs to Plasmodium
infection and demonstrates that host-directed
antimalarial drugs can eliminate liver parasites and
induce immunity while likely providing a high barrier
to resistance in the parasite.

INTRODUCTION

Plasmodium parasites are estimated to infect more than 200

million people each year and cause 619,000 malaria-related

deaths annually (Weiss et al., 2019). The greatest morbidity

and mortality from malaria occur in children under the age of

5 years. Malaria parasites are transmitted through the bite of in-

fected female Anopheles mosquitoes that inoculate sporozoites

into the skin. Sporozoites home to the liver, where they infect he-

patocytes. The hepatic stage of Plasmodium infection is critical

for the production and release of merozoites that infect erythro-

cytes and cause symptomatic malaria (Vaughan and Kappe,

2017). Dissection of the relationship between parasite and hu-

man host has been strongly focused on the erythrocytic stage

and has led to major epidemiological and mechanistic advance-
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ments, including the identification of numerous red cell disorders

that protect against malaria (Taylor and Fairhurst, 2014). Exam-

ination of the hepatic stage has also been an important research

focus. However, the hepatic factors that perpetuate or restrict

infection are still not fully defined.

The evolution of human genetic mutations that confer erythro-

cyte resistance to malaria parasite infection suggests that

manipulating host factors may represent a powerful approach

to manage or treat Plasmodium infections, including during the

liver stage (Douglass et al., 2015; Kain et al., 2020; Kaushansky

et al., 2013; Raphemot et al., 2019). Because transition through

the liver is a crucial bottleneck for establishing malaria, we

focused on dissecting molecular signaling events within para-

site-infected hepatocytes required to sustain liver-stage infec-

tion with a view of targeting them therapeutically.

Host cell survival and cell death signaling pathways have been

implicated in the control and pathogenesis of many infectious

diseases (Lamkanfi and Dixit, 2010; Yatim and Albert, 2011; Zit-

vogel et al., 2010), and Plasmodium liver-stage parasites are

known to subvert hepatocyte apoptosis signaling in order to sur-

vive (Albuquerque et al., 2009; Leiri~ao et al., 2005; van de Sand

et al., 2005). Apoptosis is a non-lytic form of cell death that helps

protect the host by destroying the replicative niche of intracel-

lular pathogens and the pathogen itself (Ebert et al., 2015a).

Therefore, to persist and replicate, intracellular pathogens

must passively or actively avoid host cell apoptosis. One form

of apoptosis is driven by autocrine and paracrine production of

death ligands, including tumor necrosis factor (TNF) (Ashkenazi

and Dixit, 1998; Micheau and Tschopp, 2003). TNF is produced

by pathogen-infected cells and immune, stromal, and epithelial

cells under various physiological and pathological conditions.

Generally, the apoptotic properties of TNF are constrained by in-

hibitor of apoptosis proteins (IAPs). IAPs are a family of proteins

including cellular IAP1 (cIAP1), cIAP2, and X-linked IAP (XIAP),

which function as ubiquitin E3 ligases via their RING domain.

cIAP1 and cIAP2 are known for their ability to inhibit caspase-

8-induced apoptosis and tightly regulate TNF-mediated cell sur-

vival signaling (Lalaoui and Vaux, 2018).

When TNF binds its cognate death receptor TNFR1, the cIAPs

are recruited to the signaling complex, and they cause activation

of NF-kB and MAPKs, production of inflammatory cytokines,

and cell survival (Bertrand et al., 2008; Mahoney et al., 2008;
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Varfolomeev et al., 2008). However, if cIAPs are antagonized,

TNF ligation to TNFR1 causes the activation of caspase-8 to

initiate the apoptotic program (Varfolomeev et al., 2007; Vince

et al., 2007). Previously, this molecular machinery has been har-

nessed to promote the clearance of hepatitis B virus infection in

the liver by genetically and pharmacologically targeting cIAP1

and cIAP2 (Ebert et al., 2015a, 2015b).

Here, we investigated whether cIAPs could be a nexus for

abrogating Plasmodium liver infection. Using conditionally

gene-targeted animals and pharmacological approaches, we

found that cIAPs were required to preserve liver-stage parasites

that give rise to blood-stage malaria infections in vivo. Infected

mice treated with clinical-stage IAP antagonists had augmented

immunity to liver-stage infection upon challenge with sporozo-

ites. Together, these data define an important role for cIAPs in

maintaining the survival and development of liver-stage para-

sites within hepatocytes and provide therapeutic insights that

may be exploited to promote immunity to liver-stage infection

in malaria-endemic areas.

RESULTS

cIAPs Sustain Plasmodium Liver Infection
Todeterminewhether the pro-survival cIAPs are essential for liver-

stage malaria parasite growth, we infected mice with P. berghei

sporozoites and assessed expression of IAPs (XIAP and cIAP1)

in mouse livers by immunoblotting. XIAP levels remained un-

changed (Figure 1A; Figure S1A), but we observed an approxi-

mately 50% increase in cIAP1 levels in livers of infected compared

with uninfected mice (Figure 1A; Figure S1B). Protein levels of

cIAP2 could not be assessed, because of the lack of reliable

mouse cIAP2-specific antibodies. This suggested that cIAPs

may be important for parasite survival and growth during the liver

stage. To investigate this hypothesis, we inoculated sporozoites

into mice that contained cIap1DHep/DHep cIap2�/� compound mu-

tations, which are deficient in cIAP2 and specifically lack cIAP1 in

hepatocytes, and measured the kinetics of parasite infection.

Mice deficient in cIAPs had comparable parasite burdens in the

liver soon after infection (6 h) compared with wild-type (WT) ani-

mals, indicating that the loss of cIAPs did not interfere with initia-

tion of infection. However, cIap1DHep/DHep cIap2�/� mice showed

a dramatic reduction in parasite liver load at 20 and 44 h post-

infection (Figure 1B). Consistent with this >95% reduction in liver

burden, a 1 to 2 day delay in the pre-patent period (the time for

liver-stage parasites to establish blood-stage infection) was

observed (Figure 1C). One cIap1DHep/DHep cIap2�/� mouse did

not develop blood-stage malaria during the observation period

(Figure 1C). Loss of cIAPswas also associatedwith improved sur-

vival of infected mice (Figure 1D). Therefore, cIAPs play an impor-

tant role in sustaining the development of P. berghei exoerythro-

cytic forms (EEFs) within the liver, consistent with the

upregulation of cIAP1 during liver-stage infection. During the

course of liver-stage infection, we did not detect anymajor pertur-

bations in detectable serum cytokine levels in experimental or

control infected animals (Figures S1C–S1G), although there was

a significant albeit small increase in serum TNF levels in mutant

mice comparedwith controls following infection (Figure 1E). There

was also an increase in TNF receptor 1 (TNFR) protein levels in the
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livers of cIap1DHep/DHep cIap2�/�mice comparedwithWT animals

at 20 and 44 h post-infection by immunoblotting (Figures S1H and

S1I). The abrogation of liver-stage infection in cIap1DHep/DHep

cIap2�/� mice was accompanied by an elevation in serum liver

transaminase (ALT) levels, peaking at 20 h post-infection, indica-

tive of hepatocyte death or dysfunction, although ALT levels were

comparatively low compared with that seen for systemic hepatitis

(comparewith Figure 6F, described below). This transaminitis was

not observed in control animals (Figure 1F).

Our data indicated that infection of cIAP1/2-deficient mice

with sporozoites was followed by an increase in TNF and

TNFR1 levels and increased parasite clearance from the liver

accompanied bymild transaminitis following infection compared

with WT mice.

A Clinical-Stage IAP Antagonist Promotes Killing of
Plasmodium-Infected Hepatocytes
We examined the therapeutic efficacy of targeting cIAPs using

clinical-stage drugs. Birinapant has bivalency for its targets

(cIAP1/2, XIAP) and causes a reduction in cIAP1 and cIAP2 levels

through autoubiquitination and proteasomal degradation (Bene-

tatos et al., 2014; Condon et al., 2014). We allometrically scaled

the approximate clinical maximum tolerated dose (MTD) of biri-

napant (47 mg/m2) (Amaravadi et al., 2015) to treat mice with a

single or two doses of drug following sporozoite infection. WT

mice were intravenously (i.v.) injected with 1 3 104 sporozoites,

and a single dose of birinapant was administered 18, 32, or 44 h

post-infection. Alternatively, micewere treated with two doses of

birinapant administered at 18 and 32 h post-infection or 18 and

44 h post-infection. All drug schedules reduced parasite liver

burden, as determined by qPCR (Figure 2A). A single dose of bir-

inapant administered 18 h post-infection was sufficient to delay

and attenuate the blood stage parasitemia in infected animals

compared with vehicle-treated controls (Figure 2B). This attenu-

ation was followed by improved survival of birinapant-treated

mice compared with controls (Figure 2C).

Our data using a large sporozoite inoculum suggested that IAP

antagonists could help protect from infection by promoting TNF-

induced death of infected hepatocytes. However, a physiolog-

ical inoculum of typically tens to hundreds of sporozoites per

mosquito bite (Frischknecht et al., 2004; Jin et al., 2007) might

not generate sufficient TNF to synergize with IAP antagonists.

To test a more physiological infectious challenge, mice were

i.v. injected with 1,000 sporozoites, and a single dose of birina-

pant was administered 18 h post-infection. Importantly, we

observed reductions in parasite liver load in animals treated

with birinapant following infection compared with vehicle-

treated controls (Figure 2D). To follow the development of liver

infection, we used a GFP-luciferase-producing strain of

P. berghei to image infected animals over time. We confirmed

that birinapant reduced parasite biomass in the liver of infected

mice and interfered with the establishment of patent infection

compared with vehicle-treated mice following challenge with

1,000 sporozoites (Figures 2E and 2F; Figure S2).

Our data support the idea that birinapant promotes death of

hepatocytes and the parasites within them, consequently

causing a delay in the development of blood-stage malaria.

However, an alternative hypothesis is that birinapant also affects
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Figure 1. Genetic Loss of cIAP1/2 Promotes Clearance of Plasmodium Liver Stages

(A) Western blot analysis of XIAP and cIAP1 expression relative to b-actin in liver cell lysates from naive or infected (44 h later) mice across three biological

replicates. See also Figures S1A and S1B for densitometry.

(B) Parasite liver load quantified using qPCR at the indicated time points following infection with 10,000 sporozoites (n = 9 or 10 per group).

(C) Time to first detection of patency following sporozoite infection. A single cIAP1/2-deficient animal did not develop blood-stagemalaria at the completion of the

experiment (14 days post-infection) (n = 6 per group).

(D) Kaplan-Meier plots showing time to ethical euthanasia in wild-type (WT) and gene-targeted animals. Mice were euthanized if there were any signs of cerebral

malaria or if parasitemia was >15%.

(E) Serum TNF levels in infected mice (n = 4–6 per group). See also Figures S1C–S1G.

(F) Serum ALT (alanine aminotransferase) levels in infected mice (n = 5–9 mice per group).

Mean and SEM are shown (B, E, and F); each symbol represents an individual mouse (B–F). Data were pooled from two experiments (B). Data analysis was

performed blinded to treatment groups.
asexual blood stages. To investigate this possibility, we trans-

ferred P. berghei-infected red blood cells (iRBCs) into naive

WT mice and treated the animals with birinapant or vehicle at

18 h post-inoculation. The kinetics of parasitemia were compa-

rable in birinapant- and vehicle-treated mice, indicating that
birinapant had no direct effect on parasitized red blood cells

and circulating merozoites (Figure 2G).

To confirm the hypothesis that birinapant promotes death of

hepatocytes, we investigated the presence of activated cas-

pase-3, a cell death protease, in the livers of infected mice.
Cell Reports 30, 4343–4354, March 31, 2020 4345



A

C

Pa
ra

si
te

m
ia

 (%
)

0.0

0.5

1.0

1.5

2.0

Vehicle
Birinapant

1 2 3 4 5

p=.049

Time post infection (days)

B

2 doses
1 dose

18 32 44 18
+
32

18
+
44

Vehicle

Pa
ra

si
te

 lo
ad

 (P
b1

8s
/m

HP
RT

)

p=.0057
p=.0021

p=.063
p=.001

p=.0039

p=.0496
p=.2198

p=.0017

0.0

0.5

1.0

1.5

2.0

Time p.i. (hrs)18 

Pa
ra

si
te

m
ia

 (%
)

0

1

2

3

4

5

6

1 2 3 4 5
Time post infection (days)

6

Vehicle
Birinapant

D

Su
rv

iv
al

 (%
)

0

25

50

75

100

6 8 10
Time post infection (days)

12 14

Vehicle
Birinapant

p=.0067

2 4

E

GF

Pa
ra

si
te

 lo
ad

 (P
b1

8s
/m

HP
RT

)
p=.0199

0.0

0.5

1.0

1.5

2.0

BirinapantVehicle

44 72 96
Time post infection (hrs)

Birinapant
Vehicle

Lu
m

in
es

ce
nc

e 
(to

ta
l f

lu
x,

 p
/s

)

5x106

1x107

1x108

p=.0022

p=.0043

p=.0022

Ve
hi

cl
e

Bi
rin

ap
an

t

44 72 96 
Time p.i. (hrs)

x105

5

4

3

2

1

p/sec/
cm^2/sr

Colour bar
Min = 4.00e4
Max = 5.00e5

H

0

0.1

0.2

0.3

0.4

cl
ea

ve
d 

Ca
sp

as
e 

3 
/

DA
PI

  (
%

 e
ve

nt
s)

Birinapant, 8hrs
Birinapant, 4hrs
Vehicle, 4hrs

Birinapant, 12hrs

I

3

4

p=.5185

p=.0335

p=.4676

(legend on next page)

4346 Cell Reports 30, 4343–4354, March 31, 2020



Immunofluorescence microscopy confirmed that hepatocyte

death was occurring in the livers of infected mice at 4 and 8 h af-

ter birinapant treatment and that only a small number of total

cells were dying (Figures 2H and 2I). These results demonstrate

that an IAP antagonist promotes clearance of Plasmodium liver

stages by inducing death of a small number of cells in the liver.

Birinapant Kills Liver Stages through TNF-Mediated
Hepatocyte Apoptosis
To confirm our hypothesis that birinapant’s efficacy was driven

through death receptor signaling causing clearance of infected

hepatocytes, we used gene-targeted mice that were deficient

in the death ligands. Mice with a compound loss of TNF, TRAIL,

and Fas ligand failed to respond to birinapant treatment and

developed parasite liver loads that were comparable with those

in vehicle-treated knockout animals and untreated littermate

control mice (Figure 3A). This demonstrates that birinapant is

not active against EEFs but is acting on host cells in a manner

dependent upon one or more death ligands. To determine if

one or all death ligands contributed to birinapant’s efficacy, we

next used transgenic mice that specifically lacked either Fas re-

ceptor in the liver (Tnfsf6:Fasfl/flAlbCre) or that were deficient only

in TRAIL (Tnfsf10:Trail�/�) or only in TNF (Tnfsf2:Tnf�/�). Birina-
pant lost efficacy only in TNF-null animals (Figures 3B–3D),

demonstrating that its efficacy is dependent on TNF.

TNF drives cell death predominantly through the induction of

apoptosis, but under certain circumstances it can induce a lytic

form of cell death called necroptosis. Caspase-8 is essential

for the induction of apoptosis but not necroptosis. To confirm

that birinapant was promoting TNF-mediated apoptosis, we in-

fected mice that specifically lacked caspase-8 in hepatocytes

(Casp8fl/flAlbCre). We found that birinapant had no efficacy in

Casp8 fl/flAlbCre mice (Figure 3E), indicating that the IAP antag-

onists promote clearance of Plasmodium-infected hepatocytes

via TNF-driven apoptosis.

Hepatocyte death is accompanied by a transaminitis, and we

found that a single dose of birinapant caused a greater degree of

transaminitis in infected animals than in controls (Figure 3F).

Birinapant treatment did not cause any major histological abnor-
Figure 2. Birinapant Promotes Clearance of Liver-Stage Parasites via

(A) Parasite liver load quantified using qPCR 52 h post-infection. Mice were i.v. in

vehicle at the indicated time points (n = 6–10 per group).

(B) Mouse blood-stage parasitemia following 10,000-sporozoite challenge and

group).

(C) Kaplan-Meier curves showing outcomes in mice following 10,000-sporozoite

were euthanized if any signs of cerebral malaria were evident or if parasitemia re

(D) Parasite liver load quantified using qPCR 44 h post-infection. Mice received a s

(n = 8 per group).

(E) Representative IVIS imaging of mice from (F) (representative of n = 6 per grou

See also Figure S2 for all mice.

(F) Quantification of luminescence and parasite burden from (E) (n = 6 per group

(G) Parasitemia measured by Giemsa smears following intraperitoneal infection

inapant or vehicle 18 h post-infection (n = 6 per group).

(H) Representative micrograph showing cleaved caspase-3 (yellow) and DAPI (blu

by one dose of birinapant at 18 h post-infection and sample fixation 8 h thereaft

(I) Quantification of cleaved caspase-3-positive events in relation to DAPI-positive

infected and treated as above and livers fixed and analyzed at the indicated time

Mean and SEM are shown (A, B, D, F, and G). Data were pooled from two inde

independent experiments. Each symbol (A, D, and F) represents an individual m
malities in uninfected or infected mice compared with vehicle

controls, indicating that induction of apoptosis in mice was spe-

cifically associated with P. berghei infection (Figure S3A). Birina-

pant treatment did not affect immune cell infiltrates in the liver of

uninfected and infectedmice comparedwith vehicle control (Fig-

ures S3B and S3C). However, the frequency of CD3+ T cells (Fig-

ure S3B) and macrophages (Figure S3C) appeared greater in in-

fected animals compared with uninfected mice regardless of

treatment. Collectively the data showed that birinapant efficacy

was mediated through the induction of TNF-driven apoptosis.

Importantly, birinapant was neither killing parasites directly nor

causing major hepatic destruction or collateral damage, indi-

cating a degree of host cell selectivity consistent with the known

low frequency of sporozoite-infected liver cells. In cancer clinical

trials, IAP antagonists have not caused any major liver toxicity

(Bai et al., 2014; Fulda, 2015).

Birinapant Promotes Liver Parasite Clearance following
Infection by Mosquito Bites
Our findings that the IAP antagonist birinapant is efficacious

against liver stages using a low sporozoite inoculum raised the

possibility that IAP antagonists may be efficacious in the physi-

ologically relevant setting of mosquito-driven transmission. We

permitted P. berghei-infected mosquitoes to bite mice for

15 min, and animals were treated with one dose of birinapant

18 h post-exposure. We found that birinapant caused a signifi-

cant reduction in parasite liver load compared with vehicle treat-

ment (Figure 4A). This translated to a 1 day delay in detectable

parasitemia, consistent with a >90% reduction in viable merozo-

ites egressing the liver (Figure 4B). Thereafter, a substantial

reduction in the level of parasitemia was observed at all time

points in birinapant-treated animals compared with controls

(Figure 4C). In keeping with the attenuation in parasitemia, we

observed a significant improvement in disease progression

and survival kinetics of birinapant-treated mice compared with

vehicle controls (Figure 4D). These results indicate that birina-

pant promotes clearance of P. berghei liver infection and conse-

quently blood-stage malaria infection in a natural transmission

model.
Caspase-3-Positive Death of Hepatocytes

fected with 10,000 sporozoites followed by one or two doses of birinapant or

a single birinapant or vehicle treatment at 18 h post-infection (n = 12–14 per

challenge and a single dose of birinapant or vehicle 18 h post-infection. Mice

ached >15% (n = 12–14 per group).

ingle dose of birinapant or vehicle at 18 h post-injection with 1,000 sporozoites

p). All images of vehicle or birinapant treatment are the same animal over time.

). Symbols in orange represent the animals shown in (E).

of 10,000 P. berghei-infected red blood cells (iRBCs) and a single dose of bir-

e) in the livers of mice following i.v. infection with 43 105 sporozoites followed

er. Scale bar: 20 mm.

events by immunofluorescence microscopy of liver sections (n = 3). Mice were

points after treatment.

pendent experiments (A–D, F, and G). Images in (E) are representative of ten

ouse. Data analysis was performed blinded to treatment groups.
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Figure 3. Birinapant’s Efficacy in Killing Liver

Stages Is Mediated through TNF-Induced

Apoptosis of Host Cells

(A) RT-PCR quantification of liver parasites 44 h

post-infection in control mice TNF TRAIL FasL triple

mutant mice intravenously injected with 10,000

P. berghei sporozoites and treated with a single

dose of birinapant or vehicle administered 18 h

post-infection (n = 11 or 12 per group).

(B–E) As described in (A), RT-PCR quantification of

liver parasites 44 hr post-infection in control mice

and Fas receptor mutant (B), in control mice and

TRAIL mutant mice (C), in control mice and TNF

mutant mice (D), or in control mice and Caspase-8

mutant mice (E).

(F) Serum ALT levels quantified in uninfected or

infected WT mice 16 h after the indicated treat-

ments that where administered 18 h post-infection

(n = 4–14 per group). See also Figure S3.

Data are shown asmean and SEM andwere pooled

from two independent experiments, and each

symbol represents an individual mouse (A–F). Data

analysis was performed blinded to treatment

groups.
Birinapant Treatment during Primary Liver Infection
Promotes Immunity to Sporozoite Re-challenge
Apoptosis of infected cells has been implicated in facilitating

presentation of microbial antigens and promoting immunity

(Campisi et al., 2014; Green et al., 2009). We investigated if bir-

inapant-mediated apoptosis of Plasmodium-infected hepato-

cytes promotes immunity to re-challenge with sporozoites.

Mice were first i.v. infected with 1,000 sporozoites and then

treated with two doses of birinapant or vehicle at 18 and 32 h

post-infection. This treatment regimen was selected because

earlier experiments indicated that it caused the largest reduction

in liver burden (Figure 5A). The efficacy of birinapant against the

primary infection was confirmed using in vivo imaging (Figures

5A and 5B). All animals were then cured of any breakthrough par-

asitemia using chloroquine and pyrimethamine treatment. Four

weeks after primary infection, mice were re-challenged with

1,000 sporozoites, and the kinetics of secondary infection were

analyzed (Figures 5D and 5E). We found that mice treated with

birinapant during primary infection had lower parasite liver bur-

dens after re-challenge compared with vehicle treatment during

the primary infection, indicating that birinapant induced

enhanced immunity to secondary infection. Antibodies and
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T cells have been shown tomediate immu-

nity to liver-stage infection (Doolan et al.,

2009; Kurup et al., 2019).

We found that birinapant-treated mice

had more CD4+, CD8+, and activated

CD44+ T cells in the spleen, liver, and

liver-draining lymphnodes after secondary

infection compared with vehicle-treated

mice and naive mice (which had never

been infected) (Figure 5F; Figure S4). We

also detected antibodies in the serum of

birinapant-treated animals that were spe-
cific for sporozoites by immunofluorescence microscopy, but

quantification of signal intensities suggested the antibodies

generated may be in response to sporozoite challenge rather

than as a result of birinapant treatment (Figure 5G; Figure S5).

These data are consistent with birinapant, through the induction

of apoptosis in infected cells, promoting acquisition of T cell-

mediated immunity to re-infection.

An Orally Bioavailable Clinical Stage IAP Inhibitor
Promotes Liver-Stage Death
We next determined if a chemically distinct IAP antagonist would

be able to recapitulate the efficacy of birinapant in reducing

parasite liver burden. The clinical-stage drug LCL-161 is amono-

valent IAP antagonist that is orally bioavailable and has been as-

sessed in multiple clinical trials, making this safe drug amenable

to clinical translation (Houghton et al., 2012; Infante et al., 2014).

We postulated that a drug that targets liver-stage infection would

have to be administered as pre-emptive treatment because liver-

stage infection is asymptomatic and transient. Therefore, we

orally administered LCL-161 before infection (at �3 h), followed

by once daily after sporozoite infection (at 18 and 40 h) (Fig-

ure 6A). We found that this LCL-161 regimen was highly
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Figure 4. Birinapant Promotes Clearance of

Liver Infection following Mosquito Transmis-

sion

(A) Parasite liver load quantified using RT-PCR 44 h

post-infection. Mice were infected via exposure to

ten mosquitoes and received a single dose of bir-

inapant 18 h after mosquito exposure (n = 15 per

group).

(B) Time to first detection of patency following

infection via mosquito bites and a single birinapant or

vehicle treatment at 18 h after mosquito exposure

(n = 11 per group).

(C) Mouse parasitemia following infection via mos-

quito bites and a single birinapant or vehicle treat-

ment at 18 h post-exposure (n = 11 per group).

(D) Kaplan-Meier curves showing outcomes in mice

following infection by mosquito bites and a single

birinapant or vehicle treatment 18 h after mosquito

exposure. Mice were euthanized if there were any

signs of cerebral malaria or if >15% of red blood cells

were parasitized (n = 11 per group).

Mean and SEM are shown (A and C). Data were

pooled from two independent experiments (A–D).

Each symbol (A, B, and D) represents an individual

mouse. Data analysis was performed blinded to

treatment groups.
efficacious in causing sustained cIAP1 degradation in mice (Fig-

ure 6B) and reducing parasite liver burden compared with

vehicle-treated animals, as measured by animal bioluminescent

imaging (Figures 6C and 6D; Figure S6) and qPCR of livers from

independent groups of mice (Figure 6E). Parasite clearance

following LCL-161 administration was accompanied by a

modest transaminitis (Figure 6F), consistent with hepatocyte

death. The ALT levels detected were again low compared with

control treatment with GalN + lipopolysaccharide (LPS), which

induces systemic hepatitis (Kaufmann et al., 2009; Figure 6F).

No histological abnormalities were present in the livers of in-

fected and LCL-161-treated mice compared with vehicle con-

trols, indicating that no large-scale off-target effects were occur-

ring in the livers of IAP inhibitor-treated mice, in contrast to the

systemic hepatitis model (Figure 6G). Hepatocyte death was

again confirmed by the presence of cleaved caspase-3 in the

livers of infected mice. Whereas LCL-161 caused very small

numbers of caspase-3-positive cells, GalN + LPS caused a

strong systemic effect (Figure 6H). This shows that an orally

bioavailable IAP antagonist promotes clearance of P. berghei

liver infection by acting on a small proportion of hepatocytes

without systemic off-target effects. This suggests that different

classes of IAP antagonists are likely to be efficacious, providing

insights as to how such drugs might be clinically relevant as pre-

ventive therapy in malaria-endemic areas.

DISCUSSION

Strategies to eliminate malaria must integrate multiple factors,

including vector and transmission control, targeting various

stages of the parasite life cycle, and enhancing host immunity.

Approachesmust include elements that are refractory to the par-

asite’s ability to develop resistance to directly acting antimalar-

ials and its ability to evade immunity. In this study, we examined
hepatocyte signaling pathways that permit or restrict progres-

sion of Plasmodium infection from liver to blood stage in an

attempt to identify potential host molecular pathways that could

be targeted to mitigate malaria disease progression.

We found thathepatocyte IAPsare important inmaintaininghost

cell viability and the replicative niche that allows EEFs to develop

into merozoites. We showed that IAPs could be targeted with the

clinical-stage drugs birinapant and LCL-161 to promote clearance

of liver infection in mice, which increased the pre-patent period.

The death of liver-stage parasites occurred irrespective of sporo-

zoite inoculum size and was additionally validated using a natural

mode of transmission with mosquitoes. The major mediator of ef-

ficacy was through TNF-mediated apoptosis of hepatocytes that

killed EEFs. This mechanism was sufficiently specific to prevent

major liver damage. Indeed it has been shown that TNF inhibits

the liver-stage growth of different Plasmodium species (Depinay

et al., 2011; Nussler et al., 1991). Although IAP antagonists clearly

induced apoptosis of hepatocytes, we cannot exclude that other

changes in the liver environment could have contributed to killing

parasites. However, because the target of birinapant and LCL-

161 is IAPs located within the host cell, it would be difficult, if not

impossible, for parasites to become resistant to treatment with

IAP inhibitors. This supports host-targeted therapy asanattractive

antimalarial avenue (Douglassetal., 2015;Kainetal., 2020;Kaush-

ansky et al., 2013; Raphemot et al., 2019).

We used birinapant mostly as an IAP inhibitor in our experi-

ments to define the mechanism of liver-stage clearance, pri-

marily because of ease of administration in our animal models.

Potential for translation to the human setting with P. falciparum

or P. vivax remains a future goal but was partly validated using

the IAP antagonist LCL-161, which is a monovalent, orally

bioavailable drug. LCL-161 was at least equivalent to birinapant

in its efficacy against P. berghei liver stages. Importantly,

monovalent IAP antagonists are very well tolerated. Indeed,
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Figure 5. Birinapant-Mediated Apoptosis of Infected Liver Cells Promotes Protective Immunity Against Re-infection

(A) Schematic representation of experiments used to generate data in (B)–(G).

(B) Representative images generated using IVIS of infectedmice (44 h) after two doses of birinapant or vehicle as shown in (A) (representative of n = 28 per group).

(C) Quantification of luminescence and parasite burden as shown in (B) (n = 28 per group). Symbols in blue represent the animals shown in (B).

(D) Representative images generated using IVIS of mice that were treated with birinapant and vehicle during primary infection, treated with antimalarials to

prevent breakthrough infections, and challenged with sporozoites (representative of n = 28 per group). Images are from 44 h after the second infection.

(E) Quantification of luminescence and parasite burden as shown in (D) (n = 28 per group). Symbols in blue represent the animals shown in (D).

(F) Number and phenotypes of CD3+ T cells in mice shown in (D) and (E) (n = 8 per group). See also Figure S4.

(G) Quantification of fluorescence and sporozoite-specific antibody levels in mice shown in (D) and (E) (n = 8 per group). Uninfected mice indicate background

levels. See also Figure S5.

Mean and SEM (C, E, and F) and mean and SD (G) are shown, and each symbol represents an individual mouse (C, E, and F). In (G), each column represents an

individual mouse, each symbol a sporozoite. Data are pooled from two independent experiments (B–E). Data analysis was performed blinded to treatment

groups.
extensive clinical testing has not revealed any dose-limiting

toxicities, and an MTD was never defined for many of the

monovalent IAP antagonists across numerous clinical trials
4350 Cell Reports 30, 4343–4354, March 31, 2020
(Bai et al., 2014; Derakhshan et al., 2017; Fulda, 2015). This

extraordinary safety profile would allow daily dosing over

extended periods that when combined with repeated exposure



(legend on next page)
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to malaria parasites (natural immunization) over a period coinci-

dent with administration of cIAP inhibitor treatment could

induce protective immunity.

Our data showed that IAP antagonists induced TNF-mediated

apoptosis that, in addition to clearing EEFs, promoted acquisition

of immunity to pre-erythrocytic infection. This immunity wasman-

ifest as partial protection during liver infection following sporozoite

re-challenge. Defining the precise mediators of this immunity was

beyond the scope of the present study, but we provided evidence

that T cell responses were produced. In endemic areas where re-

infection is frequent, immunity enhancement via IAP inhibitors

could be naturally boosted with re-exposure to malaria parasites

and continued drug administration. This could eventually drive

robust immunity to pre-erythrocytic stages and potentially blood

stages if the arrested EEFs are sufficiently mature (Butler et al.,

2011). The feasibility of such an approach is underscored by the

tolerability and safety of some monovalent IAP antagonists that

can be administered daily for protracted periods.

Our findings open up several areas of future investigation,

includingusing IAPantagonists togetherwithconventional antima-

larials for prophylaxis in travelers visiting malaria-endemic areas.

Suchastrategywouldmitigate the risk fordrug resistancedevelop-

ment. Itwill alsobe important to dissect howcIAPsareupregulated

during infectionandwhether theparasite is activelydriving thispro-

cess by, for example, exporting effector proteins that modulate

host cell responses. Most intriguing of all would be the potential

use of IAP antagonists to clear dormant liver hypnozoites in people

who have been exposed to P. vivax sporozoites. Despite success-

ful treatment of P. vivax blood stages, EEFs can persist in the liver

as hypnozoites (Adams and Mueller, 2017), and their reactivation

leads to relapsing blood-stagemalaria at any time, including years

after initial exposure. Treatments for hypnozoites are limited to a

few drugs that are associated with severe toxicities in people

who lack the enzyme glucose-6-phosphate-dehydrogenase

(Campo et al., 2015). Therefore, novel treatments for hypnozoites

represent an enormous unmet need, and therapy that targets the

host cell, as in this study, could be efficacious against them.

Our studies have offered several important insights regarding

the biological role of IAPs in sustaining Plasmodium liver infec-

tion, their targetability for promoting clearance of infected hepa-

tocytes, and the ability of IAP antagonists to promote pre-eryth-

rocytic immunity. Such insights will form the basis of future

studies with human malaria parasites and possibly clinical trials.
Figure 6. The Clinical-Stage IAP Antagonist LCL-161 Promotes Elimina
(A) Schematic representation of experiments used to generate date in (B)–(H).

(B) Western blot analysis of cIAP1 expression relative to b-actin in liver cell lysate

after administration of last dose (see Figure 6A) across three biological replicates

(C) Representative IVIS images of infected mice (24 h post-infection [p.i.], left;

(representative of n = 5 or 6 per group). All images of vehicle or LCL-161 treatme

(D) Quantification of luminescence and parasite burden as shown in (C) (n = 5 or

(E) Parasite liver load 44 h post-infection with 10,000 sporozoites and three once

group).

(F) Serum ALT levels quantified in infected WT mice after the indicated treatments

(G) Representative hematoxylin and eosin-stained liver sections after the indicate

Scale bar: 100 mm.

(H) Representative liver sections after labeling for cleaved caspase-3 after the in

Mean and SEM (D–F) are shown, and each symbol represents an individual mous

was performed blinded to treatment groups.
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STAR+METHODS
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REAGENT or RESOURCE SOURCE IDENTIFIER
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cIAP1; rabbit; 1:1000 In house antibody N/A

TNFR1; hamster; 1:1,000; mab430 R&D Systems MAB430-100

b-actin HRP; rabbit; 1:3,000 Cell Signaling Technology 5125S

CD3 IHC Dako Cat#A0452

F4/80 IHC In house N/A

CD3; PerCP; clone 1452C11 BD Biosciences 553067

CD4; Pacific Blue; clone GK1.5 BD Biosciences 558107

CD8; PE; clone 53–6.7 BD Biosciences 553032

CD44; FITC; clone IM7 BD Biosciences 561859

Cleaved caspase 3; IF and IHC; rabbit; 1:300 Cell Signaling Technology 9661

Goat anti-mouse-A594 Abcam ab150116

Goat anti-Rabbit IgG HRP Dako P0448

Goat ant-rabbit biotin; IHC; 1:300 Vector Laboratories PK-8800

Goat anti-rabbit OpalTM570; cleaved caspase3 IF; 1:500 Perkin Elmer FP1488001KT

Critical Commercial Assays

Cytometric Bead Array (CBA) Flex System Kit BD Bioscience TNF: 558299

CBA Flex System Kit BD Bioscience IL-6: 558301

CBA Flex System Kit BD Bioscience IL-1b: 560232

CBA Flex System Kit BD Bioscience IL-17A: 560283

CBA Flex System Kit BD Bioscience IL-12p70: 560151

CBA Flex System Kit BD Bioscience GM-CSF: 558347

Mouse/Rat Soluble Protein Master Buffer Kit BD Bioscience 558267

SensiFast cDNA synthesis kit Bioline BIO-65053

Pan T Cell Isolation Kit II, mouse Miltenyi Biotech 130-095-130
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Mouse: C57BL/6 - TNF–/–TRAIL–/–FasL–gld/gld This study N/A

Mouse: C57BL/6 - Fasfl/flAlbCre In house (Item et al., 2017)

Mouse: C57BL/6 - TRAIL–/– In house (Sedger et al., 2002)

Mouse: C57BL/6 - TNF–/– In house (Pasparakis et al., 1996)

Mouse: C57BL/6 – Casp8fl/flAlbCre In house (Kaufmann et al., 2009)

Plasmodium: P. berghei ANKA with gfp::luc@eef1a.

Line 676, m1 clone 1

Leiden University Medical Centre 676m1cl1 (RMgm-29)

Oligonucleotides

Pb18S fw IDT (Liehl et al., 2014)

Pb18S rev IDT (Liehl et al., 2014)

mHPRT fw IDT (Liehl et al., 2014)

mHPRT rev IDT (Liehl et al., 2014)

Reagents

TRI Reagent Sigma T9424

Ethidium bromide BioRad 1610433

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

D-Luciferin - K+ Salt Bioluminescent Substrate PerkinElmer 122799

Triton X-100 Sigma-Aldrich T8787

Glycerol Ajax Finechem AJA242

Percoll PLUS Sigma-Aldrich E0414

Birinapant TetraLogic/Medivir N/A

LCL-161 Novartis N/A

D-(+)-Galactosamine hydrochloride Sigma-Aldrich G0500

Lipopolysaccharide from E.coli Sigma-Aldrich L2880

Software and Algorithms

FIJI software ImageJ N/A

FlowJo Software FlowJo LLC N/A

Prism 7 GraphPad N/A

Other

LightCycler 480 Instrument II Roche 05015243001

Transaminase assay Roche Cobas e411

TissueLyser II QIAGEN 85300

IVIS Spectrum, Xenogen PerkinElmer 124262
LEAD CONTACT AND MATERIALS AVAILABILITY

Reagents generated in this study are available from the Lead Contact, Justin A. Boddey (boddey@wehi.edu.au), with a completed

Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal husbandry
TheWalter and Eliza Hall Institute ofMedical Research Animal Ethics Committee reviewed and approved all animal experiments (AEC

Project 2016.008). Six to 9 week old C57BL/6 mice of both genders were used in experiments. Gene targeted C57BL/6 animals,

except Tnf�/�Trail�/�FasLgld/gld, have been characterized previously: cIap1DHep/DHep cIap2�/� (Ebert et al., 2015b); Tnf�/� (Paspar-

akis et al., 1996); Trail�/�(Sedger et al., 2002); Fasfl/flAlbCre (Item et al., 2017) andCasp8fl/flAlbCre (Kaufmann et al., 2009). P. berghei

infected mice were euthanized if animals showed any signs of cerebral malaria or if > 15% of red blood cells were parasitized.

Transgenic parasite line PbGFP-Luccon

PbGFP-LucCON contains the gfp-luc fusion gene under control of the constitutive eef1a promoter, integrated into the silent 230p gene

locus (PBANKA_030600); the line does not contain a drug-selectable marker (Janse et al., 2006).

METHOD DETAILS

In vivo cultivation of P. berghei sporozoites
To produce P. berghei sporozoites for infection, Swiss Webster ‘donor’ mice were infected via the intraperitoneal (i.p.) route with

blood stage P. berghei ANKA PbGFP-Luccon parasites. Parasitaemia was monitored by Giemsa-stained tail blood smears. Four

days post i.p. injection, red blood cells from these infected donor mice were transferred to naive mice via i.p. injection, which

were used for direct feeding assays (DFAs) at four days post-inoculation. Mice withR 1% parasitaemia and exhibiting exflagellation

of microgametes by microscopy at 40x magnification were, anesthetized with ketamine/xylazine via i.p. inoculation, and individually

placed on top of a single container of 50 female An. stephensi (3–5 days old) mosquitoes. Mosquitoes were allowed to feed on mice

for 15 min, after which any unfed mosquitoes were collected and discarded. Numbers of midgut oocysts and salivary gland sporo-

zoites per mosquito were determined at 14 days and 21 days post-blood feeding, respectively, as described above. At 21 days post-

-blood feeding, salivary glands were dissected from cold-anesthetized and ethanol killed mosquitoes. Salivary glands were pelleted

at 3000 g for 3 minutes at 4�C. The salivary gland pellet was crushed with a plastic pestle (Scienceware 19923-0000), in a 1.5ml tube,

recentrifuged for 1 minute at 3000 g and crushed a second time. A 500 mL tube with 26 gauge needle hole in the bottom was lightly

packed with �200 mL of glass wool (Supelco, silane treated 2-0411), and placed inside a standard 1.5 mL Eppendorf tube. Crushed

salivary glands were passed through the glasswool filter in 150 mL aliquots and centrifuged for 120 s at 1200 g and sporozoite filtrate
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collected in a 1.5 mL tube on ice. 10 mL of sporozoite suspension, either pure or diluted by as much as 1:20, was placed onto a hae-

mocytometer counting chamber (Assistent, Neubauer improved) and allowed to settle for 8 minutes in a humidity chamber prior to

counting under phase at 400x magnification (Armistead et al., 2018).

Infection of mice with P. berghei sporozoites via intravenous tail vein injection
Mice were anesthetized with ketamine/xylazine via i.p. inoculation, and individually placed on top of a single container of 10 female

A. stephensimosquitoes, 21 days post-blood feeding respectively, as described above.Mosquitoes were allowed to feed onmice for

15min and fedmosquitoes were collected and ethanol-killed afterward. Mosquitoeswere dissected for salivary glands and assessed

for sporozoite positivity as described above.

Infection of mice with P. berghei sporozoites by direct mosquito feeding
Mice were anesthetized with ketamine/xylazine via i.p. injection, and individually placed on top of a single container of 10 female

A. stephensi mosquitoes that were aged to 21 days post initial feeding, as described above. Mosquitoes were allowed to feed on

mice for 15 min and fed mosquitoes were collected and ethanol-killed afterward. Infection of mosquitoes was confirmed by dissec-

tion of salivary glands and determination of sporozoite positivity through, as described above.

Infection of mice with iRBCs
To measure the effect of birinapant on asexual blood stage growth, mice were infected by intraperitoneal injected of 10,000

P. bergheiANKA iRBCs taken from a donormouse.Micewere injected intraperitoneally with 30mg/kg birinapant 18 hours post infec-

tion with iRBCs and parasitemia was monitored daily by performing light microscopy of Giemsa-staining tail blood smears.

Assessment of in vivo P. berghei liver infection by PCR
At 44 hr post-infection, whole livers were dissected, and single cell suspensions generated with cell strainers. RNAwas purified using

TRI Reagent (Sigma) and cDNA prepared using a SensiFast cDNA synthesis kit (Bioline) according to manufacturers’ instructions.

Quantitative RT-PCR was performed using a LightCycler 480 (Roche) to measure crossing points for the P. berghei 18S ribosomal

RNA subunit and mouse hypoxanthine guanine phosphoribosyl transferase (Hprt) housekeeping gene using DCT and oligonucleo-

tides listed in Key Resources Table (Liehl et al., 2014). Gene expression was calculated using the DDCT method, with the mean of

the control group as calibrator to which other samples were compared.

Assessment of in vivo P. berghei blood infection by blood smears
To assess blood-stage infection, parasitaemia was monitored daily by examination of Giemsa-stained thin blood smears. Animals

were observed daily for signs of severe disease and those that developed hyperparasitaemia (> 15%), anemia, or neurological symp-

toms were CO2 euthanized.

Quantification of in vivo P. berghei liver and blood infection by IVIS
To non-invasively monitor liver and blood stage infection at the indicates time points, mice were intraperitoneally (i.p.) injected with

200 mL of XenoLight D-Luciferin - K+ Salt Bioluminescent Substrate (PerkinElmer, Waltham,MA) and general anesthesia was induced

by isoflurane inhalation (2% isofluorane in oxygen). Animals were imaged within 10 minutes of luciferin injection using the IVIS Spec-

trum (Xenogen, PerkinElmer). To image 3 animals at a time, the instrument was set up with a 21.6 cm field of view, medium binning

factor and an exposure time of 180 s.

IAP Antagonists
Birinapant was dissolved in DMSO and injected intraperitoneally at indicated time points at a concentration of 30 mg/kg. LCL-161

was dissolved in 30% (vol/vol) 0.1 M HCl, 70% (vol/vol) 0.1 M NaOAc (pH 4.63) and 3 doses at a concentration of 100 mg/kg

were administered orally at indicated time points.

Alanine Aminotransferase Quantification
Serum levels of alanine aminotranferase (ALT) were measured using the activated alanine aminotransferase assay on an Architect

c4000 analyzer (Abbott).

Systemic hepatitis model
Mice were injected i.p. with 100 ng LPS (Sigma) in the presence of 20 mg of the liver-specific transcriptional inhibitor D-(+)-galactos-

amine (GalN, Sigma).

Isolation of Hepatic and Splenic T cells
Whole livers, liver draining lymph nodes (portal and celiac) and spleenswere harvested fromeuthanisedmice at indicated time points.

Single cell suspensions were prepared by disruption of organs through a 100-mmmesh filter. Pooled immune cells were resuspended

in 40% Percoll (GE Healthcare) and centrifuged at 300 x g for 20 min at room temperature. CD4+ and CD8+ T cells were isolated by
Cell Reports 30, 4343–4354.e1–e4, March 31, 2020 e3



magnetic sorting, using negative selection Pan T Cell Isolation Kit II (Miltenyi Biotech). T cell enrichment was confirmed by FACS.

Briefly, 1x106 cells were stained for 1 hour at 4�C in PBS supplementedwith 2%FCS (Sigma-Aldrich) using fluorochrome-conjugated

antibodies against: CD8 (PE; clone 53–6.7; BD Biosciences), CD4 (Pacific Blue; clone GK1.5 BD Biosciences), CD44 (FITC; clone

IM7; BD Biosciences) and CD3 (PerCP; clone 1452C11; BD Biosciences). Data were acquired using a LSRFortessa Cell Analyzer

(BD Biosciences) and analyzed with FlowJo Software (FlowJo LLC).

Cytokine Assays
Serum cytokines were determined using the Cytometric Bead Assay Flex System Kit (BD Bioscience) according to the manufac-

turer’s instructions.

Western Blotting
Total liver protein lysates were prepared from 25mg liver tissue that was homogenized in cell lysis buffer containing 20mM Tris$HCl,

pH 7.5, 135mMNaCl, 1.5 mMMg2Cl, 1 mMEGTA, 1% Triton X-100 (Sigma-Aldrich), 10%Glycerol (Ajax FineChem), EDTA-free pro-

tease inhibitor mixture tablets, and phosphatase inhibitor mixture tablets (Roche) using a tissue homogenizer (Tissue Lyser II;

QIAGEN). Lysates (50 mg protein per lane) were separated using 4%–12% SDS/PAGE. Proteins were transferred onto nitrocellulose

membranes and detected using primary and secondary antibodies. Antibodies used: hamster anti-TNFR1 (1:1,000; mab430; R&D

Systems) and rabbit anti–b-actin (1:3,000; Cell Signaling Technology).

Immunofluorescence assay
Purified PbGFP-Luccon sporozoites were fixedwith 4%paraformaldehyde / 0.0075%glutaraldehyde in 1x PBS at room temperature

for 20 minutes, washed 3 times with 1x PBS and spotted on to slides at 25,000 sporozoites per slide. Slides were air-dried and then

blocked in 3% BSA / 1x PBS, for 1 hour at room temperature. Mouse serum was diluted 1/500 with 1% BSA / 1x PBS and incubated

on slides for 1 hour at room temperate. Slides were rinsed 3x times with 1x PBS and incubated with goat anti-mouse-A594 1/1000 in

1%BSA/ 1x PBS for 1 hour at room temperature. Slides were rinsed 3x times with 1x PBS, air-dried and mounted with Vecta Shield

(Vector Laboratories, Burlingame, CA). Sporozoites were imaged using the tiling function on a Zeiss LiveCell AxioObserver with 100x

objective.

Quantification and statistical analysis
Prism 7 software (GraphPad) was used to perform statistical tests and to determine sample size for experiments based on anticipated

effect sizes. Groups (n = 3-14) were compared by unpaired two-tailed t tests for parametric data. Holm-Sidak correction was applied

for multiple t tests. Log-rank (Mantel-Cox) test was used for analysis of time to event data. Non-parametric data was log-transformed

for statistical analysis, or when this failed to normalize the data, Mann-Whitney tests were used. Data used aremean ± standard error

of the mean (SEM).

Ethics Statement
All work with animals was approved by the Animal Ethics Committee of the Walter and Eliza Hall Institute of Medical Research.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.
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