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Malaria blood stage infection suppresses
liver stage infection via host-induced
interferons but not hepcidin

Hardik Patel 1, Nana K. Minkah1,2, Sudhir Kumar 1, Gigliola Zanghi1,
Antonino Schepis1, Debashree Goswami1, Janna Armstrong1, Biley A. Abatiyow1,
Will Betz1, Laura Reynolds1, Nelly Camargo1, Amina A. Sheikh1 &
Stefan H. I. Kappe 1,2,3

Malaria-causing Plasmodium parasites first replicate as liver stages (LS), which
then seed symptomatic blood stage (BS) infection. Emerging evidence sug-
gests that these stages impact each other via perturbation of host responses,
and this influences the outcome of natural infection.We sought to understand
whether the parasite stage interplay would affect live-attenuated whole para-
site vaccination, since the efficacy of whole parasite vaccines strongly corre-
lates with their extend of development in the liver. We thus investigated the
impact of BS infection on LS development of genetically attenuated and
wildtype parasites in female rodent malaria models and observed that for
both, LS infection suffered severe suppression during concurrent BS infection.
Strikingly and in contrast to previously published studies, we find that the BS-
induced iron-regulating hormone hepcidin is not mediating suppression of LS
development. Instead, we demonstrate that BS-induced host interferons are
the main mediators of LS developmental suppression. The type of interferon
involved depended on the BS-causing parasite species. Our study provides
important mechanistic insights into the BS-mediated suppression of LS
development. This has direct implications for understanding the outcomes of
live-attenuated Plasmodium parasite vaccination inmalaria-endemic areas and
might impact the epidemiology of natural malaria infection.

Malaria is a devastating disease causedby Plasmodiumparasites, which
resulted in more than 247 million clinical cases and >600 thousand
deaths in 2021 alone1. Plasmodium parasites are transmitted as spor-
ozoite stages by mosquito bite. Sporozoites infect hepatocytes and
transform into liver stage trophozoites. These intracellular parasites
then replicate and differentiate as asymptomatic liver stages (LS) to
ultimately form the first generation of red blood cell-infectious mer-
ozoites, which initiate the symptomatic blood stage (BS) cycle of
infection. Historically, the LS and BS of the Plasmodium life cycle have
been studied independently2. However, accumulating evidence

suggests that host interactions of each stage can impact the other and
influence the outcome of infection2–4. Indeed, a study conducted in
rodent malaria models has demonstrated that concurrent BS infection
inhibits LS development of a subsequent infection bymodulating host
responses5,6. Such interactions were predicted to lower the incidence
of reinfection and to reduce the incidence of clinical malaria5,7.

Inter-parasite stage interactions might not only impact the fre-
quency and severity of natural infections but might also affect live-
attenuated replication-competent whole LS parasite vaccine efficacy.
In order to achieve high levels of protection against malaria infection,
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these promising vaccines depend on substantial intra-hepatocytic
development of the LS parasite immunogen8,9. Thus, efficacy of such
vaccines could be affectedby concurrent BS infection. Indeed, a recent
clinical trial carried out using whole pre-erythrocytic parasite vacci-
nation showed that the presence of BS infection completely abrogated
vaccine efficacy10. Given the previous observationswe therefore asked,
using mouse models of malaria parasite infection, whether BS infec-
tion suppresses LS development and investigated themechanismof LS
suppression.

Results
Blood stage infection suppresses liver stage infectionbut not via
hepcidin
We infected Balb/c mice with P. yoelii non-lethal XNL strain (Py) BS
parasites (Fig. 1A). Four days later, the Py BS-infected mice alongside
naive control mice were infected with sporozoites of a genetically
attenuated, replication-competent Py parasite strain expressing luci-
ferase (PyGAPluc). This parasite strain undergoes near complete LS
development and is only distinguishable from wild-type parasites by a
lack of exo-erythrocytic merozoite differentiation11. Liver stage infec-
tion was then measured at 24 and 43h post sporozoite infection (hpi),
using quantitation of LS bioluminescence in the liver (Fig. 1A). We
observed an exponential increase in the LS bioluminescence signal
from 24 to 43 hpi in BS-naïve control mice (GAP LSluc), indicating
robust LS development. However, LS infection was severely sup-
pressedby concurrent PyBS infection (PyBS +GAPLSluc, Fig. 1A). These
data show that suppression of Py GAP LS infection occurs in the pre-
sence of Py BS infection. Thus, we next asked what host factors could
mediate this effect.

It has been previously shown that Plasmodium berghei BS (Pb BS)
infection significantly elevates the levels of the iron regulatory hor-
mone hepcidin5,12 and that elevated hepcidin levels inhibit LS
infection5. The major pathways that drive hepcidin expression are
interleukin-6 (IL-6) and bone morphogenetic protein (BMP) receptor-
mediated signaling during inflammation13,14. Thus, we first determined
whether Py BS infection leads to an increase of hepcidin, similar to Pb
BS, and whether blocking these two pathways prevent the elevation of
hepcidin. We treated Py BS-infected Balb/c mice individually with anti-
IL-6 antibody and LDN193189 (a well-studied BMP type-I receptor
inhibitor13) or with a combination of both and measured circulating
hepcidin levels in the blood by competitive binding ELISA in compar-
ison to a control treatment (Fig. 1B). We observed that Py BS-infected
mice showed indeed significant elevation of circulating hepcidin levels
from baseline and that blocking individual signaling pathways sub-
stantially dampened the elevation of hepcidin levels (Fig. 1B). Impor-
tantly, the simultaneous blockade of both pathways maintained
hepcidin levels at the baseline that we observed in uninfected control
mice. BS parasitemia remained unaffected by these treatments
(Fig. 1C).We next analyzedwhether BS infection-mediated elevationof
hepcidin levels are indeed the underlying cause for suppression of LS
infection. To this end, we used the anti-IL-6/LDN193189 treatment in
Py BS-infected mice followed by infection with PyGAPluc sporozoites
(Fig. 1D). Strikingly, we did not observe rescue of GAP LS infection
(Fig. 1E), despitemaintaining hepcidin expression levels in the liver at a
baseline similar to mice without Py BS infection (Fig. 1F).

The LS-suppressing role of hepcidin might be parasite and/or
mouse strain-specific5. Therefore, we conducted our studies utilizing
the experimental conditions reported previously5. C57BL/6 mice
infectedwith PbNK65 BS parasites also showed elevated expression of
hepcidin and treatmentwith anti-IL-6/LDN193189maintained hepcidin
levels at the baseline both in the liver and blood without affecting BS
parasitemia (Fig. 2A–C). Yet, the treatment did not restore Pb ANKAluc

wild-type LS infection during concurrent BS infection (Fig. 2D, E),
although it maintained hepcidin levels at a similar baseline observed
without BS infection (Fig. 2F). Our results therefore demonstrate that

Plasmodium BS infection-induced hepcidin does not suppress LS
infection, irrespective of the parasite species used for BS and LS
infection or the mouse strains which received infection5,7.

P. yoelii BS infection suppresses LS infection via IFNγ
We next set out to identify the causative factors which mediate sup-
pression of LS infection during a concurrent BS infection. It is known
that BS malaria induces inflammatory responses, including interferon
(IFN) responses15–17. Furthermore, we and others have previously
shown that type I interferon (IFN-I) signaling and IFNγ inhibit LS
infection18–20. Therefore, we next examined the role of Py BS infection-
induced IFN-I signaling or IFNγ in inhibiting LS growth of Py GAP. We
used IFN-I receptor (IFNAR1)-blocking antibodies or anti-IFNγ-
neutralizing antibodies in the above-described Py BS/Py GAP LS co-
infection model. Interestingly, while blocking of IFNAR1 signaling did
not restore LS infection (Fig. S1), neutralizing IFNγ significantly
reversed the suppression of Py GAP LS infection during concurrent Py
BS infection (Fig. 3A, B). The BS parasitemia remained unaffected by
treatments (Fig. 3C)17. In order to determine whether the effect of BS-
induced IFNγ is mouse strain-specific, we also performed the experi-
ments in C57BL/6 mice and found that the Py BS infection-induced
IFNγ response also suppressed Py GAP LS infection. This finding was
further substantiated in IFNγ-/- knockout C57BL/6mice (Fig. 3D), which
showed little suppression of LS infection during concurrent BS
infection.

We next asked whether the BS-induced IFNγ would suppress LS
infection of wild-type Plasmodium parasites. Balb/c mice with ongoing
Py BS infection were infected with wild-type PyGFP-luc sporozoites
(Fig. 3A). Mice with concurrent BS infection showed severe suppres-
sion of LS infection and neutralizing IFNγ significantly restored Py LS
development (Fig. 3E). Microscopic examination of LS-infected liver
sections between 43–46 hpi further confirmed that neutralizing IFNγ
restores normal development of Py LS in the presence of Py BS infec-
tion (Fig. S2).

IFN-γ does not affect early hepatocyte infection but suppresses
LS development
We next investigated at what stage of LS infection IFNγ exerts its
suppressive effect.We selected two readout timepoints: Six hpi, which
encompasses sporozoite invasion of hepatocytes and transformation
of intracellular sporozoites into early LS trophozoites and 48 hpi,
which measures near full LS development. We utilized in vitro Py
hepatoma cell line infections21, where HepG2-CD81 cells were treated
with human recombinant IFNγ at 16 h, or 3 h pre-infection or during
the sporozoite addition to HepG2-CD81 cells for up to 3 hpi (Fig. 4A).
Interestingly, we did not observe any difference in the number of
infected cells between control and IFNγ-treated cells when measuring
HepG2-CD81 infection at 6 hpi for all treatment timeframes (Fig. 4B, C).
However, we did observe ~50% reduction in the number of LS-infected
cells in all treated groups at 48hpi compared to the control (Fig. 4D, E).
Moreover, the size of the remaining LSwas also significantly reduced in
IFNγ-treated, infected cells when compared to the control (Fig. 4F, G).
These data suggest that IFNγ does not affect the sporozoite invasion
process or early events in the establishment of LS infection but sub-
stantially eliminates later LS forms and suppresses the growth of the
remaining LS.

P. bergheiBS infection suppresses LS development via both type
I and II interferons
We next sought to determine whether the BS-induced, IFNγ-mediated
suppression of LS development is a common mechanism of action
across different Plasmodium species. C57BL/6mice were infected with
Pb NK65 BS parasites and treated with IFNγ-neutralizing antibody or
isotype control. Four days later these mice alongside naïve control
mice were infected with wild-type PbANKAluc sporozoites (Fig. 5A). We
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Fig. 1 | P. yoelii blood stage infection-induced hepcidin does not suppress
P. yoelii GAP liver stage development. A Balb/c mice were infected with 105 Py
XNL infected RBCs (iRBCs) and 4 days later were infected with 50,000 luciferase-
expressing Py GAPluc sporozoites (Py BS+GAP LSluc). Control mice were infected
with 50,000 Py GAPluc sporozoites without giving prior BS infection (GAP LSluc).
Parasite liver stage burden was measured through bioluminescence by IVIS at 24
and 43h post sporozoite infection (hpi) and represented as total flux (p/s). n = 10
mice per group. ****P <0.0001. B Balb/c mice were infected with 105 Py XNL iRBCs
and were treated with isotype, anti-IL-6 monoclonal antibodies, LDN193189 inhi-
bitor, or anti-IL-6/LDN193189 inhibitor in combination every day starting from day
0 (3 h after inoculation with iRBCs) until day 4. Blood was collected on day 4 and
circulating hepcidinwasmeasuredby ELISA in uninfected andPyBS-infectedBalb/c
mice. n = 12 mice per group. *P =0.04, **P =0.003, ***P<0.001, ****P<0.0001.

C The parasitemia was determined by counting of Py infected RBCs (% Py iRBCs) in
Giemsa-stained thin blood smears. n = 8 mice per group. D Experimental layout.
Control (GAP LSluc) and Py BS-infected (Py BS+GAP LSluc) mice were treated with
isotype or anti-IL-6/LDN193189 inhibitor and were infected with 50,000 Py GAPluc

sporozoites on day 4 post BS infection. E Parasite stage burden by IVIS (n = 6 mice
per group) ***P =0.0006, ****P<0.0001. F relative hepcidin expression (Hamp) by
qPCR were measured at 41 h after sporozoite infection. n = 9 mice per group.
**P =0.004, ***P=0.0006.A, E Two-way ANOVAwith Tukey’s multiple comparison
test for comparing groups with two variables. B, C, F Kruskal–Wallis test followed
by Dunn’s multiple comparison test. Results are combined and represented as
means ± SD from three (A,B,F) or two (C,E) independent experiments. Source data
are provided as a Source data file. The graphical illustration of themouse in (D) was
made using BioRender.com.
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did not observe restoration of Pb LS development with IFNγ neu-
tralization in the Pb BS + Pb LS group (Fig. 5B). These data indicated
that Pb BS-induced suppression of Pb LS might not be solely or not at
all mediated by IFNγ, contrary to what we observed in Py BS/Py LS co-

infection (Fig. 3). To determine whether the outcome is dependent on
the parasite species used for BS infection, groups of mice were infec-
ted with either Py or Pb BS parasites and treated with IFNγ-neutralizing
antibody. Four days later, both groups and BS-naïve control micewere
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Fig. 2 | P. berghei blood stage infection-induced hepcidin does not suppress
P. berghei liver stage development. A Experimental layout. C57BL/6 mice were
infected with 106 Pb NK65 iRBCs and treated with isotype, anti-IL-6 monoclonal
antibodies, LDN193189 inhibitor, or anti-IL-6/LDN193189 inhibitor in combination
every day starting from day 0 (3 h after inoculation with infected RBCs) until day 4.
The liver and blood were collected on day 5. B The Hamp gene expression in the
liver (left panel) and circulating hepcidin in the blood (right panel) weremeasured
by qPCR and ELISA, respectively. n = 8–10 mice per group. *P <0.05, **P <0.01.
C Blood stage parasitemia was determined by counting of Pb infected RBCs (% Pb
iRBCs) in Giemsa-stained thin blood smears. n = 8–10 mice per group.
D Experimental layout. Control (Pb LSluc) and Pb BS-infected (Pb BS + Pb LSluc) mice

were treated with isotype or anti-IL-6/LDN193189 inhibitor and were infected with
50,000 Pb ANKAluc sporozoites on day 5 post BS infection. E Parasite stage burden
by IVIS (n = 6 mice per group). ****P<0.0001. F Relative hepcidin expression
(Hamp) by qPCR were measured at 41 h after sporozoite injection. n = 9 mice per
group. **P <0.01, ***P =0.0007. B, C, F Kruskal–Wallis test followed by Dunn’s
multiple comparison test. E Two-way ANOVA with Tukey’s multiple comparison
test for comparing groups with two variables. Results are combined and repre-
sented as means ± SD from three (B, F) or two (C, E) independent experiments.
Source data are provided as a Source data file. The graphical illustration of the
mouse in (A) and (D) was made using BioRender.com.
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infectedwith PbANKAluc sporozoites and LS infectionwasmeasured at
41 hpi. We found that while in the Py BS + Pb LSluc group of mice, Pb LS
development was significantly restored upon neutralizing IFNγ, the
same did not restore LS development in the Pb BS + Pb LSluc group
(Fig. 5C). These results indicated that Py BS and Pb BS infections might
provoke distinct host responses which result in suppression of LS

development and also that both Py LS and Pb LS are susceptible to
IFNγ-mediated suppression.

We therefore analyzed host cytokine responses in C57BL/6 mice
infected with either Py or Pb BS parasites. Blood was collected at dif-
ferent time points during the course of infection and subjected to a
comparative multi-cytokine kinetic analysis (Fig. 5D). We focused on
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Fig. 3 | P. yoelii blood stage infection-induced IFNγ suppresses liver stage
development. A Experimental layout. Control (LSluc) and Py BS-infected (Py BS +
LSluc)micewere treatedwith Isotype or anti-IFNγ antibodies as shown in the scheme
and were infected with 50,000 Py GAPluc or wild-type PyGFP-luc sporozoites on day 4
post BS infection. B Parasite liver stage burden measured in Balb/c mice by IVIS at
41 h after Py GAPluc sporozoite infection and represented as total flux (p/s). n = 6
mice per group. **P=0.005, ***P=0.0002. C Blood stage parasitemia measured in
Balb/c mice on day 4 post Py BS infection. n = 6 mice per group. D Parasite liver
stage burden measured in C57BL/6 and IFNγ-/- mice by IVIS at 41 h after Py GAPluc

sporozoite infection and represented as total flux (p/s). n = 9 mice per group.
*P <0.05, **P <0.01. E Parasite liver stage burden in Balb/c mice was measured by
IVIS at 43 h after wild-type PyGFP-luc sporozoites infection. n = 6 mice per group.
*P =0.01, **P =0.002, ****P <0.0001. B,D, E Two-way ANOVAwith Tukey’s multiple
comparison test for comparing groups with two variables. C Two-sided non-para-
metricMann–WhitneyU-test. Results are combined and represented asmeans ± SD
from two (B, C, E) or three (D) independent experiments. Source data are provided
as a Source data file.
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cytokines that were previously shown to inhibit parasite growth, are
involved in causing liver injury or have immunomodulatory
roles18,19,22–28, namely IFNγ, IL-6, IL-12p40, IFNα, TNFα, IL-1α, IL-10, IFNβ,
IL-1β, IL-12p70, and TGFβ. We did not observe significant expression of
IFNβ, IL-1β, IL-12p70, and TGFβ during the course of both Py BS and Pb

BS infection (data provided in the Fig. 5 tab of Source data file). In
contrast, IFNγ, IL-6, IL-12p40, IFNα, TNFα, IL-1α, and IL-10 were mark-
edly upregulated from their baseline expression during both or either
one of the parasite BS infection (Fig. 5D), with variation in the
expression kinetics of these cytokines. We observed high levels of

Fig. 4 | IFNγdoesnotaffect earlyphases ofhepatocyte infectionbut suppresses
LSdevelopment.A Experimental layout.HepG2-CD81hepatomacellswere treated
with 10 U/ml human recombinant IFNγ at 16 h, or 3 h pre-infection or during Py or
PyUIS4-GFP sporozoite addition to the cells for up to 3 h post infection (hpi). The
suppressive effect of IFNγ was determined at 6 hpi (early LS), which encompasses
sporozoite invasion of hepatocytes and transformation of intracellular sporozoites
into LS trophozoites and 48 hpi,whichmeasures near full LS development.B,CThe
number of infectedcells betweencontrol and IFNγ treatedgroups at 6 hpi (early LS)
determined by UIS4 staining. Scale bar, 4 μm. n = 3 independent experiments per
group. D, E Quantification of UIS4-GFP positive infected cells between control and

IFNγ treated groups at 48 hpi (developed LS) determined by live imaging after
staining withHoechst 33342. Scale bar, 100μm. n = 3 independent experiments per
group. ****P<0.0001. F, G Quantification of LS size at 48 hpi by measuring area of
UIS4-GFP after stainingwith Phalloidin rhodamine andHoechst 33342. Scale bar, 10
μm. n = 100 Py LS count per group. ****P <0.0001. B, E, G One-way ANOVA with
Tukey’s multiple comparison test. Results are combined and represented asmeans
± SD from three independent experiments (B–E) or represented from one of the
three independent experimentswith similar results obtained (F,G). Source data are
provided as a Source data file.
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IFNγ, IL-12p40, and IFNα cytokines in PbBS-infectedmice compared to
Py BS-infected mice particularly between days 3–6 post BS infection
when the parasitemia between two parasite infections were similar
(Fig. 5E, F). Importantly, Py BS-infected C57BL/6 mice did not show
pronounced induction of IL-12p40 and IFNα. The poor induction of
these inflammatory cytokines was also observed in Py BS-infected
Balb/c mice (Fig. S3). In contrast, we observed 10- to 20-fold increases
in expression of IL-12p40 and IFNα in Pb BS-infected mice (Fig. 5F).
These data show that Pb BS infection provokes distinct host responses

when compared to PyBS infection and suggests that IL-12p40and IFNα
might contribute to Pb BS-mediated suppression of LS development.

We therefore assessed if IL-12p40 or IFNα individually play a role
in suppression of LS development during concurrent Pb BS infection
in C57BL/6 mice. Blocking IFNAR1 signaling (Fig. 6A) or neutralizing
IL-12p40 (Fig. 6B) individually in PbBS + Pb LSluc infectedmice did not
restore LS development. Thus, we next neutralized IL-12p40, IFNγ,
and blocked IFNAR1 signaling in dual combinations. Neutralizing IL-
12p40 with blockade of IFNAR1 (Fig. 6C) or neutralizing IL-12p40
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together with IFNγ (Fig. 6D) did not restore Pb LS development
during concurrent Pb BS infection. Strikingly however, neutralization
of IFNγ together with blockade of IFNAR1 substantially restored Pb LS
development during concurrent Pb BS infection (Fig. 6E). These
results suggest that Pb BS infection suppresses Pb LS development
via both type I and II interferons. Lastly, we determined that Pb BS-
induced type I and II interferons also suppresses PyGAP LS devel-
opment in Balb/c mice (Fig. S4).

Discussion
Plasmodium parasites progress through their life cycle by first infecting
the mammalian liver, where the parasites initiate and complete LS
development to form thefirst generation ofmerozoites, which initiate BS
infection. Since this life cycle progression is unidirectional, crosstalk
between BS and LS via host responses appears to be of little con-
sequence. However, during natural parasite infection in high transmis-
sion malaria-endemic regions, where individuals are potentially exposed
to hundreds of infected mosquito bites either seasonally or throughout
the year29, the likelihoodof harboring LS andBS infection simultaneously
is substantial. In fact, many individuals in endemic regions already carry
BS parasite infection, while getting exposed to subsequent new
infections30,31. Thus, it is important to understand how the interplay
between an existing BS infection and a subsequent LS infection might
impact the courses of natural infections and the likelihood of super-
infection with different parasite strains. This is also relevant in the con-
text of immunizationwith live-attenuated replication-competent parasite
vaccines, as it could reduce vaccine efficacy in BS-infected vaccinees.

Our data show that Plasmodium BS infection suppresses con-
current LS infection in different mouse strains infected with different
parasite species. We also demonstrate that the impact of BS infection-
induced host responses manifests during LS development but not
during the early events of hepatocyte infection such as invasion by
sporozoite stages and intracellular transformation of sporozoites into
LS trophozoites. Interestingly, it was previously shown that hepato-
cytes harvested from BS-infected mice failed to support normal LS
infection, suggesting that the BS-induced host responses condition
hepatocytes to become refractory to LS development32. Importantly,
the data presented herein refute the previously claimed role for the
iron-regulatory hormone hepcidin in BS-mediated suppression of LS
development and by extension, a role for hepcidin in shaping clinical
malaria epidemiology inendemic regions5,7.We show that hepcidin has
no role in BS-mediated suppression of LS development using an atte-
nuated Py GAP11 and wild-type parasites, including the Pb infection
model used in the previous study5,6. Hepcidin is a master regulator of
systemic iron homeostasis that prevents the iron overload-mediated
toxicity in organs by maintaining iron equilibrium33. During infection,
inflammation-driven hepcidin restricts iron availability to inhibit
pathogen growth34. Yet, we show that maintaining hepcidin levels at
baseline during BS infection did not prevent BS-mediated suppression
of LS development. Our data thus strongly suggest that high hepcidin
levels during ongoing blood stage infectionmight not protect humans
from subsequent Plasmodium infection as previously claimed5–7. The

role of hepcidin in this context has also been brought into question by
a longitudinal clinical study of children living in a malaria endemic
area, which found no association between high hepcidin levels and a
reduced risk of subsequent P. falciparum malaria35.

Our data does reveal that BS infection-induced interferons,
namely IFNγ and type-I IFN signaling,mediate suppression ofwild-type
parasite as well as attenuated parasite LS development11. This again
stands in contrast to previous findings5,6. We show that the expression
of these cytokines varies during BS infections with different parasite
species. While we found that IL-6 and IFNγ were highly elevated from
their baseline levels during both Py and Pb BS infection, IL-12p40 and
IFNα were elevated only in response to Pb BS infection. Interleukin-6
has previously been shown to strongly suppress LS infection22,23. Yet, in
our study, neutralizing IL-6, which is also responsible for the induction
of hepcidin, could not prevent the BS-mediated suppression of LS
development. In contrast, neutralizing IFNγ largely restored normal LS
development of both Py and Pb parasites during ongoing Py BS
infection. Our data show that IFNγ does not affect the process of
sporozoite invasion of hepatocytes or the establishment of LS tro-
phozoites but subsequently suppresses LS development. Importantly,
IFNγ pre-treated hepatocytes were unable to support normal LS
development, which suggests that IFNγ-signaling renders hepatocytes
refractory to support LS development, without continuous exposure.
This finding re-ascertains previously made observations32. IFNγ acti-
vates JAK/STAT1 (Janus-activated kinases/signal transducer and acti-
vator of transcription 1) signaling pathways by phosphorylating
cytosolic STAT136. This signaling is essential for the induction of highly
reactive nitric oxide (NO) and for triggering autophagy37,38, both
mechanisms reported for IFNγ-mediated suppression of LS infection
within hepatocytes32,39–42.

We further found thatwhile neutralizing IFNγ alone didnot rescue
LS development during ongoing Pb BS infection, concomitant block-
ing of type-I IFN signaling together with neutralizing IFNγ rescued LS
development. This indicates that signaling pathways within hepato-
cytes for both interferons are triggered by Pb BS infection and simul-
taneously suppress LS development. The type-I (IFNα and IFNβ) and
type-II (IFNγ) interferons are known to activate common as well as
distinct STATpathwayswhich regulate hundreds of genesdownstream
that mediate various cellular responses36,43. Importantly, both IFN
types commonly facilitate the phosphorylation and dimerization of
STAT144,45. This could be the reason why the individual blockade of
either of these interferons alone during PbBS infection did not reverse
the suppressive effect on LS development.

We have previously shown that immunizations with replication-
competent whole parasite vaccines engender unprecedented stage-
and species-transcending protection against infection in rodent
malaria models9,46. This superior protection can be attributed to the
diversity of antigen expression and increase in cell mass during intra-
hepatocytic LS immunogen developement9,46. Reducing the replica-
tion potential of such vaccines is thus likely to affect their efficacy.
Indeed, clinical trials conducted with P. falciparum replication com-
petent wild-type parasite vaccination exhibited different efficacy,

Fig. 5 | P. yoelii blood stage and P. berghei blood stage infections provoke
distinct host responses that suppress liver stage development. A Experimental
layout. Control (Pb LSluc) and Pb NK65 BS-infected (Pb BS + Pb LSluc) C57BL/6 mice
were treatedwith isotypeor anti-IFNγ and4days laterwere infectedwith 50,000Pb
ANKAluc sporozoites. B Parasite liver stage burden was measured by IVIS at 42 hpi
and represented as total flux (p/s). n = 8 mice per group. ****P <0.0001. C Control
(Pb LSluc) andmice infected with 106 Py XNL iRBCs (Py BS + Pb LSluc; pink bars) or Pb
NK65 iRBCs (PbBS+Pb LSluc; dark red bars)were treatedwith isotypeor anti-IFNγ as
described above and four days later were infected with 50,000 Pb ANKAluc spor-
ozoites. Parasite liver stage burden was measured by IVIS at 43 hpi. n = 8 mice per
group. *P <0.05, **P =0.003. D C57BL6 mice were infected with 106 Py XNL or Pb
NK65 iRBCs. Blood was collected at different time points during the course of

infection and subjected to comparative cytokine kinetic analysis by LEGENDplex
multi-analyte flowassay. The expression of the cytokineswas represented aspg/ml.
n = 6 mice per group. E Blood stage parasitemia during the course of Py or Pb BS
infection inC57BL/6mice. n = 6mice per group. FComparison of the expression of
IFNγ, IL-12, or IFNα between Py or Pb BS infection. n = 6 mice per group. B, C Two-
way ANOVA with Tukey’s multiple comparison test for comparing groups with two
variables. F Two-way ANOVA with Šídák’s multiple comparison test for comparing
individual time points between the groups. Results are combined and represented
as means ± SD from two independent experiments. Source data are provided as a
Source data file. The graphical illustration of the mouse in (A) was made using
BioRender.com.
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depending on dosing schedules. Presumably, this was due to the pre-
sence or absence of BS parasites during vaccine administration10,47.
Specifically, subjects were administered with three doses of 5.12 × 104

infectious sporozoites under chloroquine drug cover (PfSPZ-CVac)
with eitherfive47 or seven10 day intervals between eachdose. Strikingly,
while vaccination using five-day intervals induced 63% sterile protec-
tion against challenge47, vaccination using seven-day intervals showed
no protection10. Chloroquine treatment allows completion of the

6.5–7-day-long P. falciparum LS development48, and also does not
affect red blood cell invasion by exo-erythrocyticmerozoites and early
intra-erythrocytic infection but kills replicating BS parasites49. There-
fore, administration of the 2nd and 3rd PfSPZ-CVac doses in the 7-day
interval regimen apparently coincided with the transient BS infection
caused by the prior PfSPZ-CVac administration10. Since, there was no
difference in the vaccine dose or number of immunizations10,47, the
presence of BS infection during vaccination appears to be the only
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Fig. 6 | P. berghei blood stage infection suppresses liver stage development via
both type I and II interferons.Wild type or IFNAR1-/- C57BL/6 mice were infected
with 106 PbNK65 iRBCs (Pb BS+ Pb LSluc). Pb BS-infected and Control (Pb LSluc) mice
were treated with isotype controls or A anti-IFNAR1 (n = 6 mice per group;
**P =0.001, ****P <0.0001), B anti-IL-12 (n = 6 mice per group; ***P =0.0003,
****P<0.0001), C anti-IL-12/anti-IFNAR1 (n = 6 mice per group; **P =0.002,
***P =0.0009), D anti-IL-12/anti-IFNγ (n = 6–8 mice per group; **P =0.001,

***P =0.0003), or E anti-IFNγ/anti-IFNAR1 (n = 6 mice per group; *P<0.05,
****P<0.0001)monoclonal antibodies. Four days later, themice were infected with
50,000 PbANKAluc sporozoites. Parasite liver stage burdenwasmeasured by IVIS at
42–43 hpi and represented as total flux (p/s). Two-way ANOVA with Tukey’s mul-
tiple comparison test for comparing groups with two variables. Results are com-
bined and represented as means ± SD from two independent experiments. Source
data are provided as a Source data file.
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factor that was associated with the loss of vaccine-mediated
protection10. We have previously shown that type-I IFN signaling dur-
ing replication-competent whole sporozoites vaccination impairs
hepatic CD8+ T cells, which are critical for conferring protection
against LS infection50. Additionally, IFNγ responses were shown to
promote the contraction of antigen-specific CD8+ T cell responses and
limit the formation of memory cell populations in other infection
models51,52. These studies collectively indicate that the BS-induced
interferons might not only mediate suppression of LS development
butmight also interferewith the process of inducing vaccine-mediated
adaptive immunity. Basedon thesefindings anddata presentedherein,
clearing BS parasitemia and more importantly normalizing the
inflammation prior to vaccination in malaria endemic regions might
significantly enhance immunogenicity and efficacy of replication-
competent whole parasite vaccines. Our findings warrant future
exploration into how concurrent BS infection-induced inflammatory
responses in humans might affect vaccine-mediated protective adap-
tive immune responses.

Finally, inmalaria endemic regions, young childrenwere shown to
havehigh IFNγ responses toP. falciparumBS infection53. Notably, these
IFNγ responses were associated with resistance to re-infections54–56.
Thus, it is tempting to hypothesize that the IFNγ-mediated suppression
of LS development might lower subsequent Plasmodium infection
rates, thereby reducing infections with different parasite strains in the
same individual. This might lower the incidence of severe clinical
malaria57, and to some extent might explain malaria epidemiological
patterns as postulated in previous studies5,7.

Limitation of the study
Our study reveals how BS-induced innate inflammation during ongo-
ing infection severely impacts LS development. However, we did not
study whether after cessation of BS infection, these IFN responses
persist and if their impact on hepatocytes could still suppress LS
development. Our data show that the BS-induced IFNs remain high
over their baseline levels between days 3–8 during the course of
infection. The decline of IFN responses after day 8 might reduce the
suppressionof LSdevelopment. However, adaptive immune responses
that are engendered by BS infection might then suppress LS infection
after innate responses have subsided. In fact, it was shown that mice
infected with non-lethal rodentmalaria BS parasites generate adaptive
immune responses to pre-erythrocytic stages58. Therefore, it would be
difficult to distinguish between the role of BS-induced innate vs
adaptive immune responses in suppressing LS infection after cessation
of BS infection. In general, our work was conducted with rodent
malaria infection models. While our findings can frame future
hypothesis-driven research questions for humanmalaria infection, any
direct interpretation of phenomena observed during human malaria
infection must be made with a full acknowledgment that rodent
malaria models have limitations, and no interpretation should be
considered definitive.

Methods
Mice
Six- to eight-week-old female Balb/c, wild type, IFNγ-/- and IFNAR1-/-

C57BL/6 mice were purchased from The Jackson Laboratory and
female Swiss Webster (SW) mice for sporozoite production were
purchased from Envigo laboratories. The mice weremaintained under
pathogen-free conditions with 12 h light/12 h dark cycle, 72°F tem-
perature and 45% humidity at the Center for Global Infectious Disease
Research, Seattle Children’s Research Institute (SCRI). Food and water
were provided ad libitum to the animals. Animal sex was not con-
sidered in study design. All animal procedures were performed as per
the regulations of the SCRI’s Institutional Animal Care and Use Com-
mittee (IACUC). The animal procedures were approved by IACUC
under protocols 00507 and 00666.

Sporozoite isolation
Eight- to ten-week-old SWmice were intraperitoneally (i.p.) injected with
luciferase-expressing P. yoelii LS replication-competent genetically atte-
nuated parasite (Py GAPluc), PyGFP-luc, Py XNL, PyUIS4-GFP or P. berghei ANKA
(Pb ANKAluc) infected blood. Gametocyte exflagellation was confirmed 3
to 4 days later and infected mice were then used for feeding female
Anopheles stephensi mosquitoes. Sporozoites were isolated from mos-
quito salivary glands on day 15 (for Py parasites) or 25 (for Pb parasites)
after the infected blood feed and used for the LS infections59–62.

Plasmodium blood infection
Primary blood-stage (BS) infection in mice was achieved by intravenous
inoculation of 105 or 106 P. yoelii XNL or P. berghei NK65 (non-lethal
strains) infected RBCs (iRBCs), respectively. The parasitemia in the
peripheral blood was determined by microscopic counting of iRBCs in
Giemsa-stained thin blood smears and represented as % iRBCs.

Plasmodium liver infection
Mice were infected with 50,000 sporozoites by intravenous route of
injection. Parasite liver loadwasquantified at 41–43 h post-infectionby
measuring bioluminescence through real-time in vivo imaging with
IVIS Lumina Imaging System (Caliper Life Sciences, USA)63. Briefly,
mice were injected i.p. with 150 μl of 15mg/ml D-luciferin (Gold Bio-
technology) andwere kept under anesthesia for 5minusing isoflurane-
anesthesia system (XGI-8, Caliper Life Sciences, USA). Biolumines-
cence imaging was acquired while the mice are still under anesthesia
by keeping instrument settings to medium binning factor, 10 cm FOV
and the exposure time to 3min. The analysis was done using Living
Image® 4.0 software (v4.3.1.0.15766) by measuring the luminescence
signal intensity as total flux (p/s) while selecting the region of interest
(ROI) around the abdominal area at the location of the liver.

Quantification of Hepcidin
By ELISA. The bloodwas collected retro-orbitally in heparin tubes from
naïve or BS parasite-infected mice on day 4 or 5 post infection. The
plasma was harvested and circulating hepcidin was measured by
competitive binding ELISA according to the manufacturer’s protocol
(Intrinsic Life Science, USA)64. The standard curve was prepared by
3-fold dilutions (8-points) of synthetic hepcidin (provided in the kit)
starting at 1000ng/ml which was then used to interpolate the test
samples’ absorbance readings that were collected on BioTek micro-
plate reader (ELx800) using Gen5 software (v2.06.10). The obtained
values were multiplied with the dilution factor to get the final con-
centrationof hepcidin (ng/ml) in theblood.By qPCR. Onday 6or 7post
BS stage infection, ~50mg of liver tissue was collected and homo-
genized into Qiazol (Qiagen) solution. Total RNA was extracted using
miRNeasy kit (Qiagen #217004). The complementary DNA (cDNA) was
synthesized from 1μg of total RNA using QuantiTect Reverse Tran-
scription Kit (Qiagen #205311) and quantitative PCR (qPCR) was per-
formed using SYBR Green Master Mix (Bimake #B21202) on
QuantStudio 5 Real-Time PCR system65. Briefly, 0.5μL of diluted cDNA
(1:50) was used in total 10μL reaction volume to amplify liver Hamp
gene using forward primer 5’-AAGCAGGGCAGACATTGCGAT-3’ and
reverse primer 5’-CAGGATGTGGCTCTAGGCTAT-3’, and the mouse
Gapdh gene as an internal control, using forward primer 5’-
CCTCAACTACATGGTCTACAT-3’ and reverse primer 5’-GCTCCTGGAA
GATGGTGATG-3’. The expression of Hamp mRNA was calculated by
comparative CT analysis method (2(-ΔΔCT)) and represented after nor-
malizing it to the control (uninfected) group66.

Antibodies and LDN193189
Mice infectedwith BSparasites and controlmicewere injected i.p. with
0.4mg of anti-IL-6 (clone MP5-20F3; BioXcell# BE0046) alone,
LDN193189 (3mg/kg; Sigma-Aldrich #SML0559) alone, anti-IL-6/
LDN193189 combined, 0.4mg of anti-IFNAR1 (cloneMAR1-5A3; Leinco
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Technologies #I-401), 0.4mg of anti-IFNγ (clone XMG1.2; Leinco
Technologies #I-1119), 0.4mg of anti-IL-12 (clone C17.8; Leinco Tech-
nologies #I-1175) alone or in combinations or Isotype control mono-
clonal antibodies every day starting from day 0 (3 h after inoculation
with iRBCs) to 5 or 6 days after BS infection.

Hepatoma cells maintenance, treatment, and infection
HepG2-CD81 hepatoma cells (originally obtained from Olivier Silvie
Laboratory, Cimi, Paris, France) were cultured and maintained in
DMEM medium supplemented with FBS, GlutaMAX and pen/strep
antibiotics. For live imaging, 50,000 cells per well were seeded in 96-
well plate (Greiner Bio-one #655077) 30 h before sporozoite infection.
For immune-fluorescent assay (IFA), 35,000 cells per well were seeded
in 18-well microchamber slides (Ibidi #81816). HepG2-CD81 cells were
treated with 10 U/ml of human recombinant IFNγ at 16 h, or 3 h pre-
infection or during the sporozoite addition toHepG2-CD81 cells for up
to 3 hpi. For sporozoite invasion assay, the HepG2-CD81 cells were
infectedwith PyXNLparasite strain. For the analysis of developed LS at
48 hpi, cells were infected with PyUIS4-GFP transgenic line. Infection was
conducted with 1/5 MOI.

Immunofluorescence assay (IFA) and microscopy
Invasion assay. Cells infected with Py XNL sporozoites were fixed and
treated for IFA at 6 hpi as described previously67. Briefly, cells were
fixedwith 4%v/v paraformaldehyde (PFA) andpermeabilizedwith0.5%
v/v Triton X-100 solution in 1x PBS for 10min. Cells were then incu-
bated with anti-P. yoelii UIS4 antibody (1:200; gifted by Photini Sinnis
laboratory, JHU, USA) followedby stainingwith a secondary anti-rabbit
fluorescent antibody conjugated with Alexa-fluor 594 (1:1000; Fisher
scientific #A11012). Productive invasion was scored on Stellaris-8
confocal microscope (Leica Microsystem, Deerfield, IL, USA) by
counting UIS4 positive sporozoites andmicrographs were taken using
a HC PL APO 63x lens. Three independent experiments were con-
ducted. Liver stage development (in vitro). Cells infected with PyUIS4-GFP

sporozoites were fixed and permeabilized as described above at 48
hpi. Cells were then incubated for 1 hour with phalloidin rhodamine
(1:200; Fisher Scientific #R415) to label f-actin and Hoechst 33342
(1:100; Fisher Scientific #H3570) to visualize host and parasite DNA.
The infectivity was determined by counting the number of liver stages
after imaging on Stellaris-8 confocal microscope using a HC PL APO
20x lens. Image analysis was further done to quantify the size of 100
liver stages per condition using LAS-X (Leica Microsystem) software.
Three independent experiments were conducted. Liver stage devel-
opment (in vivo). Livers were perfused with 1×PBS, fixed in 4% PFA in
1×PBS and lobes were cut into 50 μm sections using a Vibratome
apparatus (Ted Pella, Redding, CA). The liver sections were permea-
bilized in 1×TBS containing 3% v/v H2O2 and 0.25% v/v Triton X-100 for
30min at room temperature. Sections were then blocked in 1x TBS
containing 5% v/v driedmilk (TBS-M) for at least 1 h and incubatedwith
anti-P. yoelii UIS4 antibody (1:500; gifted by Photini Sinnis laboratory,
JHU) primary antibody in TBS-M at 4 °C overnight. After washing with
1x TBS, the sections were incubated with fluorescent secondary anti-
body, donkey anti-rabbit Alexa Fluor 488 (1:1000; Thermofisher Sci-
entific #A-21206) and 1μg/ml 4′,6-diamidino-2-phenylindole (DAPI) in
TBS-M for 2 h at room temperature. The sections were washed and
incubated in 0.06% w/v KMnO4 for 30 s to quench background fluor-
escence. Sections were then again washed and mounted on the glass
slide with FluoroGuard anti-fade reagent (Bio-Rad, Hercules, CA). The
imageswere acquiredon Stellaris-8 confocalmicroscope using aHCPL
APO 63x lens. The images were processed using LIGHTNINGmode on
the LAS-X (Leica Microsystem) software. For quantification of the size,
LS parasites were assumed to be elliptical in shape and area was cal-
culated from its longest (a) and shortest (b) circumferential diameter
(πab). At least 15 parasites were counted for each mouse from each
group. Two independent experiments were conducted.

Multiplex cytokine assay
Micewere infectedwith BS parasites by injecting 106 iRBCs of either Py
or Pb parasite. Blood was collected from heparin tubes at different
time points during the course of infection and plasma was harvested
by spinning tubes at 10,000 rpm at 4 °C for 10min. The samples were
immediately stored at −80 °C until further use. The expression of
cytokines (IFNγ, IL-6, IL-12p40, IFNα, TNFα, IL-1α, IL-10, IFNβ, IL-1β, IL-
12p70, and TGFβ) was determined in bead-based multiplex immu-
noassay using a customized LEGENDPlex mouse cytokine panel (Bio-
legend, San Diego, USA). The assay was performed as per
manufacturer’s instructions and data was acquired on BD LSR II flow
cytometer using BD FACSDiva software (v8.0.1). The datawas analyzed
using LEGENDplex™ Data Analysis Software, (v2023-02-12, 58444)
(BioLegend, USA) as shown in Fig. S3A68. The standard curve was cre-
ated for each analyte (R2 >0.99) byperforming 1:4 dilution (8-points) of
mouse custom standard panel (provided in the kit) with starting top
concentration 10,000pg/ml or 50,000pg/ml (IFNβ). The assay was
performed by simultaneously using the samples from two to three
independent experiments.

Statistical analysis
The experiments were performed using the number of mice between
3–12 per group. The presented data are either from one representative
experiment of three independent experiments with similar results
obtained or combined from two to three independent experiments.
The statistical analyses were performed in GraphPad Prism v10. The
data were analyzed using two-sided non-parametric Mann–Whitney
U-test for two groups data comparison, Kruskal–Wallis test followed by
Dunn’s multiple comparison test for the data involving three or more
groups, one-way or two-way ANOVA with Tukey’s multiple comparison
test for comparing groups, or two-way ANOVA with Šídák’s multiple
comparison test for comparing individual time points between the
groups. A p value of <0.05 was considered as statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All pertinent data generated or analyzed during this study are included
in this published article and its accompanying supplementary infor-
mation files. The source data underlaying each figure are provided as a
source data file. Source data are provided with this paper.

References
1. Organization W. H. World Malaria Report 2021 (World Health

Organisation, 2021).
2. Chora, Â. F., Mota,M.M. & Prudêncio,M. The reciprocal influence of

the liver and blood stages of the malaria parasite’s life cycle. Int. J.
Parasitol. 52, 711–715 (2022).

3. Sato, Y., Ries, S., Stenzel, W., Fillatreau, S. & Matuschewski, K. The
liver-stage plasmodium infection is a critical checkpoint for devel-
opment of experimental cerebral malaria. Front Immunol. 10,
2554 (2019).

4. Chora, Â. F. et al. Interplay between liver and blood stages of
Plasmodium infection dictatesmalaria severity via γδ T cells and IL-
17-promoted stress erythropoiesis. Immunity 56,
592–605.e598 (2023).

5. Portugal, S. et al. Host-mediated regulation of superinfection in
malaria. Nat. Med. 17, 732–737 (2011).

6. Portugal, S., Armitage, A. E., Newbold, C. I., Drakesmith, H. & Mota,
M. M. Reply to: Hepcidin in malaria superinfection: can findings be
translated to humans? Nat. Med. 17, 1341–1342 (2011).

7. Portugal, S., Drakesmith, H. &Mota,M.M. Superinfection inmalaria:
Plasmodium shows its iron will. EMBO Rep. 12, 1233–1242 (2011).

Article https://doi.org/10.1038/s41467-024-46270-3

Nature Communications |         (2024) 15:2104 11



8. Mwakingwe-Omari, A. et al. Two chemoattenuated PfSPZ malaria
vaccines induce sterile hepatic immunity. Nature 595,
289–294 (2021).

9. Butler, N. S. et al. Superior antimalarial immunity after vaccination
with late liver stage-arresting genetically attenuated parasites. Cell
Host Microbe 9, 451–462 (2011).

10. Murphy, S. C. et al. PfSPZ-CVac efficacy against malaria increases
from 0% to 75% when administered in the absence of erythrocyte
stage parasitemia: a randomized, placebo-controlled trial with con-
trolled human malaria infection. PLoS Pathog. 17, e1009594 (2021).

11. Vaughan, A. M. et al. Type II fatty acid synthesis is essential only for
malaria parasite late liver stage development. Cell Microbiol. 11,
506–520 (2009).

12. Wang, H. Z., He, Y. X., Yang, C. J., Zhou, W. & Zou, C. G. Hepcidin is
regulated during blood-stagemalaria and plays a protective role in
malaria infection. J. Immunol. 187, 6410–6416 (2011).

13. Steinbicker, A. U. et al. Inhibition of bone morphogenetic protein
signaling attenuates anemia associated with inflammation. Blood
117, 4915–4923 (2011).

14. Nemeth, E. et al. IL-6 mediates hypoferremia of inflammation by
inducing the synthesis of the iron regulatory hormone hepcidin. J.
Clin. Invest 113, 1271–1276 (2004).

15. Gun, S. Y., Claser, C., Tan, K. S. & Rénia, L. Interferons and interferon
regulatory factors in malaria. Mediators Inflamm. 2014,
243713 (2014).

16. Mandala, W. L. et al. Cytokine profiles in Malawian children pre-
senting with uncomplicated malaria, severe malarial anemia, and
cerebral malaria. Clin. Vaccin. Immunol. 24, e00533–00516 (2017).

17. Sun, T. et al. A Plasmodium-encoded cytokine suppresses T-cell
immunity during malaria. Proc. Natl Acad. Sci. USA 109,
E2117–2126 (2012).

18. Miller, J. L., Sack, B. K., Baldwin, M., Vaughan, A. M. & Kappe, S. H.
Interferon-mediated innate immune responses against malaria
parasite liver stages. Cell Rep. 7, 436–447 (2014).

19. Liehl, P. et al. Innate immunity induced by Plasmodium liver infec-
tion inhibits malaria reinfections. Infect. Immun. 83,
1172–1180 (2015).

20. Ferreira, A. et al. Inhibition of development of exoerythrocytic forms
of malaria parasites by gamma-interferon. Science 232,
881–884 (1986).

21. Silvie, O. et al. Expression of human CD81 differently affects host
cell susceptibility to malaria sporozoites depending on the Plas-
modium species. Cell Microbiol. 8, 1134–1146 (2006).

22. Nussler, A. et al. TNF inhibits malaria hepatic stages in vitro via
synthesis of IL-6. Int. Immunol. 3, 317–321 (1991).

23. Mathieu, C. et al. Plasmodium berghei histamine-releasing factor
favours liver-stage development via inhibition of IL-6 production
and associates with a severe outcome of disease.Cell Microbiol. 17,
542–558 (2015).

24. de Menezes, M. N. et al. IL-1α promotes liver inflammation and
necrosis during blood-stage Plasmodium chabaudi malaria. Sci.
Rep. 9, 7575 (2019).

25. Gehrke, N. et al. Hepatocyte-specific deletion of IL1-RI attenuates
liver injury by blocking IL-1 driven autoinflammation. J. Hepatol. 68,
986–995 (2018).

26. Adachi, K. et al. Plasmodium berghei infection in mice induces liver
injury by an IL-12- and toll-like receptor/myeloid differentiation
factor 88-dependent mechanism. J. Immunol. 167,
5928–5934 (2001).

27. Yoshimoto, T. et al. A pathogenic role of IL-12 in blood-stagemurine
malaria lethal strain Plasmodium berghei NK65 infection. J. Immu-
nol. 160, 5500–5505 (1998).

28. Drewry, L. L. & Harty, J. T. Balancing in a black box: potential
immunomodulatory roles for TGF-β signaling during blood-stage
malaria. Virulence 11, 159–169 (2020).

29. Robert, V. et al. Malaria transmission in urban sub-Saharan Africa.
Am. J. Trop. Med. Hyg. 68, 169–176 (2003).

30. Djoufounna, J. et al. High prevalence of asymptomatic Plasmodium
falciparum malaria in Makenene, a locality in the forest-savannah
transition zone, Centre Region of Cameroon. Curr. Res. Parasitol.
Vector Borne Dis. 2, 100104 (2022).

31. Bousema, T., Okell, L., Felger, I. & Drakeley, C. Asymptomatic
malaria infections: detectability, transmissibility and public health
relevance. Nat. Rev. Microbiol. 12, 833–840 (2014).

32. Nussler, A. K. et al. In vivo induction of the nitric oxide pathway in
hepatocytes after injection with irradiated malaria sporozoites,
malaria blood parasites or adjuvants. Eur. J. Immunol. 23,
882–887 (1993).

33. Sangkhae, V. & Nemeth, E. Regulation of the iron homeostatic
hormone hepcidin. Adv. Nutr. 8, 126–136 (2017).

34. Michels, K., Nemeth, E., Ganz, T. & Mehrad, B. Hepcidin and host
defense against infectious diseases. PLoS Pathog. 11,
e1004998 (2015).

35. Atkinson, S. H. et al. Malaria and age variably but critically control
hepcidin throughout childhood in Kenya. EBioMedicine 2,
1478–1486 (2015).

36. Platanias, L. C. Mechanisms of type-I- and type-II-interferon-
mediated signalling. Nat. Rev. Immunol. 5, 375–386 (2005).

37. Stempelj, M., Kedinger, M., Augenlicht, L. & Klampfer, L. Essential
role of the JAK/STAT1 signaling pathway in the expression of indu-
cible nitric-oxide synthase in intestinal epithelial cells and its reg-
ulation by butyrate. J. Biol. Chem. 282, 9797–9804 (2007).

38. Zhu, S. et al. Inhibiting autophagy potentiates the anticancer
activity of IFN1@/IFNα in chronicmyeloid leukemia cells.Autophagy
9, 317–327 (2013).

39. Lelliott, P. M. & Coban, C. IFN-γ protects hepatocytes against
Plasmodium vivax infection via LAP-like degradation of sporozoites.
Proc. Natl Acad. Sci. USA 113, 6813–6815 (2016).

40. Mellouk, S. et al. Nitric oxide-mediated antiplasmodial activity in
human and murine hepatocytes induced by gamma interferon and
theparasite itself: enhancementby exogenous tetrahydrobiopterin.
Infect. Immun. 62, 4043–4046 (1994).

41. Seguin, M. C. et al. Induction of nitric oxide synthase protects
against malaria in mice exposed to irradiated Plasmodium berghei
infected mosquitoes: involvement of interferon gamma and CD8+
T cells. J. Exp. Med. 180, 353–358 (1994).

42. Mellouk, S., Green, S. J., Nacy, C. A. & Hoffman, S. L. IFN-gamma
inhibits development of Plasmodium berghei exoerythrocytic
stages in hepatocytes by an L-arginine-dependent effector
mechanism. J. Immunol. 146, 3971–3976 (1991).

43. Schroder, K., Hertzog, P. J., Ravasi, T. & Hume, D. A. Interferon-
gamma: an overview of signals, mechanisms and functions. J.
Leukoc. Biol. 75, 163–189 (2004).

44. Darnell, J. E. Jr. STATs and gene regulation. Science 277,
1630–1635 (1997).

45. Platanias, L. C. & Fish, E. N. Signaling pathways activated by inter-
ferons. Exp. Hematol. 27, 1583–1592 (1999).

46. Sack, B. K. et al. Mechanisms of stage-transcending protection
following immunization of mice with late liver stage-arresting
genetically attenuated malaria parasites. PLoS Pathog. 11,
e1004855 (2015).

47. Mordmuller, B. et al. Sterile protection against human malaria by
chemoattenuated PfSPZ vaccine. Nature 542, 445–449 (2017).

48. Goswami, D., Minkah, N. K. & Kappe, S. H. I. Malaria parasite liver
stages. J. Hepatol. 76, 735–737 (2022).

49. Slater, A. F. G. Chloroquine: mechanism of drug action and resis-
tance in Plasmodium falciparum. Pharm. Ther. 57, 203–235 (1993).

50. Minkah, N. K. et al. Innate immunity limits protective adaptive
immune responses against pre-erythrocytic malaria parasites. Nat.
Commun. 10, 3950 (2019).

Article https://doi.org/10.1038/s41467-024-46270-3

Nature Communications |         (2024) 15:2104 12



51. Badovinac, V. P., Tvinnereim, A. R. & Harty, J. T. Regulation of
antigen-specific CD8+ T cell homeostasis by perforin and
interferon-gamma. Science 290, 1354–1358 (2000).

52. Prabhu, N. et al. Gamma interferon regulates contraction of the
influenza virus-specific CD8 T cell response and limits the size of
the memory population. J. Virol. 87, 12510–12522 (2013).

53. Iriemenam, N. C. et al. Cytokine profiles and antibody responses
to Plasmodium falciparum malaria infection in individuals
living in Ibadan, southwest Nigeria. Afr. Health Sci. 9,
66–74 (2009).

54. Robinson, L. J. et al. Cellular tumor necrosis factor, gamma inter-
feron, and interleukin-6 responses as correlates of immunity and
risk of clinical Plasmodium falciparum malaria in children from
Papua New Guinea. Infect. Immun. 77, 3033–3043 (2009).

55. Luty, A. J. et al. Interferon-gamma responses are associated with
resistance to reinfection with Plasmodium falciparum in young
African children. J. Infect. Dis. 179, 980–988 (1999).

56. D’Ombrain, M. C. et al. Association of early interferon-gamma pro-
duction with immunity to clinical malaria: a longitudinal study
among Papua New Guinean children. Clin. Infect. Dis. 47,
1380–1387 (2008).

57. Deloron, P., Chougnet, C., Lepers, J. P., Tallet, S. & Coulanges, P.
Protective value of elevated levels of gamma interferon in serum
against exoerythrocytic stages of Plasmodium falciparum. J. Clin.
Microbiol. 29, 1757–1760 (1991).

58. Belnoue, E. et al. Vaccination with live Plasmodium yoelii blood
stage parasites under chloroquine cover induces cross-stage
immunity against malaria liver stage. J. Immunol. 181,
8552–8558 (2008).

59. Parmar, R. et al. Infectious sporozoites of Plasmodium berghei
effectively activate liver CD8α+ dendritic cells. Front. Immunol. 9,
192 (2018).

60. Patel, H. et al. Frequent inoculations with radiation attenuated
sporozoite is essential for inducing sterile protection that correlates
with a threshold level of Plasmodia liver-stage specificCD8+T cells.
Cell Immunol. 317, 48–54 (2017).

61. Yadav, N., Parmar, R., Patel, H., Patidar, M. & Dalai, S. K. Infectious
sporozoite challenge modulates radiation attenuated sporozoite
vaccine–induced memory CD8+ T cells for better survival char-
acteristics. Microbiol. Immunol. 66, 41–51 (2022).

62. Yadav, N., Patel, H., Parmar, R., Patidar, M. & Dalai, S. K. TCR-signals
downstream adversely correlate with the survival signals of mem-
ory CD8(+) T cells under homeostasis. Immunobiology 228,
152354 (2023).

63. Miller, J. L. et al. Quantitative bioluminescent imaging of pre-
erythrocytic malaria parasite infection using luciferase-expressing
Plasmodium yoelii. PLoS ONE 8, e60820 (2013).

64. Gutschow, P. et al. A competitive enzyme-linked immunosorbent
assay specific formurine hepcidin-1: correlationwith hepaticmRNA
expression in established and novel models of dysregulated iron
homeostasis. Haematologica 100, 167–177 (2015).

65. Vigdorovich, V. et al. Coimmunizationwithpreerythrocytic antigens
alongside circumsporozoite protein can enhance sterile protection
against Plasmodium sporozoite infection. Microbiol Spectr. 11,
e0379122 (2023).

66. Patel, H. et al. Parasite load stemming from immunization route
determines the duration of liver-stage immunity. Parasite Immunol.
41, e12622 (2019).

67. Schepis, A., Kumar, S. & Kappe, S. H. I. Malaria parasites harness
Rho GTPase signaling and host cell membrane ruffling for pro-
ductive invasion of hepatocytes. Cell Rep. 42, 111927 (2023).

68. Lehmann, J. S., Rughwani, P., Kolenovic, M., Ji, S. & Sun, B.
LEGENDplex™: bead-assisted multiplex cytokine profiling by flow
cytometry. Methods Enzymol. 629, 151–176 (2019).

Acknowledgements
We thank the staff of the vivariumat Seattle Children’s Research Institute
for their constant support of the animal studies presented here. In
addition, we thank the insectary staff for their diligentwork in rearing the
mosquitoes for these studies. This work was funded by Seattle Chil-
dren’s internal seed funds to S.H.I.K.

Author contributions
H.P. and S.H.I.K. conceived the study. H.P., N.K.M., S.K., G.Z., A.S., D.G.,
J.A., B.A.A., W.B., L.R., N.C., and A.A.S. planned and performed the
experiments. H.P., A.S., and D.G. performed data analysis. H.P. and
S.H.I.K. performed data visualization. S.H.I.K. supervised and acquired
the funding. H.P. and S.H.I.K. wrote the original manuscript draft. All
authors were involved in reviewing and editing the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-46270-3.

Correspondence and requests for materials should be addressed to
Stefan H. I. Kappe.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-46270-3

Nature Communications |         (2024) 15:2104 13

https://doi.org/10.1038/s41467-024-46270-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Malaria blood stage infection suppresses liver stage infection via host-induced interferons but not hepcidin
	Results
	Blood stage infection suppresses liver stage infection but not via hepcidin
	P. yoelii BS infection suppresses LS infection via�IFNγ
	IFN-γ does not affect early hepatocyte infection but suppresses LS development
	P. berghei BS infection suppresses LS development via both type I and II interferons

	Discussion
	Limitation of the�study

	Methods
	Mice
	Sporozoite isolation
	Plasmodium blood infection
	Plasmodium liver infection
	Quantification of Hepcidin
	Antibodies and LDN193189
	Hepatoma cells maintenance, treatment, and infection
	Immunofluorescence assay (IFA) and microscopy
	Multiplex cytokine�assay
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




