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Malaria parasite beats the heat
The malaria parasite Plasmodium falciparum survives fever during human infection by using a transcription factor to 
regulate its heat-shock response.
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Malaria kills more than 400,000 
individuals each year in tropical 
regions of the globe. When 

parasites from the Plasmodium genus 
infect red blood cells, malaria symptoms 
are produced, including cyclic fever that 
often surpasses 40 °C1. Fever is caused by a 
potent host inflammatory response that is 
triggered by the rupture of schizont-infected 
red blood cells and the extracellular release 
of their contents during exponential 
intraerythrocytic parasite growth2. How 
malaria parasites are able to withstand 
exposure to fever has been a long-standing 
question. In this issue of Nature 
Microbiology, Tintó-Font et al. report3 
the mechanism underlying the protective 
heat-shock response in Plasmodium 
falciparum, the deadliest human malaria 
species and the causative agent of malignant 
tertian fever (occurring every ~48 h).

Cells are exquisitely sensitive to 
environmental stressors such as acute 
thermal stress (also referred to as heat 
shock). Transcription and translation 
of heat-shock proteins that function in 
thermal stress response pathways enable 
rapid responses that prevent cell death. 
Heat-shock responses can be triggered 
by the accumulation of misfolded or 
unfolded proteins or by non-specific 
protein aggregation, which perturb protein 
homeostasis (proteostasis). Heat-shock 
proteins function as molecular chaperones 
that stabilize proteins affected by high 
temperatures, assist in (re)folding and 
inhibit aggregation. In normal physiological 
conditions, heat-shock proteins are 
ubiquitously expressed and are essential in 
maintaining proteostasis.

Plasmodium parasites lack an orthologue 
of heat shock transcription factor 1 (HSF1) 
that, in most eukaryotic cells, mediates the 
rapid transient upregulation of heat-shock 
proteins during a heat-shock response4. 
Although previous studies had identified 
sets of heat-shock-responsive genes, 
including essential chaperones5, the basis 
of their transcriptional regulation was 
unknown. Tintó-Font et al. now reveal this 
transcriptional regulator to be P. falciparum 

PfAP2-HS, a member of the P. falciparum 
ApiAP2 transcription factor family6,7.

Previous research also led by the present 
senior author, Alfred Cortés, found that 
their 3D7-A stock of the P. falciparum 3D7 
laboratory line comprised a heterogenous 
population of parasites that in vitro 
showed a mixed response to a 3-h pulse 
at 41.5 °C, a condition chosen to simulate 
malaria fever8. Exposing these parasites 
to a 3-h heat pulse for five consecutive 
intraerythrocytic cycles resulted in two 
independently selected heat-shock-resistant 
lines (3D7-A-HS-r1 and r2). Control 
heat-shock-sensitive 3D7-A r1 and r2 lines 
were cultured in parallel but without heat 
shock. Whole-genome sequencing of both 
sets of lines by Tintó-Font et al. revealed 
that a large proportion of the parasites in the 
sensitive lines harboured a single-nucleotide 
polymorphism (SNP) that resulted in 
a premature stop codon (Q3417X) in 
PfAP2-HS. The encoded truncated protein 
lacked the third AP2 DNA-binding 
domain (PfAP2-HSΔD3). This SNP was 
largely absent in the heat-shock-resistant 
3D7-A-HS-r1 and r2 lines and in other 
(naturally heat-shock-resistant) 3D7 stocks 
from the same laboratory. Heat-shock 
survival assays performed with trophozoites 
(30–35 h post invasion, when parasites 
display the highest sensitivity to heat  
shock) from SNP-containing or wild-type 
3D7-A subclones confirmed an association 
between this mutation and loss of 
heat-shock resistance.

To directly assess the role of PfAP2-HS, 
the authors used CRISPR–Cas9 to delete 
this gene in three genetically distinct strains 
of different geographic origins (Fig. 1). 
Gene deletion was achieved at 35 °C after 
several unsuccessful attempts at 37 °C. 
Δpfap2-hs knockout (KO) lines derived 
from two of these strains (3D7 and D10) 
proliferated more slowly at 37 °C but grew 
almost as well as wild-type parasites at 35 
°C, suggesting that PfAP2-HS is important 
even under basal (37 °C) conditions in 
certain genetic backgrounds. Knockout 
lines were hypersensitive to heat shock 
in all genetic backgrounds tested (see 

Fig. 1), with survival rates of the 3D7 KO 
lines below those of parasites expressing 
the spontaneous Q3417X mutation 
(PfAP2-HSΔD3). These data confirmed 
the causal role of PfAP2-HS in activating a 
protective heat-shock response.

Genome-wide transcriptome analyses 
revealed that the PfAP2-HS-coordinated 
heat-shock response is remarkably 
compact, involving the rapid upregulation 
of the chaperone-encoding target genes 
hsp70-1 and hsp90 (showing 16- and 
4-fold increased expression during a 
heat-shock pulse, respectively). Chromatin 
immunoprecipitation followed by 
sequencing of a parasite line endogenously 
expressing C-terminal HA-tagged PfAP2-HS 
showed that under both basal and 
heat-shock conditions, this transcription 
factor is bound to a tandemly arranged 
G-box DNA motif [(A/G)NGGGG(C/A)] 
located in the upstream regulatory regions of 
hsp70-1 and hsp90. This finding supported 
earlier evidence implicating the PfAP2-HS 
D1 domain in these DNA-binding 
interactions7. Under heat-shock conditions 
the D3 domain proved to be essential for 
rapid in situ activation of hsp70-1 and hsp90 
to promote parasite survival. Upregulation 
of these PfAP2-HS-driven chaperones in 
the 3D7, HB3 and D10 Δpfap2-hs KO lines 
and in the 3D7 PfAP2-HSΔD3 mutant 
line was delayed and of lower magnitude 
under heat shock, and parasites were 
unable to survive. Transcriptome-based 
cell cycle profiling also revealed that 
heat shock resulted in delayed parasite 
growth, an effect that was amplified in the 
ΔD3 and KO lines. Heat-shock-exposed 
mutant parasites upregulated the 
expression of other chaperones and 
genes as compared to wild-type parasites, 
via PfAP2-HS-independent regulatory 
pathways. Nonetheless, the low heat-shock 
survival of the mutant lines indicates that 
these PfAP2-HS-independent responses 
could not compensate to enable parasite 
survival at febrile temperatures in the 
absence of PfAP2-HS.

Parasites expressing PfAP2-HS 
truncations seem to arise frequently 
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during extended in vitro culture but are 
very rare in clinical isolates sampled ex 
vivo. Genomic data from the MalariaGEN 
consortium (www.malariagen.net/data/
pf3k-5) were analysed by Tintó-Font et al., 
who found only one such instance in over 
2,500 geographically diverse P. falciparum 
isolates. This suggests that PfAP2-HS plays 
an essential role in vivo during natural  
malaria infections but is dispensable  
in vitro at basal temperatures.

Finally, Tintó-Font et al. examined 
the role of PfAP2-HS in activating the 
heat-shock response pathway when parasites 
encounter other forms of proteotoxic 
stress, such as that induced by ART. This 
drug is the core component of first-line 
ART-based combination therapies used 
worldwide to treat malaria. ART kills 
intraerythrocytic parasites by alkylating 
membranes, proteins and haeme, and 
by overwhelming the normal functional 
capacity of the parasite proteasome, 
resulting in cellular proteotoxicity9,10. The 
authors found that Δpfap2-hs KO lines from 
three strains (3D7, HB3 and D10) and a 
culture-adapted Gambian isolate expressing 
a PfAP2-HS protein truncated before its 
D1 domain were hypersensitized to a 3-h 
sublethal pulse of dihydroartemisinin as 
compared to their wild-type counterparts 
or the 3D7 PfAP2-HS_ΔD3 mutant line. 
Similarly, 3D7 Δpfap2-hs KO parasites were 
hypersensitized to the proteasome inhibitor 
epoxomicin. These findings suggest that  
the increased sensitivity of the KO lines  
to chemical proteotoxic stress was 
attributable to their inability to produce a 
heat-shock response and/or basal defects in 
proteostasis maintenance.

PfAP2-HS is the first example of an 
ApiAP2 transcription factor that produces 
a directed transcriptional response 
protective against environmental stress. 
All 26 other ApiAP2 transcription factors 
regulate parasite development and lifecycle 
progression. The exciting discovery  
that PfAP2-HS is a master regulator of  
P. falciparum heat-shock responses may 
enable the development of strategies to 
disable this parasite’s defence against fever 
and provides a promising strategy to combat 
its devastating effects on the world’s most 
vulnerable populations. ❐
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Fig. 1 | the apiaP2 transcription factor PfaP2-HS drives activation of essential heat-shock  
responses in P. falciparum–infected red blood cells. Blood-stage malaria parasites are protected  
from host febrile temperatures by rapidly upregulating the expression of two chaperone-encoding 
genes, hsp70-1 and hsp90, during a PfAP2-HS-regulated heat-shock response. In wild-type  
PfAP2-HS parasites cultured under basal conditions, PfAP2-HS is bound to tandemly arranged  
copies of a G-box (TdGbox) DNA motif in the upstream regulatory regions of hsp70-1 and hsp90 to  
help maintain cellular proteostasis. P. falciparum parasites with the entire pfap2-hs gene deleted 
(Δpfap2-hs), but not those expressing a truncated version lacking the third AP2 domain D3 
(PfAP2-HSΔD3), can exhibit severe strain-dependent defects in their ability to grow under basal 
conditions and have longer intraerythrocytic developmental cycles (IDC). Δpfap2-hs parasites  
are also hypersensitive to proteotoxic conditions such as those induced by the antimalarial drug 
artemisinin (ART) or proteasome inhibitors. When exposed to a 3-h 41.5 °C heat-shock pulse, 
Δpfap2-hs parasites undergo proteotoxic stress caused by protein misfolding and aggregation. 
In wild-type parasites, heat shock triggers rapid activation of hsp70-1 and hsp90 via an intact 
PfAP2-HS-regulated response that requires the PfAP2-HS D3 domain and promotes parasite survival. 
Knockout (Δpfap2-hs) and D3-deficient (PfAP2-HSΔD3) parasite lines both show upregulated 
expression of other chaperones in response to heat shock as compared to wild-type parasites. In those 
mutant lines, activation of hsp70-1 and hsp90 is delayed and of lower magnitude, and parasites  
are unable to withstand heat shock.
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