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Acute kidney injury (AKI) is a common feature of severe malaria, and an independent risk
factor for death. Previous research has suggested that an overactivation of the host
inflammatory response is at least partly involved in mediating the kidney damage observed
in P. falciparum patients with AKI, however the exact pathophysiology of AKI in severe malaria
remains unknown. The purpose of this mini-review is to describe how different aspects of
malaria pathology, including parasite sequestration, microvascular obstruction and extensive
intravascular hemolysis, may interact with each other and contribute to the development of
AKI in severe malaria, by amplifying the damaging effects of the host inflammatory response.
Here, we highlight the importance of considering how the systemic effects and multi-organ
involvement of malaria are intertwined with the localized effects on the kidney.

Keywords: malaria, inflammation, acute kidney injury (AKI), immune response, hemolysis, P. falciparum,
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INTRODUCTION

Malaria is one of the most common infectious diseases in the world and one of the most significant
challenges faced by public health systems in many developing countries. An estimated 229 million
cases of malaria and 409,000 malaria deaths were reported worldwide in 2019, with the
overwhelming majority of cases being reported in Africa, and children accounting for
approximately 67% of worldwide deaths (1). The COVID-19 pandemic has posed a worrying
threat to already fragile malaria control programs, by further burdening the healthcare systems of
malaria-endemic countries (2).

Malaria is transmitted through the bite of a Plasmodium spp.-infected female Anopheles
mosquito, which inadvertently provides the parasite with access into the human host (3). The
clinical spectrum of infection with these parasites can range from asymptomatic, to uncomplicated
malaria, characterized by non-specific paroxysmal symptoms such as fever, headache and muscle
ache, to severe malaria (SM), characterized by life-threatening symptoms, including severe anemia,
coma, acute kidney injury and metabolic acidosis (4).

Acute kidney injury (AKI) is defined as an abrupt and rapid deterioration in kidney function, and it
represents one of the most serious complications of severe P. falciparum infection in humans, having
been repeatedly associated with higher patient mortality. The KDIGO (Kidney Disease: Improving
Global Outcomes) classification currently defines AKI as either: 1) an increase in serum creatinine by at
least 0.3 mg/ld. within 48 hours, or 2) an increase in serum creatinine to at least 1.5 times the baseline
level within the previous 7 days, or 3) a decrease in urine output to less than 0.5 mL/kg/h for 6 hours (5).
AKI is a multifactorial condition with many potential risk factors, while the causes of AKI are usually
org April 2021 | Volume 12 | Article 6517391
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categorized as prerenal (including hypovolemia and obstruction of
blood flow), postrenal (obstruction of urinary flow) and renal
(including nephrotoxins, infection, and inflammation) (6). Prior
to the use of the KDIGO consensus guidelines, the prevalence of
AKI in malaria had been significantly underrepresented in both
adults and children (7, 8). Recent studies using the KDIGO
classification, have reported that the prevalence of AKI ranges
from 20% to 40% among adults and children with SM, while
some studies have reported an AKI incidence of as high as 59% for
children (9–14). Despite the similar frequency of AKI between child
and adult SM patients, the overall burden of malaria-associated AKI
cases is likely to be greater in children, since the vast majority of SM
patients in endemic countries are children (15). Importantly, kidney
injury has been found to be an independent predictor of mortality in
children with SM, though it is not yet known if and how AKI
directly contributes to death (16). At the same time, a study
examining long-term clinical outcomes of malaria-related AKI
patients, showed that 5% of patients developed chronic kidney
disease, further highlighting the significance of AKI as a
complication of SM (17).

Typical histopathology features in malaria-related AKI include
acute tubular necrosis (ATN) and, less commonly, interstitial
nephritis and glomerulonephritis (18, 19). Examination of kidney
tissues from autopsies of Southeast Asian adult SM patients
revealed the presence of sequestered pRBCs within glomerular
and tubulo-interstitial vessels, as well as the accumulation of host
monocytes within glomerular and peritubular capillaries (20).
Increased glomerular cell proliferation and decreased expression
of zonula occludens-1 protein (ZO-1) has also been observed in
kidney tissue from malaria-related AKI patients compared to
non-AKI SM patients (21).

The pathogenic mechanisms of AKI in malaria are not yet fully
defined, although there are multiple pathological processes which
may converge on the kidney, including parasite sequestration,
endothelial dysfunction, oxidative stress and immune-mediated
damage. One of the hallmarks of malaria infection is intravascular
hemolysis, primarily of Plasmodium-infected red blood cells
(pRBCs), which leads to the release of cell-free heme, as well as
both host and parasite-derived molecules that potently trigger
inflammatory responses (4). Some degree of intravascular
hemolysis occurs with all parasite species, but the most extensive
hemolysis occurs in P. falciparum infection, as a consequence of the
higher parasite densities typically occurring in the blood with this
parasite species (22). The particular virulence of P. falciparum is also
attributed to expression of parasite proteins on the surface of
pRBCs, which allows their adherence to the endothelium of blood
vessels, through binding to endothelial receptors (e.g. ICAM-1,
EPCR) (23). Sequestered pRBCs evade splenic clearance,
contributing to high parasite load, obstruct small blood vessels,
leading to tissue hypoxia, and activate vascular endothelial cells (4).
Endothelial activation is likely a central pathological event, resulting
in impairment of its barrier function, dysregulation of blood flow
and coagulation cascades, and secretion of proinflammatory
cytokines, further amplifying the host inflammatory response (3).

The synergistic occurrence of the unique features of SM
pathology, including parasite sequestration, microvascular
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dysfunction, endothelial activation, extensive intravascular
hemolysis and hemodynamic instabilities, culminating in the
exacerbation of a vigorous systemic inflammatory response on
the kidneys, could represent the predominant mechanism
through which SM leads to the development of AKI (Figure 1).
Understanding the role of the inflammatory response and the
extent to which it contributes to malaria-associated AKI, could
lead to the development of novel immunomodulatory therapies that
significantly decrease the number of deaths caused by both malaria-
related and other causes of AKI.
IMMUNE AND INFLAMMATORY
RESPONSES IN MALARIA

The host immune response has been implicated as a detrimental
factor in the pathogenesis of SM, wherein an exaggerated
proinflammatory response against the parasite is thought to
contribute to the pathology of the disease (3). The intravascular
hemolysis of both pRBCs and non-infected RBCs leads to the
release of parasite and host-derived molecules that act as
pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs), respectively (24). These
PAMPs and DAMPs interact with pattern recognition receptors
(PRRs), such as toll-like receptors (TLRs) and NOD-like receptors
(NLRs), which activate multiple downstream transcriptional
programs related to the host immune and inflammatory
response. Glycosylphosphatidylinositol (GPI) anchors are one of
the main Plasmodium PAMPs that act through the activation of
TLRs, inducing the production and secretion of proinflammatory
cytokines suchas tumornecrosis factor (TNF) and the expressionof
cell-adhesionmolecules (e.g.VCAM-1) (25).AnothermajorPAMP
is hemozoin, a molecule produced by the Plasmodium parasite
within RBCs during the detoxification of heme. Hemozoin crystals
elicit the production of TNF and IL-1b by monocytes and
macrophages, while hemozoin complexed with Plasmodium
nucleic acids can further amplify the inflammatory response by
interacting with cytosolic DNA sensors, leading to the activation of
inflammasomes (e.g. NLRP3, AIM2) (26). Host-derived DAMPs
are also released during intravascular hemolysis, with cell-free
hemoglobin and heme considered to be the predominant ones.
Although the activation of these PRRs is vital for the mounting of a
protective immune response against the parasite, the constant and
excessive activation that occurs during malaria due to continuous
release of PAMPs and DAMPs leads to a state of systemic
hyperinflammation, which may contribute to disease pathology.

SM patients have been found to produce greater levels of
proinflammatory cytokines (e.g. IL-1b, IL-6 and TNF), than
patients with uncomplicated malaria, while evidence has
accumulated over the years implicating the upregulation of the
inflammatory response as a contributory factor to SM
pathogenesis, and malaria-associated AKI in particular (27,
28). For instance, macrophage infiltrates have been observed in
the glomeruli of P. berghei ANKA-infected mice, which were
accompanied by a strong upregulation in the expression of
proinflammatory cytokines in kidney tissue, including TNF
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and IL-6 (29). Both TNF and IL-6 signaling can potently
propagate the inflammatory response and induce activation of
the endothelium, while TNF has also been shown to cause
changes to the glomerular endothelial permeability (30, 31).
Endothelial activation induces an upregulated expression of
cell adhesion molecules on the surface of endothelial cells (e.g.
Frontiers in Immunology | www.frontiersin.org 3
VCAM-1, ICAM-1, E-selectin), which could in turn lead to
increased sequestration of pRBCs and infiltration of leukocytes
into the kidneys, thus contributing to AKI in malaria. Multiple
studies have concluded that markers of endothelial activation
and microvascular obstruction are associated with malaria-
related AKI in both children and adults with SM (32–34).
FIGURE 1 | Interactions between P. falciparum malaria-specific pathology and the systemic inflammatory response in malaria-related acute kidney injury. The
causative agents of malaria are protozoan parasites belonging to the Plasmodium genus, which includes multiple species, five of which regularly infect humans:
P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi (4). A bite by a Plasmodium spp.-infected mosquito (1) leads to the injection of motile sporozoites within
the host, which travel through the lymphatics and blood until they reach the liver and invade hepatocytes (2). Once inside the hepatocyte, each sporozoite replicates
and gives rise to thousands of merozoites, which are released into the bloodstream (3) when the infected hepatocyte bursts. Free merozoites then proceed to infect
red blood cells (RBCs) within the bloodstream (4) and enter their asexual reproductive cycle, also referred to as the intraerythrocytic cycle. This developmental stage
is characterized by a replication cycle that typically lasts approximately 48 hours and which culminates in the simultaneous rupturing of the parasitized RBCs
(pRBCs), and the release of a massive number of merozoites into the bloodstream, which go on to infect further RBCs. Malaria is associated with a vigorous
inflammatory response, which shares some features with other infectious diseases, but it is accompanied by unique aspects of pathophysiology that exacerbate the
impact of systemic inflammation on individual organs. These unique aspects include the cytoadherence of parasite-infected red blood cells (pRBCs) to the
microvascular endothelium, and the extensive release of cell free hemoglobin and heme during hemolysis. Although the exact pathophysiology of AKI in severe
malaria remains unknown, we propose that the sequestration of parasitized red blood cells, rosetting and accumulation of parasite products in the kidney, resulting in
endothelial activation and microvascular obstruction, promote the already damaging effects of an exuberant inflammatory response and heme-mediated oxidative
damage. DAMP, Damage-associated molecular pattern; PAMP, Pathogen-associated molecular pattern.
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Activation of the complement system has also been suggested to
contribute to kidney damage in cases of intravascular hemolysis
(35). The liberation of hemoglobin and its breakdown products
potently activates the alternative complement pathway, which then
induces opsonization of both infected and uninfected RBCs, further
exacerbating the intravascular hemolysis that characterizes malaria
(36, 37). Activation of the alternative complement pathway has been
repeatedly shown to contribute to tubular injury and kidney
function deterioration in mouse models of ischemia/reperfusion
injury-related AKI, while selective inhibition of the pathway
significantly reduced degree of kidney injury (38, 39).
Importantly, neutrophils activated by proinflammatory cytokines
such as TNF, are known to be potent inducers of the alternative
complement pathway (40). At the same time, activated complement
goes on to further propagate the activation of neutrophils, thus
creating a positive feedback loop that amplifies both the neutrophil
proinflammatory response and the activation of the complement
system, which can be detrimental for the kidneys (40, 41).
HYPOVOLEMIA AND OBSTRUCTION OF
KIDNEY BLOOD FLOW

The kidneys are especially susceptible to the damaging effects of
ischemic events and hemodynamic instabilities, and obstruction
of blood flow into the kidneys represents one of the primary
causes of AKI (5). Significant hypovolemia is a common
phenomenon in SM, often leading to kidney hypoperfusion,
decreased GFR, secretion of vasoactive mediators and the
activation of inflammatory processes, all of which could
contribute to the development of kidney injury (28, 42). Recent
evidence implicating hypovolemia-related inflammation in
playing a role in the kidney damage associated with SM came
from a study investigating the activation of the Angiotensin II
(Ang II)/AT1 receptor pathway in the P. berghei ANKA malaria
mouse model (28). Activation of this pathway has been found to
play a central role in the occurrence of kidney injuries in multiple
AKI mouse models, through its ability to increase the expression
of proinflammatory cytokines and induce immune cell
infiltration into tissues (28, 43). Importantly, inhibition of the
Ang II/AT1 pathway in the P. berghei ANKAmouse model led to
a significant downregulation of the inflammatory response and a
substantial mitigation of kidney damage (28).

In addition to hypovolemia, kidney hypoperfusion in SM
might result from obstruction of blood flow within the kidneys.
During SM, clumps of both infected and uninfected RBCs, also
referred to as ‘rosettes’, accumulate in the lumen of small blood
vessels and obstruct blood flow, leading to microvascular
dysfunction and tissue hypoxia, while also contributing to the
sequestration of greater parasite biomass within tissues (3). High
parasitemia and extensive sequestration of pRBCs in tissues and
vital organs has been correlated with poorer outcomes in SM
patients (44). Cerebral malaria (CM) has been associated with a
high parasite burden in the brain and retinal tissue of patients
(45). Similarly, total body parasite burden and immune
activation were found to be associated with the incidence of
Frontiers in Immunology | www.frontiersin.org 4
AKI in Bangladeshi patients with SM, while both factors
increased with AKI severity (46). Extensive sequestration of
parasites within the kidney could elicit a stronger local
inflammatory response, which may in turn exacerbate the
degree of kidney injury.
EXTENSIVE INTRAVASCULAR
HEMOLYSIS AND HEME-MEDIATED
TOXICITY

Both cell-free hemoglobin and cell-free heme released during
intravascular hemolysis can be particularly harmful, mainly due
to oxidative stress and by acting as DAMPs that stimulate the
immune system and lead to an upregulation of the
inflammatory response (47). The body possesses natural
scavenging systems in order to clear cell-free hemoglobin and
cell-free heme, but these systems can be quickly overwhelmed
by extensive hemolysis such as that observed during SM (35).
Furthermore, the kidneys are especially vulnerable to the
damaging effects of cell-free heme and hemoglobin, since they
are the primary route for clearance of these molecules when the
scavenging systems become saturated (35).

Both infectious and non-infectious causes of extensive
intravascular hemolysis have been associated with the
development of AKI, while increased levels of plasma and
urine hemoglobin have also been strongly associated with
AKI in SM patients (35, 48). Higher levels of cell-free
hemoglobin and markers of lipid peroxidation have been
observed in SM patients with AKI compared to those without
AKI (48). A recent clinical trial showed that SM patients
receiving acetaminophen, a drug which can inhibit
hemoprotein-mediated lipid peroxidation, had a lower risk of
developing AKI than patients in the control group. The effect of
acetaminophen was most prominent in patients with greatest
intravascular hemolysis, further strengthening the association
of cell-free hemoglobin and oxidative stress with AKI (49).

Past studies have investigated the effect of sterile intravascular
hemolysis on the kidneys by treating mice with phenylhydrazine
(PHZ), a chemical compound that induces massive intravascular
hemolysis (47). One of these studies found that kidney endothelial
cells from mice treated with PHZ had increased expression of cell
adhesion molecules (e.g. E-selectin and ICAM-1), while they also
detected markers and ultrastructural signs of tubular damage (47).
In the context of SM, this upregulation of adhesionmolecules by the
endothelium could significantly worsen the extent of parasite
sequestration within tissues, as well as increase the infiltration of
inflammatory immune cells into the kidneys, as previously
discussed (47). Interestingly, the same study showed that the
injection of heme alone did not recapitulate this effect of tubular
injury and vascular inflammation, supporting the notion that it is a
combination of factors and mechanisms acting in concert that lead
to the development of both malaria-related and non-related AKI,
rather than one individual mechanism (47).

Kidney endothelial cells exposed to cell-free heme in vivo
have been found to upregulate their secret ion of
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FIGURE 2 | Proposed interactions between inflammation, hemolysis and hypovolemia in malaria-induced kidney injury. Malaria PAMPs and DAMPs released during
the lysis of Plasmodium-infected RBCs (pRBCs) stimulate the immune and inflammatory responses, leading to the secretion of proinflammatory cytokines, which
subsequently induce the activation of the endothelium and the propagation of the inflammatory process. Activated endothelial cells contribute to the secretion of
proinflammatory cytokines, and express surface receptors that facilitate the infiltration of leukocytes into kidney tissue. Cell-free heme acts a source of oxidative
stress for the vascular endothelium and the tubular epithelial cells of the kidney, while also inducing the formation of NETs. The activation of the angiotensin (Ang) II/
AT1 receptor pathway due to malaria-induced hypovolemia also contributes to the amplification of the host inflammatory response, by further inducing the secretion
of proinflammatory cytokines by endothelial cells. DAMP, Damage-associated molecular pattern ICAM-1, Intercellular adhesion molecule 1, IL-1b, Interleukin-1b; IL-6,
Interleukin-6; NET, Neutrophil extracellular trap; PAMP, Pathogen-associated molecular pattern; SM, Severe malaria, TNF, Tumor necrosis factor; VCAM-1, Vascular
cell adhesion molecule 1.
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pro inflammatory chemokines , such as monocyte -
chemoattractant protein 1 (MCP-1), through the activation of
the NFkB transcription factor by heme (50, 51). Intriguingly, a
recent study showed that a mouse model of malaria with a renal
proximal tubule-specific knockout of heme oxygenase-1 (HO-1),
a heme detoxifying enzyme, was more susceptible to AKI, further
suggesting the involvement of heme-mediated damage in the
propagation of AKI in SM (52). Additionally, the same effect was
found when the researchers knocked out ferritin, which is
responsible for sequestering the labile iron released after the
detoxification of heme by HO-1, strengthening the association of
oxidative stress with kidney injury (52). Multiple pieces of
evidence have indicated the involvement of heme oxygenase-1
(HO-1) and the by-product of heme degradation, carbon
monoxide (CO), to be intricately involved in the establishment
of disease tolerance to SM complications, through their
antioxidant and anti-inflammatory properties (52). Carbon
monoxide therapy, administered as carbon monoxide-releasing
molecules, has been reported to confer full protection against
experimental cerebral malaria and acute lung injury in a mouse
model when used in conjunction with an antimalarial drug (53).
Since the beneficial impact of CO is thought to be thanks to its
ability to prevent the further release of heme from hemoglobin
and to induce the expression of HO-1, it is possible that there
would be a therapeutic potential against malaria-associated
kidney damage.

Finally, cell-free heme is known to trigger neutrophil
activation, inducing the release of neutrophil extracellular
traps (NETs). In a study using P. chabaudi-infected mice,
heme-induced NET generation was found to be necessary for
the development of liver and lung pathology and also increased
the extent of parasite sequestration in the organs of the mice
(54). If the same phenomenon of heme-induced NET release
were to occur in the kidneys, it would provide another
mechanism through which intravascular hemolysis might lead
to immune-mediated kidney damage. NETs have also been
implicated as a contributing factor in non-malaria related
causes of AKI, including systemic lupus erythematosus (SLE)
and ANCA-associated vasculitis (55). Furthermore, the release
of histone proteins from necrotic kidney tubular cells during
ischemic AKI is known to induce the formation of NETs, and in
a study utilizing an ischemia-reperfusion injury mouse model
of AKI, pre-treatment of the mice with an inhibitor of NET
formation led to a mitigation of kidney injury (56). NETs might
also be involved in further obstructing microvascular blood
flow in cases of ischemic AKI, by creating thrombus-like
structures made up of trapped cells and cellular debris (57).
In addition, the formation of NETs may represent a
proinflammatory stimulus by itself, since the histone proteins
and DNA that are released during the process can act as
DAMPs that further activate the immune response (57).
Immunofluorescence studies to detect neutrophil infiltration
and the presence of NETs in kidney tissue from mouse models
of malaria could prove useful in the future, to determine
whether NETs are also involved in mediating kidney
pathology during malaria-related AKI.
Frontiers in Immunology | www.frontiersin.org 6
DISCUSSION

Multiple studies have identified malaria as one of the most
frequent etiologies of pediatric AKI cases in developing
countries (58). Importantly, both adult and pediatric studies
have shown that when AKI occurs in the context of malaria,
there is an increase in patient mortality (59, 60). One of the key
questions that remains to be answered is whether AKI plays a
causal role in SM deaths, or if it is a consequence of pathological
processes which lead to death through their effects on
other organs.

Here, we have described the factors and pathways plausibly
involved in the pathophysiology of AKI in SM. It is
hypothesized that a vigorous host inflammatory response
which is amplified by features of malaria pathology appears
to be a central aspect of kidney injury in SM. Hypovolemia and
obstruction of kidney blood flow lead to tissue hypoxia and
endothelial activation, which could promote the secretion of
proinflammatory cytokines and leukocyte infiltration into the
kidneys. At the same time, the cell-free heme that is liberated
due to intravascular hemolysis may also contribute to kidney
damage, not just by acting as a source of oxidative stress, but
also by triggering the activation of the complement system, the
formation of NETs and by further ampli fying the
proinflammatory response (Figure 2).

In light of the pivotal role that the inflammatory response is
hypothesized to play in mediating kidney injury, it is imperative
that we obtain a greater understanding of the immunopathology
of AKI in malaria, which will hopefully lead to the development
of more effective treatments and a decrease in the mortality of
the disease.
AUTHOR CONTRIBUTIONS

AC and AG conceived the idea for this review. OK wrote the
original draft and designed the figures of the manuscript. AC and
AG provided critical feedback and reviewed the final version of
the manuscript. All authors contributed to the article and
approved the submitted version.
FUNDING

Infrastructure support for this work was provided by the
National Institute for Health Research (NIHR) Imperial
Biomedical Research Centre (BRC). AG is supported by an
Imperial College Research Fellowship.
ACKNOWLEDGMENTS

All figures depicted were created using Biorender.com.
April 2021 | Volume 12 | Article 651739

Biorender.com.
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Katsoulis et al. Immunopathology of AKI in Malaria
REFERENCES

1. World malaria report. 20 years of global progress and challenges. Geneva:
World Health Organization (2020).

2. Walker PG,Whittaker C, Watson OJ, Baguelin M, Winskill P, Hamlet A, et al.
The Impact of COVID-19 and Strategies for Mitigation and Suppression in
Low- and Middle-Income Countries. Science (2020) 369(6502):413–22.
doi: 10.1126/science.abc0035

3. Coban C, Lee MSJ, Ishii KJ. Tissue-Specific Immunopathology During
Malaria Infection. Nat Rev Immunol (2018) 18(4):266–78. doi: 10.1038/
nri.2017.138

4. Phillips MA, Burrows JN, Manyando C, van Huijsduijnen RH, Van Voorhis
WC, Wells TNC. Malaria. Nat Rev Dis Primers (2017) 3:17050. doi: 10.1038/
nrdp.2017.50z

5. Makris K, Spanou L. Acute Kidney Injury: Definition, Pathophysiology and
Clinical Phenotypes. Clin Biochem Rev (2016) 37(2):85–98.

6. Hertzberg D, Rydén L, Pickering JW, Sartipy U, Holzmann MJ. Acute Kidney
Injury-an Overview of Diagnostic Methods and Clinical Management. Clin
Kidney J (2017) 10(3):323–31. doi: 10.1093/ckj/sfx003

7. Plewes K, Turner GDH, Dondorp AM. Pathophysiology, Clinical
Presentation, and Treatment of Coma and Acute Kidney Injury
Complicating Falciparum Malaria. Curr Opin Infect Dis (2018) 31(1):69–
77. doi: 10.1097/QCO.0000000000000419

8. Oshomah-Bello EO, Esezobor CI, Solarin AU, Njokanma FO. Acute Kidney
Injury in Children With Severe Malaria Is Common and Associated With
Adverse Hospital Outcomes. J Trop Pediatr (2020) 66(2):218–25.
doi: 10.1093/tropej/fmz057

9. Afolayan FM, Adedoyin OT, Abdulkadir MB, Ibrahim OR, Biliaminu SA,
Mokuolu OA, et al. Acute Kidney Injuries in Children With Severe Malaria: A
Comparative Study of Diagnostic Criteria Based on Serum Cystatin C and
Creatinine Levels. Sultan Qaboos Univ Med J (2020) 20(4):e312–7.
doi: 10.18295/squmj.2020.20.04.006

10. Conroy AL, Hawkes M, Elphinstone RE, Morgan C, Hermann L, Barker KR,
et al. Acute Kidney Injury Is Common in Pediatric Severe Malaria and Is
Associated With Increased Mortality. Open Forum Infect Dis (2016) 3(2):
ofw046. doi: 10.1093/ofid/ofw046

11. Conroy AL, Opoka RO, Bangirana P, Idro R, Ssenkusu JM, Datta D, et al.
Acute Kidney Injury is Associated With Impaired Cognition and Chronic
Kidney Disease in a Prospective Cohort of Children With Severe Malaria.
BMC Med (2019) 17(1):98. doi: 10.1186/s12916-019-1332-7

12. Muhamedhussein MS, Ghosh S, Khanbhai K, Maganga E, Nagri Z, Manji M.
Prevalence and Factors Associated With Acute Kidney Injury Among Malaria
Patients in Dar Es Salaam: A Cross-Sectional Study. Malar Res Treat (2019)
2019:4396108. doi: 10.1155/2019/4396108

13. Koopmans LC, van Wolfswinkel ME, Hesselink DA, Hoorn EJ, Koelewijn
R, van Hellemond JJ, et al. Acute Kidney Injury in Imported Plasmodium
Falciparum Malaria. Malar J (2015) 14:523. doi: 10.1186/s12936-015-
1057-9

14. Calice-Silva V, Sacomboio E, Raimann JG, Evans R, Dos Santos Sebastião C,
Tchivango AT, et al. Diagnostic Performance of Salivary Urea Nitrogen
Dipstick to Detect and Monitor Acute Kidney Disease in Patients With
Malaria. Malar J (2018) 17(1):477. doi: 10.1186/s12936-018-2627-4

15. Severe Malaria. Trop Med Int Health (2014) 19(Suppl 1):7–131. doi: 10.1111/
tmi.12313_2

16. von Seidlein L, Olaosebikan R, Hendriksen IC, Lee SJ, Adedoyin OT,
Agbenyega T, et al. Predicting the Clinical Outcome of Severe Falciparum
Malaria in African Children: Findings From a Large Randomized Trial. Clin
Infect Dis (2012) 54(8):1080–90. doi: 10.1093/cid/cis034

17. Kanodia KV, Shah PR, Vanikar AV, Kasat P, Gumber M, Trivedi HL. Malaria
Induced Acute Renal Failure: A Single Center Experience. Saudi J Kidney Dis
Transpl (2010) 21(6):1088–91.

18. Barsoum RS. Malarial Acute Renal Failure. J Am Soc Nephrol (2000) 11
(11):2147–54.

19. Kaur C, Pramanik A, Kumari K, Mandage R, Dinda AK, Sankar J, et al. Renal
Detection of Plasmodium Falciparum, Plasmodium Vivax and Plasmodium
Knowlesi in Malaria Associated Acute Kidney Injury: A Retrospective
Case-Control Study. BMC Res Notes (2020) 13(1):37. doi: 10.1186/s13104-
020-4900-1
Frontiers in Immunology | www.frontiersin.org 7
20. Nguansangiam S, Day NP, Hien TT, Mai NT, Chaisri U, Riganti M, et al. A
Quantitative Ultrastructural Study of Renal Pathology in Fatal Plasmodium
FalciparumMalaria. Trop Med Int Health (2007) 12(9):1037–50. doi: 10.1111/
j.1365-3156.2007.01881.x

21. Wichapoon B, Punsawad C, Chaisri U, Viriyavejakul P. Glomerular Changes
and Alterations of Zonula Occludens-1 in the Kidneys of Plasmodium
Falciparum Malaria Patients. Malar J (2014) 13:176. doi: 10.1186/1475-
2875-13-176

22. Geleta G, Ketema T. Severe Malaria Associated With Plasmodium Falciparum
and P. Vivax Among Children in Pawe Hospital, Northwest Ethiopia. Malar
Res Treat (2016) 2016:1240962. doi: 10.1155/2016/1240962

23. Moxon CA, Gibbins MP, McGuinness D , Milner DAJr, Marti M. New
Insights Into Malaria Pathogenesis. Annu Rev Pathol (2020) 15:315–43.
doi: 10.1146/annurev-pathmechdis-012419-032640

24. Gowda DC, Wu X. Parasite Recognition and Signaling Mechanisms in Innate
Immune Responses to Malaria. Front Immunol (2018) 9:3006. doi: 10.3389/
fimmu.2018.03006

25. Krishnegowda G, Hajjar AM, Zhu J, Douglass EJ, Uematsu S, Akira S, et al.
Induction of Proinflammatory Responses in Macrophages by the
Glycosylphosphatidylinositols of Plasmodium Falciparum: Cell Signaling
Receptors, Glycosylphosphatidylinositol (GPI) Structural Requirement, and
Regulation of GPI Activity. J Biol Chem (2005) 280(9):8606–16. doi: 10.1074/
jbc.M413541200

26. Shio MT, Eisenbarth SC, Savaria M, Vinet AF, Bellemare MJ, Harder KW,
et al. Malarial Hemozoin Activates the NLRP3 Inflammasome Through Lyn
and Syk Kinases [Published Correction Appears in PLoS Pathog. 2009 Sep;5
(9). Doi: 10.1371/Annotation/Abca067d-B82b-4de6-93c5-0fcc38e3df05.
Tiemi Shio, Marina [Corrected to Shio, Marina Tiemi]]. PloS Pathog (2009)
5(8):e1000559. doi: 10.1371/journal.ppat.1000559

27. Lyke KE, Burges R, Cissoko Y, Sangare L, Dao M, Diarra I, et al. Serum Levels
of the Proinflammatory Cytokines Interleukin-1 Beta (IL-1beta), IL-6, Il-8, IL-
10, Tumor Necrosis Factor Alpha, and IL-12(p70) in Malian Children With
Severe Plasmodium FalciparumMalaria andMatched Uncomplicated Malaria
or Healthy Controls. Infect Immun (2004) 72(10):5630–7. doi: 10.1128/
IAI.72.10.5630-5637.2004

28. Silva LS, Peruchetti DB, Silva-Aguiar RP, Abreu TP, Dal-Cheri BKA, Takiya
CM, et al. The Angiotensin II/AT1 Receptor Pathway Mediates Malaria-
Induced Acute Kidney Injury. PloS One (2018) 13(9):e0203836. doi: 10.1371/
journal.pone.0203836

29. Sinniah R, Rui-Mei L, Kara A. Up-Regulation of Cytokines in
Glomerulonephritis Associated With Murine Malaria Infection. Int J Exp
Pathol (1999) 80(2):87–95. doi: 10.1046/j.1365-2613.1999.00101.x

30. Barnes TC, Anderson ME, Moots RJ. The Many Faces of interleukin-6: The
Role of IL-6 in Inflammation, Vasculopathy, and Fibrosis in Systemic
Sclerosis. Int J Rheumatol (2011) 2011:721608. doi: 10.1155/2011/721608

31. Xu C, Wu X, Hack BK, Bao L, Cunningham PN. TNF Causes Changes in
Glomerular Endothelial Permeability and Morphology Through a Rho and
Myosin Light Chain Kinase-Dependent Mechanism. Physiol Rep (2015) 3(12):
e12636. doi: 10.14814/phy2.12636

32. Barber BE, Grigg MJ, Piera KA, William T, Cooper DJ, Plewes K, et al.
Intravascular Haemolysis in Severe Plasmodium Knowlesi Malaria:
Association With Endothelial Activation, Microvascular Dysfunction, and
Acute Kidney Injury. Emerg Microbes Infect (2018) 7(1):106. doi: 10.1038/
s41426-018-0105-2

33. Hanson J, Lee SJ, Hossain MA, Anstey NM, Charunwatthana P, Maude RJ,
et al. Microvascular Obstruction and Endothelial Activation are
Independently Associated With the Clinical Manifestations of Severe
Falciparum Malaria in Adults: An Observational Study. BMC Med (2015)
13:122. doi: 10.1186/s12916-015-0365-9

34. Ouma BJ, Ssenkusu JM, Shabani E, Datta D, Opoka RO, Idro R, et al.
Endothelial Activation, Acute Kidney Injury, and Cognitive Impairment in
Pediatric Severe Malaria. Crit Care Med (2020) 48(9):e734–43. doi: 10.1097/
CCM.0000000000004469

35. Van Avondt K, Nur E, Zeerleder S. Mechanisms of Haemolysis-Induced
Kidney Injury. Nat Rev Nephrol (2019) 15(11):671–92. doi: 10.1038/s41581-
019-0181-0

36. Pawluczkowycz AW, Lindorfer MA, Waitumbi JN, Taylor RP. Hematin
Promotes Complement Alternative Pathway-Mediated Deposition of C3
April 2021 | Volume 12 | Article 651739

https://doi.org/10.1126/science.abc0035
https://doi.org/10.1038/nri.2017.138
https://doi.org/10.1038/nri.2017.138
https://doi.org/10.1038/nrdp.2017.50z
https://doi.org/10.1038/nrdp.2017.50z
https://doi.org/10.1093/ckj/sfx003
https://doi.org/10.1097/QCO.0000000000000419
https://doi.org/10.1093/tropej/fmz057
https://doi.org/10.18295/squmj.2020.20.04.006
https://doi.org/10.1093/ofid/ofw046
https://doi.org/10.1186/s12916-019-1332-7
https://doi.org/10.1155/2019/4396108
https://doi.org/10.1186/s12936-015-1057-9
https://doi.org/10.1186/s12936-015-1057-9
https://doi.org/10.1186/s12936-018-2627-4
https://doi.org/10.1111/tmi.12313_2
https://doi.org/10.1111/tmi.12313_2
https://doi.org/10.1093/cid/cis034
https://doi.org/10.1186/s13104-020-4900-1
https://doi.org/10.1186/s13104-020-4900-1
https://doi.org/10.1111/j.1365-3156.2007.01881.x
https://doi.org/10.1111/j.1365-3156.2007.01881.x
https://doi.org/10.1186/1475-2875-13-176
https://doi.org/10.1186/1475-2875-13-176
https://doi.org/10.1155/2016/1240962
https://doi.org/10.1146/annurev-pathmechdis-012419-032640
https://doi.org/10.3389/fimmu.2018.03006
https://doi.org/10.3389/fimmu.2018.03006
https://doi.org/10.1074/jbc.M413541200
https://doi.org/10.1074/jbc.M413541200
https://doi.org/10.1371/journal.ppat.1000559
https://doi.org/10.1128/IAI.72.10.5630-5637.2004
https://doi.org/10.1128/IAI.72.10.5630-5637.2004
https://doi.org/10.1371/journal.pone.0203836
https://doi.org/10.1371/journal.pone.0203836
https://doi.org/10.1046/j.1365-2613.1999.00101.x
https://doi.org/10.1155/2011/721608
https://doi.org/10.14814/phy2.12636
https://doi.org/10.1038/s41426-018-0105-2
https://doi.org/10.1038/s41426-018-0105-2
https://doi.org/10.1186/s12916-015-0365-9
https://doi.org/10.1097/CCM.0000000000004469
https://doi.org/10.1097/CCM.0000000000004469
https://doi.org/10.1038/s41581-019-0181-0
https://doi.org/10.1038/s41581-019-0181-0
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Katsoulis et al. Immunopathology of AKI in Malaria
Activation Fragments on Human Erythrocytes: Potential Implications for the
Pathogenesis of Anemia in Malaria. J Immunol (2007) 179(8):5543–52.
doi: 10.4049/jimmunol.179.8.5543

37. Erice C, Kain KC. New Insights Into Microvascular Injury to Inform
Enhanced Diagnostics and Therapeutics for Severe Malaria. Virulence
(2019) 10(1):1034–46. doi: 10.1080/21505594.2019.1696621

38. Thurman JM, Ljubanovic D, Edelstein CL, Gilkeson GS, Holers VM. Lack of a
Functional Alternative Complement Pathway Ameliorates Ischemic Acute
Renal Failure in Mice. J Immunol (2003) 170(3):1517–23. doi: 10.4049/
jimmunol.170.3.1517

39. Miwa T, Sato S, Gullipalli D, Nangaku M, Song WC. Blocking Properdin, the
Alternative Pathway, and Anaphylatoxin Receptors Ameliorates Renal Ischemia-
Reperfusion Injury in Decay-Accelerating Factor and CD59 Double-Knockout
Mice. J Immunol (2013) 190(7):3552–9. doi: 10.4049/jimmunol.1202275

40. Camous L, Roumenina L, Bigot S, Brachemi S, Frémeaux-Bacchi V, Lesavre P,
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