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Abstract

Severe anemia is responsible for hundreds of thousands of deaths in children with malaria. For every Plasmodium-
infected erythrocyte that is lysed, considerably more than 10 uninfected erythrocytes are cleared by extravascular
hemolysis, thus leading to anemia. Compelling evidence indicates that breakdown products released from infected
erythrocytes in the bloodstream activate complement and promote “innocent bystander” deposition of C3 activa-
tion fragments on the uninfected erythrocytes, thereby sensitizing them for elimination. We propose a series of
in vitro experiments with blood cultures of malaria parasites to test the hypothesis that use of inhibitors that block
complement at the C3 activation step can preserve and protect uninfected erythrocytes from C3 deposition. Suc-
cessful demonstration of in vitro protection will set the stage for clinical trials based on the limited and focused
use of complement inhibitors to prevent severe anemia in malaria.
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Abbreviations

AP Alternative pathway of complement
CAD Cold agglutinin disease

EMA European medicines agency

FDA  Food and drug administration

NHS Normal human serum

PNH Paroxysmal nocturnal hemoglobinuria
uE Uninfected erythrocytes
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Background: Introduction and pros and cons for the paradigm

Malarial anemia remains one of the most devastating and under-addressed complications of malaria, particularly
among children, pregnant women, and vulnerable populations in underdeveloped countries [1]. Despite major
advances in malaria prevention and treatment, many patients continue to suffer from severe anemia and increased
risk of death. This unmet medical need highlights the urgency of developing new therapeutic strategies that
can specifically and efficiently suppress the immune and inflammatory mechanisms that drive red blood cell
destruction.

Almost 20 years ago one of our laboratories demonstrated that hematin, one of the byproducts of malarial
infection, can fix complement and promote covalent deposition of C3 activation fragments on naive erythrocytes
(E) [2]. This deposition reaction could be blocked by mAb 3E7, which inhibits the alternative pathway (AP) of
complement. In collaboration with the Lambris lab, we later reported that compstatin, a peptide designed to block
C3 activation, can also block hematin-mediated C3 deposition on E [3]. A voluminous literature, dating back
nearly 50 years, further implicates complement activation mediated by additional byproducts of malaria infection
in this “misguided” C3 fragment deposition on uninfected erythrocytes (uE).This leads to extravascular clearance
of these uE from the circulation and most likely plays a major role in the pathogenesis of anemia in malaria [4].

This reaction is similar to the process that leads to extravascular clearance of C3 fragment-opsonized E in cold
agglutinin disease (CAD) which is mediated by IgM antibodies that bind to E and activate the classical comple-
ment pathway [5]. It is noteworthy that CAD is now treated with a mAb inhibitor of C1s that blocks the classical
complement pathway.

We recognize that other mechanisms may also contribute to malarial anemia including: defects in E synthesis;
deficiencies in iron metabolism and nutrition as well as splenic sequestration [6—8]. Indeed, Plasmodium-infected
E and uE that are opsonized with C3 activation fragments are likely taken up by the spleen [5, 9]. The pulse-chase
experiments in animal models of malaria in which infused >'Cr-labeled or biotinylated uE are rapidly cleared
argue against deficiencies in iron uptake or E synthesis [10, 11]. Collins et al. also reported considerable loss of
uE in humans with syphilis who were purposely infected with small amounts of Plasmodium vivax as a syphilis
treatment [12]. On this basis as well as the other cited evidence, we have focused on complement.

There are several reasons why blocking complement to prevent malarial anemia has not yet been tested in
the clinic. In 2007 we first reported that hematin could promote alternative pathway-mediated complement C3b
opsonization of E, and that this reaction could be blocked by mAb 3E7 [2]. However, at that time there were no
FDA-approved drugs that could block C3 activation. Later, on the basis of a phase III trial the first complement
C3 inhibitor (pegcetacoplan) was approved by the FDA in 2021 for paroxysmal nocturnal hemoglobinuria (PNH)
[13]. Soon thereafter successful phase IlI clinical trials for C3 activation inhibitors iptacopan and danicopan led
to their approval [14, 15].

The cost of these drugs to treat PNH for one year is substantial: For example, approximately $10,000/week
for pegcetacoplan [16]; $220 per day for danicopan [17]; and $1500 per day for iptacopan [18]. These costs
would seem to preclude their widespread use for malaria. However, complement blockade would be required for
no more than one week if given along with artesunate therapy for malaria. The parasite is completely cleared
in 24-48 h after artesunate therapy [19] and suppression of complement for a week should prevent residual C3
fragment opsonization of uE mediated by agents released from lysed E or degraded Plasmodia. Moreover, if
anti-complement therapy is instituted in large scale, this could lead to lower costs and also reduce the need and
associated cost for blood transfusions.

Although there is clearly evidence linking malarial anemia and complement, this concept has not been widely
accepted. For example, we cite three authoritative recent reviews on the pathogenesis and treatment of malaria
[20-22]. These reviews do not mention complement or the fact that in malarial anemia, many more uE than
infected E are cleared.
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Proposed experiments

The key question now is precisely what in vitro experiments are needed to provide compelling evidence that use of
inhibitors which block complement at the C3 AP activation step, three of which have been approved by National
Regulatory authorities including the FDA and EMA for other indications (Table 1), could be used in conjunc-
tion with artesunate to treat and/or prevent malarial anemia. The proposed approach is based on focused in vitro
replication of in vivo observations previously reported, specifically that both in humans and in animal models, uE
are subject to “innocent bystander destruction,” and this is the major contributor to E loss [10-12]. The testable
hypothesis is that the interaction of Plasmodium-parasitized E and their breakdown products in the presence of
complement (normal human serum, NHS) should lead to deposition of C3 activation fragments on the uE.
Demonstration of this phenomenon can be readily accomplished by flow cytometry experiments in which
lepirudin anti-coagulated blood from patients with malaria (or ex-vivo infected E) is cultured at 37 °C in the pres-
ence of ABO-matched serum containing uE from normal volunteers. Lepirudin specifically binds to thrombin and
thereby prevents clotting and does not interfere with complement activation [23]. After culture periods of 48 h
or more, products released due to lysis of the infected E should promote deposition of C3 activation fragments
(revealed with specific mAbs) on the uE [2, 3]. The uE can be distinguished from infected E based on a lack of
staining by dihydroethidium, which will only identify positively infected E based on intercalation into the DNA
of the Plasmodia in these E [24]. When these experiments are conducted under conditions in which comple-
ment activation mediated by malaria breakdown products is precluded (e.g. very brief incubations; use of heat
inactivated NHS; or inhibition of complement with EDTA, mAb 3E7, Compstatin, Pegcetacoplan, Iptacopan,
or Danicopan) then the uE should not manifest any C3 activation fragment deposition [15, 25-28]. Compstatin,
Cp40 and mAb 3E7 are not FDA-approved but can provide additional validation for the work. If our hypothesis
is correct, all of the inhibitors listed in the table should work equally well and block C3b deposition. However,
these experiments may also reveal important differences between the C3-targeted inhibitors (e.g., dose, frequency,
routes of administration) which would be helpful in the selection of optimal complement inhibitors in clinical

Table 1 Complement inhibitors available for testing

Complement inhibitor Point of inhibition Regulatory status Notes Source trade name, source
mAb 3E7 Binds to iC3b and C3b and  Pre-Clinical v Cedarlane
[2, 3, 35] prevents additional scission Hycult

of C3
Compstatin Binds to C3 and prevents Pre-Clinical 1V, SC, IP, Intra-Vitreal MedChemExpress (MCE)
[3, 37] additional scission of C3

Cp40/AMY-101 (compsta-
tin analog) [32]

Pegcetacoplan [13, 27, 28]
(Empaveli)

Danicopan
[15] (Voydeya)

Iptacopan
[14, 26] (Fabhalta)

Binds to C3 and prevents
additional scission of C3

Binds to C3 and prevents
additional scission of C3

Binds to Factor D and blocks FDA, EMA, Japan approval

AP of complement

Binds to Factor B and blocks FDA, EMA, Japan, China,

AP of complement

Clinical Trials

FDA, EMA

Canada approval

Intravenous

Subcutaneous infusion,
intravitreal injection

(not marketed for oral,
IV or IM route)

Orally active

Orally active

Amyndas Pharmaceuticals

EMPAVELI® = U.S. sys-
temic brand (Apellis)

ASPAVELI® = ex-U.S./
European systemic brand
(Sobi)

SYFOVRE® = ophthal-
mology brand for geo-
graphic atrophy (Apellis)

Voydeya. Marketed by
Alexion Pharmaceuticals,
an AstraZenecal Rare
Disease company

Fabhalta: Novartis
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trials. The other issue, which will need to be addressed eventually, will be the relative costs of these inhibitors
for malaria treatment.

Future implications: the pathway to the clinic

If the results of these in vitro experiments provide proof of principle for blocking complement C3 fragment depo-
sition on uE, then extension to clinical studies would be straightforward. Brief use of FDA approved complement
inhibitors (Table 1), accompanied by artesunate treatment, should provide an effective treatment and prevention
for early onset childhood malarial anemia. Inhibition of complement should also be examined for the treatment
of post-artesunate delayed hemolysis anemia observed in a subfraction of individuals who receive artesunate
treatment [4]. As reported and discussed by Cambrubi et al., their observation of only C3d fragments (and no
IgG) on E of 40% of patients with post artesunate anemia strongly implicates complement in this disorder [29].
As noted above, prolonged use of complement inhibitors for other indications is quite expensive and ostensibly
could preclude their use in under-resourced populations who contract malaria. However, treatment of children
over one week with small amounts of such inhibitors along with artesunate should be both adequate from an
efficacy standpoint as well as cost-effective.

The use of complement inhibitors will also subject malaria patients to an increased risk of infectious diseases.
However, the proposed short-term inhibition of complement activity for one week should reduce this risk. We
note that the C3 inhibitor pegcetacoplan has a high safety profile in PNH patients treated for 3 to 6 months [30]
but nevertheless cautionary measures to prevent infections should be instituted in any proposed trials for malaria.

One of the authors of this manuscript (JDL) has a commercial interest in two of the inhibitors that will be tested
(see below) but all of the inhibitors should be examined under identical conditions.

Although our laboratories are not equipped to culture Plasmodia, these consequential experiments could be
readily accomplished in almost any facility that maintains Plasmodium falciparum in blood-stage culture. Addi-
tionally, the complement inhibiting reagents needed to perform these experiments are available commercially
(see Table 1) and can also be obtained in limited amounts from the corresponding author.

Conclusion

We recognize that this communication represents an unorthodox approach to solving a pressing scientific prob-
lem. The in vitro experiments proposed here have the potential to provide proof of concept. If this is the case, the
results could lead to definitive clinical trials of re-purposed licensed drugs to prevent death due to malarial ane-
mia. Anemia is the principal cause of malarial mortality, thereby making the implications of this work profound
and far-reaching. In summary, we believe that in combination with artesunate, the focused and early inhibition
of complement has the potential to substantially reduce the childhood death toll (hundreds of thousands) due to
malarial anemia.

All of the authors listed in this communication have published extensively in the areas of complement research
and/or malaria and have contributed to the generation of this narrative [2, 3, 31-41].
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