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The facets of host control during Plasmodium liver infection remain largely unknown and 

conventional innate regulatory pathways are only minimally effective at eliminating 

parasites1-3.  Ferroptosis, a recently described form of iron-dependent cell death that 

drives accumulation of reactive oxygen species and lipid peroxides, but has not yet 

been shown to function as an innate immune response4,5.  Inducing ferroptosis with 

pharmacologicals or by genetic perturbation of its negative regulators, GPX4 and 

SLC7a11, dramatically reduces survival of the Plasmodium Liver Stage.  In contrast, 

knockdown or knockout of NOX1 or knockdown of TFR1, which are required for 

ferroptosis, increases the number of Liver Stage parasites. Moreover, we demonstrate 

that blocking ferroptosis renders parasite-infected hepatocytes resistant to P53-

mediated hepatocyte death.  Our work establishes that ferroptotic signaling serves to 

control Plasmodium infection in the liver and raises the possibility that ferroptosis 

operates as an axis of the innate immune system to defend against intracellular 

pathogens.      
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The expansion and compression of pathogen numbers are a hallmark of 

infectious lifecycles.  For intracellular pathogens, compression can come as the result of 

host cell death through apoptosis, necrosis, or pyroptosis.  In addition to serving as 

innate defenses, these mechanisms of cell death also inform subsequent adaptive 

responses (reviewed in 6).  Other cell death modalities, including ferroptosis4,5, have not 

been explored for their capacity to aid in the elimination of pathogens.   

Plasmodium parasites, the causative agents of malaria, are first transmitted to 

mammalian hosts by the bite of an infected Anopheles mosquito.  After transmission, 

parasites travel rapidly through the bloodstream to the liver where each parasite infects 

a hepatocyte to form a Liver Stage (LS)7,8.  Only after the completion of LS infection do 

malaria parasites exit the liver, re-enter the bloodstream, infect erythrocytes and initiate 

symptomatic malaria.  Previous evidence suggests that mammalian hosts are, on a 

cellular level, able to eliminate most malaria parasites prior to blood stage infection.  For 

example, in one study of the rodent malaria Plasmodium berghei, the number of 

sporozoites required to initiate blood stage infection varied from 50 to 10,000 across 

different strains of naïve mice9.  These differences, some which have been 

demonstrated to originate from differences in hepatocyte biology10, suggest that 

variation in host biology can dramatically alter susceptibility to infection.   

 Conventional innate defenses appear to play only a modest role in curtailing 

initial infection.  Blocking caspase-dependent death in hepatocytes increases LS burden 

by less than two-fold3.  The elimination of many classic innate signaling genes such as 

Toll-like receptor (TLR) 3, TLR4 and the type I interferon receptor have little to no 
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impact on initial LS burden1,2.  This suggests that other forms of cell death likely 

contribute to the control of infection.   

Necroptosis, or programmed necrosis, has been demonstrated to play a role in 

innate immunity against a number of pathogens (reviewed in 6).  Surprisingly, inhibition 

of necroptosis with the small molecule Necrostatin-1 decreased Plasmodium yoelii LS 

infection of Hepa 1-6 cells (Fig. S1).  While this initial experiment does not eliminate the 

possibility that necroptosis plays a role in host defense against LS infection, cross talk 

between necroptosis and other forms of cell death have been previously described 

(reviewed in 6), raising the possibility that blocking necroptosis in infected cells 

sensitizes infected hepatocytes to alternative forms of cell death.  We asked if reactive 

oxygen species (ROS) dependent hepatocyte death might play a role in eliminating LS 

infection.  We infected Hepa 1-6 mouse hepatoma cells with Plasmodium yoelii 

sporozoites and monitored infection and the generation of ROS by flow cytometry.  We 

observed a significant increase in ROS levels in infected hepatocytes (Fig. 1a, Fig. S2).  

In contrast, we see no significant difference in ROS levels in cells treated with material 

from uninfected mosquito salivary glands (Fig. S3a).   

Interestingly, previous work has demonstrated that heme oxygenase (HO), an 

enzyme that promotes the metabolism of free heme and reduces ROS is critical for the 

promotion of LS infection11.  Moreover, an iron-deficient diet leads to an increase in LS 

burden12.  In combination, these findings led us to question if ferroptosis, a recently 

described iron and ROS dependent, caspase-independent, non-necroptotic form of cell 

death, regulates host control of LS infection.    
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Ferroptosis was originally described as Erastin-mediated cell death4 that occurs 

in rat sarcoma (RAS)-expressing, but not RAS-lacking transformed fibroblasts13.  More 

recently, ferroptosis has been demonstrated to occur in other contexts14-17, and it is 

clear that select cells, but not other cells, are susceptible to death via ferroptosis.  To 

evaluate if LS-infected hepatocytes are sensitized to ferroptosis-like death when 

compared to uninfected cells, we infected Hepa 1-6 cells with P. yoelii sporozoites, and 

then treated cultures with Erastin beginning 1.5 hr post-infection.  We observe a 

dramatic, dose-dependent reduction in the number of LS parasites at 24 h (Fig. 1b) and 

48 h (Fig. 1c) after infection, but no increase in death in uninfected cells across the 

same range of concentrations.  Consistent with the model that ferroptotic-like death is 

selectively promoted in infected cells, we observe increased levels of ROS in infected 

cells, but not uninfected cells, in response to Erastin treatment (Fig. S3b).  This 

suggests that Plasmodium infection renders infected cells susceptible to ferroptosis, 

while their uninfected counterparts remain resistant.  We observe no statistically 

significant difference in the size of LS parasites in response to Erastin treatment (Fig. 

S4).  Moreover, we do not observe ferroptosis-related signaling in uninfected Hepa 1-6 

cells (Fig. S5a). We hypothesized that Plasmodium infected hepatocytes are sensitized 

to cell death that resembles ferroptosis.   

While Erastin treatment is the established method for inducing ferroptosis in 

culture, drug promiscuity could elicit off-target effects that confound the results.  To 

minimize this possibility, we treated infected cultures with Sorafenib, another inducer of 

ferroptosis18-20 and observed a similar result (Fig. 1d, e).  A third, structurally-unrelated 

inducer of ferroptosis, RSL3, also dramatically reduces the number of LS parasites 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 31, 2018. ; https://doi.org/10.1101/257287doi: bioRxiv preprint 

https://doi.org/10.1101/257287
http://creativecommons.org/licenses/by-nc-nd/4.0/


without eliminating uninfected Hepa 1-6 cells (Fig. S6). Neither Erastin nor Sorafenib 

impacted the growth of Plasmodium-infected erythrocytes21, further minimizing the 

likelihood that these drugs directly target parasite pathways (Fig. S5b).  

To evaluate if a similar sensitivity to ferroptotic signaling exists in vivo, we treated 

C57Bl/6 mice with 30 mg/kg Erastin for three days.  On the second day of treatment, we 

infected mice with 105 P. yoelii sporozoites by intravenous injection.  We observed a 

significant decrease in LS burden 44 h post-infection (Fig. 1f).  Next, we treated mice 

with 30mg/kg Erastin for 4 days and challenged them with 1000 P. yoelii sporozoites on 

the second day of treatment.  We reasoned that any decrease in LS infection would 

result in a delay in the onset of blood stage infection and monitored the onset of blood 

stage patency by thin smear in the mice. We observed a 1-2 day delay in the onset of 

blood stage infection (Fig. 1g).  These data support the hypothesis that LS-infected 

hepatocytes are sensitized to ferroptosis compared to uninfected hepatocytes both in 

vivo and in vitro.  

Glutathione peroxidase 4 (GPX4) and the cysteine/glutamate transporter Solute 

carrier family 7 member 11 (SLC7a11/xCT) have been described as negative regulators 

of ferroptosis14,22.  After knockdown of the negative regulators of ferroptosis, GPX4 and 

SLC7a11, in Hepa 1-6 cells (Fig. 2a, b), we observed a significant decrease in the 

number of LS parasites (Fig. 2c).  Moreover, the effect of Erastin is completely ablated 

in cells that are transduced with sgRNAs against SLC7a11, suggesting that Erastin acts 

in a SLC7a11-dependent manner (Fig. S7b).   In contrast, NADPH oxidase 1 (NOX1)4 

and iron transport through the transferrin receptor protein 1 (TFR1)23 are positive 

regulators of the process.   Accordingly, the knockdown of TFR1 or NOX1 substantially 
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increased the number of LS parasites (Fig. 2d).  To examine whether this pathway is 

relevant in vivo, and to evaluate the impact of complete NOX1 knockout, we compared 

infection in WT and NOX1(-/-) C57Bl/6 mice.  NOX1(-/-) mice exhibited a dramatic 

increase in LS burden (Fig. 2e).  For comparison, eliminating apoptosis, multiple toll-like 

receptors, or type I interferon signaling at most doubles LS parasite burden1-3 in naïve 

mice.  Strikingly, NOX1(-/-) mice exhibited an average of 73 times more LS burden than 

WT animals.  This suggests that NOX1-mediated signaling constitutes a major axis of 

host control of LS infection.   

We next asked if the activity of Erastin on LS-infected hepatocytes was specific 

to ferroptotic signaling by observing the effects of Erastin treatment in the context of 

reduced NOX1 or TFR1.  The knockdown of either NOX1 or TFR1 significantly reduced 

the efficacy of Erastin (Fig. 2f).  Taking a complementary approach, we employed the 

small molecule butylated hydroxyanisole (BHA), which scavenges ROS and mitigates 

ferroptosis.  The addition of BHA to infections performed after SLC7a11 or GPX4 

knockdown partially rescued LS infection (Fig. 2g).  Thus, both pharmacological and 

genetic perturbations to signal transduction cascades that have previously been 

attributed to ferroptosis-like death strongly impact LS parasite levels.   

Ferroptosis has been demonstrated to play a role in multiple aberrant signaling 

states such as cancer14,15, neurodegeneration,16 and hemorrhagic stroke17.  The 

induction of ferroptosis has also been linked to the capacity of P53 to act as a potent 

tumor suppressor independent of its initiation of apoptosis, cell cycle arrest or 

senescence24.  We have previously demonstrated that elevated levels of P53 reduces 

LS burden25.  An increase in P53 protein levels can either be achieved by genetic 
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means25 or by the addition of the small molecule Nutlin-326.  Nutlin-3 binds the E3 

ubiquitin ligase MDM-2, which under normal conditions acts to degrade P5326.  Thus, 

the addition of Nutlin-3 dissociates MDM-2 and P53, which increases levels of P53, and 

in turn, reduces LS burden25,27.  Interestingly, this reduction in parasite burden cannot 

be reversed by blocking apoptosis 27, nor is it likely associated with P53’s capacity to 

arrest the cell cycle28,29.   To evaluate if elevated P53 levels induce ferroptotic signaling, 

we treated Hepa1-6 cells with 10 µM Nutlin-3 for 24 h and observed suppression of 

SLC7a11 and GPX4 (Fig. 3a, b).  We next asked if the anti-parasitic activity of Nutlin-3 

required ferroptotic signaling.  When we compare the efficacy of Nutlin-3 in cells 

transduced with a control shRNA to those with decreased NOX1 or TFR1, we observe a 

complete loss of susceptibility of LS-infected cells to Nutlin-3 treatment (Fig. 3c).  

Similarly, when the ferroptotic pathway was blocked using BHA or ferrostatin-1, infected 

Hepa1-6 cells lost their susceptibility to Nutlin-3 (Fig. 3d).   

The role of P53 in curtailing malaria infection is not dependent on its conventional 

roles in apoptosis27 or cell cycle arrest28 but instead, we propose, depends on its ability 

to initiate ferroptosis.  As such, our work further establishes non-canonical activities of 

P53 as critical for the control of aberrant signaling states.  Moreover, we demonstrate 

that ferroptotic signaling can act as a potent innate defense against intracellular 

infection and that infection can be further curtailed by inducing ferroptosis with small 

molecules or by genetic perturbations of the signaling cascade. Interestingly, there is 

some evidence that the Erastin-induced pathway that controls LS infection differs from 

canonical ferroptosis as ROS scavenging does not eliminate the effect of Erastin 

treatment yet does negate the impact of Nutlin-3 (Fig. S7).  As such, the full 
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complement of molecular players that contribute to the innate defense through 

ferroptosis-like death remain to be characterized.  Future work will likely establish 

whether the reach of this signal transduction cascade extends beyond LS malaria 

infection and operates to control other pathogens.   

The nature of pathogen clearance likely has consequences beyond the capacity 

to control infection during the exposure of naïve individuals.  It was recently described in 

an elegant set of experiments that transcriptomic responses along with the cell 

phenotypic responses during cell death could inform adaptive responses to infection30.  

This finding is particularly relevant as evidence mounts that the heterogeneity across 

cells might be much greater than originally appreciated31-33.  Indeed, the innate and 

adaptive systems that control infection may engage a broader range of molecular 

players, including ferroptosis, than we have traditionally incorporated into our 

understanding of immunity.   
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FIGURE LEGENDS 

Figure 1:   Induction of ferroptosis-like signaling with small molecules eliminates 

Plasmodium LS parasites in vitro and in vivo.  (a) Hepa1-6 cells were infected with 

105 P. yoelii sporozoites and then evaluated for ROS with a CellROX dye 24 h after 

infection via flow cytometry. Mean fluorescent intensity (MFI) of signal obtained is 

presented.  P-value was obtained using a Student’s t-test.  (b, c) Hepa1-6 cells were 

infected with 5 x 104 P. yoelii sporozoites and treated with Erastin at indicated 

concentrations 90 min after infection.  After (b) 24 hours or (c) 48 hours, LS parasites 

were visualized by Py HSP70 staining and quantified by fluorescent microscopy.  Cell 

death in uninfected cells was quantified by Trypan Blue staining.  (d,e) Hepa1-6 cells 

were infected with P. yoelii and treated with Sorafenib at indicated concentrations.  After 

24 h (d) or 48 h (e), LS parasites were visualized by PyHSP70 staining and quantified 

by fluorescent microscopy.  Cell death in uninfected cells was evaluated by Trypan Blue 

staining. (f) WT or NOX1(-/-) C57Bl/6 mice were infected via retro-orbital injection with 

105 P. yoelii sporozoites.  Livers were isolated 42 h post-infection and LS burden was 

quantified by qRT-PCR. P-value was determined by student’s t-test. (g) 10 C57Bl/6 

mice were treated with 30 mg/kg Erastin or vehicle control for 4 days.  On the second 

day of treatment, mice were challenged with 1000 P. yoelii sporozoites by retro-orbital 

injection.  Beginning on day 3 post-infection, blood was evaluated by giemsa-stained 

thin smear for the presence of blood stage parasites.  In panels a-e, points represent 

individual technical replicates.  Each bar represents the mean of replicates. 

Figure 2:  Ferroptosis-related signaling is a potent regulator of LS Plasmodium 

infection.  (a) Hepa1-6 cells were transduced with 2-4 lentivirus expressing shRNAs 
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against each gene of interest.  Cellular lysates were isolated after lentivirus transduction 

and selection with puromycin and western immunoblots were performed against the 

indicated targets.  Signal was normalized to βActin. (b) Schematic of ferroptotic 

signaling as reported in the literature. (c,d)  Hepa1-6 cells were transduced with 

lentivirus expressing shRNAs against (c) GPX4, SLC7a11 or (d) NOX1 and TFR1 as 

well as a non-targeting shRNA control (scramble).   1.5×105 cells were infected with 

5×104 P. yoelii sporozoites and quantified by microscopy.  (e) WT or NOX1(-/-) C57Bl/6 

mice were infected via retro-orbital injection with 105 P. yoelii sporozoites.  Livers were 

isolated 42 h post-infection and LS burden was quantified by qRT-PCR.  (f)  Hepa 1-6 

cells were transduced with lentivirus expressing shRNAs against a scramble control, 

GPX4 or SLC7a11.  1.5×105 cells were infected with 5×104 P. yoelii sporozoites.  90 

minutes post-infection, cells were treated with butylated hydroxyanisole (BHA) or left 

untreated.  Parasites were visualized 24 h post-infection by Hsp70 staining and 

quantified by microscopy.  (g) Hepa 1-6 cells were transduced by lentivirus expressing 

shRNAs against a scramble control, NOX1 or TFR1.  1.5×105 cells were infected with 

5×104 P. yoelii sporozoites.  90 minutes post-infection, cells were treated with Erastin or 

a DMSO control.  Parasites were visualized by Py Hsp70 staining 24 h post-infection 

and quantified by microscopy.  In all panels, points represent individual analytical 

replicates.  Each bar represents the mean of replicates. P-values were obtained using a 

Student’s t-test.   

Figure 3: Ferroptotic signaling is responsible for P53-mediated elimination of LS-

infected hepatocytes.  (a) 1.5×105 Hepa1-6 cells were treated with 10 µM Nutlin-3.  

Cellular lysates were isolated 24 h after treatment and immunoblots against the 
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indicated targets were performed.  Signal was quantified using Image Studio software 

and normalized to βActin. (b) Schematic of ferroptotic signaling induced by P53. (c)  

1.5×105 Hepa 1-6 cells were transduced with lentivirus expressing shRNAs against a 

scramble control, NOX1 or TFR1 and infected with 5×104 P. yoelii sporozoites.  90 

minutes post-infection, cells were treated with 10 µM Nutlin-3 or a DMSO control.  

Parasites were visualized 24 h post-infection by Hsp70 staining and quantified by 

microscopy.  (d) 1.5×105 Hepa1-6 cells were infected with 5×104 P. yoelii sporozoites.  

90 minutes post-infection, cells were treated with a DMSO control, 20 µM Nutlin-3, 5 µM 

BHA or 300 nM ferrostatin-1 as indicated.  Parasites were visualized by Py HSP70 

staining 24 h post-infection and quantified by microscopy.  In all panels, points 

represent individual analytical replicates.  Each bar represents the mean of replicates. 

P-values were obtained using a Student’s t-test. 
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