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A B S T R A C T   

Complement is an important innate immune defence machinery. Once dysregulated, it is often linked to path-
ogenesis of diverse autoimmune diseases. Artesunate (ART) is a well-known anti-malarial compound. Recently, 
ART has been highlighted by its potential therapeutic effects on certain complement-related autoimmune dis-
eases. However, the underlying mechanisms are hitherto unknown. In the present study, we found that ART 
mediated complement interception as validated by analysis of complement haemolytic assay. In cell-based setup 
using dying Jurkat cells, ART-mediated complement interception was also confirmed. Further, we newly 
established an ELISA system selectively allowing complement activation via the classical pathway, the lectin 
pathway and the alternative pathway, respectively. ELISA analysis revealed that ART dose-dependently inhibited 
C4 activation, C3 activation and terminal complement complex assembly via the effector pathways. ART was 
found to blockade C1q, C3 and C5 with a lesser extent to properdin. The interaction of ART with C1q was 
determined to be mediated via C1q globular head region. FACS analysis using ART-conjugated mesoporous silica 
particles revealed that ART specifically bound the key therapeutic targets of C1q, C3 and C5 on microparticles. In 
conclusion, we for the first time report the anti-complement bioactivities of ART and suggest a potential ther-
apeutic benefit of ART in the complement-related human diseases.   

1. Introduction 

Complement is an important machinery of humoral and cellular 
innate immunity that mobilizes rapid and efficient immunno-protection 
against pathogenic organisms and damaged host cells [1], and plays a 
pivotal roles in modulation of adaptive immune responses [2]. Often, 

the complement is tightly modulated by exclusive complement negative 
regulators in the circulation and on healthy self-cells [3]. However, once 
improperly governed due to deficiencies and polymorphisms of certain 
complement components or pathogenic autoantibodies, complement 
activation may be overwhelmed and lead to host-offensive pathological 
situations [4]. Recent data have obviously shown that complement 
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dysfunction is associated with pathogenesis of a wide variety of auto-
immune diseases, for instance atypical hemolytic uremic syndrome 
(aHUS), paroxysmal nocturnal hemoglobulinuria (PNH), age-related 
macular degeneration (AMD), rheumatoid Arthritis (RA) and systemic 
lupus erythematosus (SLE) [5]. Given the fact that complement 
over-activation is defined as a prominent inflammatory driver in the 
disease pathogenesis, complement-targeted immunotherapeutics has 
been highlighted in recent years [6]. 

The complement comprises over 50 effectors and receptors circu-
lating in the blood (or lymph) and expressing on immune cell mem-
brane, which are organized in a proteolytic cascade consisting of three 
canonical pathways, namely the classical pathway (CP), the lectin 
pathway (LP) and the alternative pathway (AP) [3]. The CP is mainly 
activated by immunoglobulins (IgM or IgG cluster) or the pentraxins, 
such as C-reactive protein (CRP), serum amyloid P component (SAP) and 
the long pentraxin 3 (PTX3), in conjugation with C1 complex upon 
binding to target surfaces [7,8]. The LP activation is primarily induced 
by exclusive humoral pattern recognition molecules (PRMs), such as 
mannose-binding lectin (MBL), the ficolins (ficolin-1, -2 and -3), 
collectin-10 (CL-10 or CL-L1), collectin-11 (CL-11 or CL-K1), or a het-
eromeric complex of CL-10 and CL-11 (CL-LK) [9–14]. In contrast, the 
AP initiation does not require antibodies, the pentraxins or soluble 
PRMs, but often occurs by spontaneous low-rate hydrolysis of the thio-
ester in C3, which is quickly amplified in support of properdin through 
increasing half-life of the AP convertase C3bBb 5− 10 fold if an addi-
tional starting signal is provided by the CP and LP [15,16]. Therefore, 
the AP is often referred as spontaneous and indiscriminate because it 
does not differentiate between self and non-self. However, it has been 
recently characterized that like the CP and LP relying on humoral PRMs 
for initiation the AP is also able to be activated and amplified by hu-
moral PRMs against certain fungal pathogens, for instance soluble 
collectin-12 (CL-12 or CL-P1), in association with properdin [17]. 
Recent findings also highlighted that properdin could specifically direct 
the AP activation via sensory inputs from CL-12 in a primary C3 inde-
pendent fashion in addition to its well-defined function of immune 
stabilizer for the AP C3 convertase [18]. 

Decades of initial research have solidified complement activation by 
three separate and autonomous routes, of which the CP and LP require 
distinctive humoral PRMs for complement activation and defined as 
independent each other. However, several lines of recent evidences have 
interestingly shown fascinating connections between the soluble PRMs 
(MBL, ficolin-1 and -2) and the pentraxins (CRP, SAP and PTX3) leading 
to cross-activation of the LP and the CP [15,19–22], which might widen 
the repertoire of pattern recognition and diversify immune effector 
functions to cope with the evolving immune evasion tactics of pathogens 
[8,13,23]. 

Artesunate (ART) is a water-soluble active derivative of artemisinin, 
which is the most potent anti-malarial drugs isolated from a traditional 
Chinese herb Artemisia annua L (also called sweet wormwood) [24]. 
Aside from its well-known anti-malarial activity, ART has been reported 
to possess bioactivities against certain autoimmune diseases, such as 
asthma, rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) 
etc, by regulation of innate and adaptive immune responses [25]. 
Recently, it has also been reported that a derivative of artemisinin (ex. 
Dihydroartemisinin) shows therapeutic effect on a complement-related 
autoimmune disease SLE [26,27]. However, the underlying mecha-
nisms are not clear. Complement immunotherapy is previously high-
lighted in adjunct treatment of certain infection and inflammation [6]. 
In recent pandemic outbreak of COVID-19, complement inhibitor (ex. 
C3 and C5 inhibitors) has been also suggested to be a promising thera-
peutic agent for severe SARS-CoV-2 infection by potential reduction of 
SARS-CoV-2-associated lung injury and systemic thrombosis [28–31]. In 
support of the recent findings, the present study was designed to 
investigate the potential impact of ART in the complement system and 
its underlying mechanisms, thus providing a basis for a potential ap-
proaches of complement immunotherapy by using natural ART and its 

derivatives. 

2. Materials and methods 

2.1. ART and human sera 

Artesunate (ART) was produced and provided by the China Academy 
of Chinese Medical Sciences (Beijing, China). Serum samples with 
normal complement activities were obtained from healthy volunteer 
donors with informed consent. Properdin-defect human serum (fP-Def) 
and mannose-binding lectin (MBL)-defect human serum (MBL-Def) were 
obtained from a properdin-defect patient and an MBL-defect individual 
with normal levels of complement components, respectively, as char-
acterized elsewhere [12,17,22]. C1q-depleted human serum (C1q-Dpl), 
C3-depleted human serum (C3-Dpl) and C5-depleted human serum 
(C5-Dpl) were obtained from CompTech. All the sera were stored in 
aliquot at -80 ◦C until use. 

2.2. Hemolysis of sheep erythrocytes 

Total hemolytic complement assay was performed as described 
previously [32]. In brief, the assay was conducted with sheep erythro-
cytes (Es) sensitized using rabbit hemolysin by titration and NHS (2.5 %) 
in GVB++ (CompTech) as a complement source. Alternatively, ART was 
prepared in DMSO (Sigma) and pre-incubated with NHS at 37 ◦C prior to 
contacting the sensitized erythrocytes (sEs). Content of DMSO in the 
reaction buffer were restricted under 1%. Hemolytic reaction was then 
induced by incubation at 37 ◦C for 30 min. After the hemolytic reaction 
was stopped on ice, the supernatants were collected by centrifugation 
(2000 × g, 4 ◦C, 10 min) and the OD value was measured at 540 nm. 
Results were expressed as % relative inhibition by ART (ODwater – 
ODART) to total complement activation (ODwater – ODbuffer), or % relative 
total hemolysis by ART (ODART – ODbuffer) to total complement activa-
tion (ODwater – ODbuffer). In some experiments, the hemolysis was also 
induced with C1q-Dpl (2.5 %) in the presence of N-acetyl-D-glucosamine 
(GlcNAc) (~12.5− 300 mM) or mannose (~12.5− 300 mM). 

2.3. Generation of necrotic jurkat t cells 

Jurkat T cells were cultivated in basal RPMI 1640 (Sigma) supple-
mented with heat-inactivated fetal calf serum (FCS) (10 %) (Sigma), 
Penicillin/Streptomycin (1 %) (Sigma) and ℓ-glutamine (1 mM) 
(Sigma). Generation of necrotic cells was followed as characterized 
elsewhere [33]. 

2.4. TCC formation on necrotic jurkat t cells 

Complement assembly of terminal C5b-9 complement complex 
(TCC) was determined as previously described [17,34]. In brief, necrotic 
Jurkat T cells were incubated with NHS (2.5 %). After washing, TCC 
assembly were detected by mouse anti-human C5b-9 monoclonal anti-
body (BioPorto)/FITC-linked goat anti-mouse IgG (Dako), and analysed 
by flow cytometry (Gallios, Beckman Coulter). Data were evaluated 
using FCS express version 5 (De Novo software). Alternatively, the cells 
were also incubated with NHS in the presence of ART prior to detection 
of TCC assembly. 

2.5. ELISA 

2.5.1. Assessment of classical pathway activity 
Microtiter plates (MaxiSorp, Nunc) were coated with human IgM 

(MP Biomedicals) (10 μg/mL) or C-reactive protein (Calbiochem) (CRP) 
(5 μg/mL). The plates were washed after each step in barbital buffer (4 
mM sodium barbiturate, 145 mM NaCl, 2.6 mM CaCl2, 2.1 mM MgCl2, 
pH7.4) containing 0.05 % Tween 20 (Barbital-T). After blocking, the 
plates were incubated with NHS (1.25 %) or C1q-Dpl (1.25 %) diluted in 
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barbital buffer. Complement activation were validated through detec-
tion of C4b, C3b and TCC deposition by monoclonal antibody (mAb) 
against C4b (HYB 162− 02B, BioPorto Diagnostics), C3b (BH6 anti- 
human C3b/c) and TCC (aE11 anti-human C5b-9, mAb to a poly C9 
neoepitope), respectively, as characterized previously [22] [35]. 

2.5.2. Assessment of lectin pathway activity 
Microtiter plates were coated with mannan (Sigma) (10 μg/mL). For 

complement activation, the plates were incubated with NHS (1.25 %) or 
C1q-Dpl (1.25 %) and validated as described above. In some experi-
ments, binding of MBL was also determined as characterized previously 
[22]. 

Fig. 1. ART inhibits complement-mediated he-
molysis. 
(A) Effect of ART on hemolysis of sEs. Hemo-
lysis of sEs was induced by NHS in the presence 
of elevated concentration of ART, and 
expressed as Inhibition % as described in the 
“Materials and Methods”. (B) Induction of sEs 
hemolysis by NHS or C1q-Dpl. The hemolysis 
was induced by NHS or C1q-Dpl with or 
without galactomannan (1.3 mg/mL) or hepa-
rin (1.3 mg/mL, 200 IU/mL), and expressed as 
Hemolysis % as described in the “Materials and 
Methods”. (C) Effect of GlcNAc on C1q-Dpl- 
induced sEs hemolysis. The hemolysis was 
induced by C1q-Dpl in the presence of elevated 
concentration of GlcNAc, and expressed as 
described above. Results were expressed as 
mean ± SD from triplicate. *P < 0.01   
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2.5.3. Assessment of alternative pathway activity 
Microtiter plates (MaxiSorp, ThermoFisher Scientific) were coated 

with LPS (Escherichia coli O111:B4, Sigma) (20 μg/mL). For complement 
activation, the plates were incubated with NHS (10 %) diluted in 
barbital buffer containing EGTA (10 mM) and Mg2+ (5 mM) (Barbital/ 
EGTA-Mg2+), and validated as described above. 

2.5.4. Assessment of inhibitory effect of ART on complement activation 
To determine inhibitory effect of ART on complement activation via 

the three effector pathways, ART was incubated with the sera at 37 ◦C 
for 30 min prior to inducing complement activation, and validated as 
described above. In some experiments, to determine ART-targeted cen-
tral complement components, ART was pre-incubated with NHS (1.25 
%) at room temperature for 30 min before inclusion of central com-
plement component-depleted sera (1.25 %) (C1q-Dpl, C3-Dpl, C5-Dpl or 
fP-Def). The reaction mixture was then utilized to induce complement 
activation and tested as described above. As a control, galactomannan 
(1.3 mg/mL) or heparin (1.3 mg/mL, 200 IU/mL) was applied in 

parallel. 

2.5.5. Assessment of effect of ART on C1q-CRP interaction 
Microtiter plates were coated with CRP and washed as described 

above. The plates were then incubated with native C1 complex (2.5 μg/ 
mL, CompTech) diluted in barbital buffer. Bound C1q was detected 
using rabbit anti-C1q polyclonal antibody (Dako) followed by incuba-
tion with HRP-conjugated swine anti-rabbit IgG as described above. To 
determine potential ART binding site on C1q, ART was pretreated with 
native C1 complex before incubation in the CRP-immobilized plates in 
some experiments. Alternatively, the effect of ART was determined on 
MBL/MBL-associated serine proteases (MASPs) complex binding to 
mannan in ELISA as described elsewhere [12,22]. 

2.6. Synthesis of ART-conjugated MSM 

As depicted in the schematic diagram of synthetic route (Fig. 8A), 
mesoporous silica microbeads (MSM) was firstly functionalized with the 

Fig. 2. ART inhibits TCC assembly on necrotic 
Jurkat T cells. 
Necrotic Jurkat T cells were incubated with 
NHS in the presence of elevated concentration 
of ART. Necrosis was determined by properties 
of forward scatter (FSC) and side scatter (SSC) 
(A) as well as double staining of annexin V and 
propidium iodide (PI) (B). TCC assembly was 
determined by flow cytometry (C). Inhibition % 
was calculated as described in the “Materials 
and Methods”, and expressed as mean ± SEM 
from three independent experiments. Results 
are representative of three independent 
experiments.   
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NH2 group by grafting polyethylenimine (PEI) (average M.W. ~800). 
ART was subsequently conjugated to the MSM via N-(3-Dimethylami-
noporopyl)-N’-ethylcarbodiimide hydrochloride (EDC) coupling with 
carboxyl group of ART. 

To prepare NH2 group-functionalized MSM (NH2@MSM), MSM (1 g) 
(Sorbetch) was dissolved in Milli-Q water (50 mL) and sonicated for 10 
min prior to adding PEI (10 g) (Sigma). After stirring at room temper-
ature for 60 min, the reaction was performed at 80 ◦C overnight. The 
resultant NH2@MSM was thoroughly washed with ethanol and Milli-Q 
water, respectively, and dried for 10 h under vacuum. 

To synthesize ART-conjugated MSM (ART@MSM), EDC (30 mg) 
(Sigma) was dissolved in ethanol (1 mL) followed by addition of ART (20 
mg). The mixture was sonicated for 5 min and remained at room tem-
perature for 60 min. The activated ART was subsequently combined 
with the NH2@MSM (20 mg) dissolved in ethanol (4 mL) prior to stir-
ring overnight. The resultant ART@MSM was thoroughly washed with 
ethanol and dried overnight at room temperature. The microbeads were 
stored as dry powder at 4 ◦C until use. 

Size of the samples was determined by scanning electron microscopy 
(SEM) image with a QFEG 200 Cryo ESEM (FEI Technologies). Infrared 
(IR) characteristic of the samples was determined by IR spectra with a 
Spectrum 100 (PerkinElmer). Charges of the samples were measured by 
Zeta Potential with a ZetaPAL DLS (Brookhaven Instrument). The in-
fluence of NH2@MSM on complement activation was determined by 
analysis of C4 activation, C3 activation and TCC assembly as previously 
characterized [17]. 

2.7. Binding of complement factors on ART-conjugated MSM 

Dried ART@MSM was suspended in ethanol (99 %, Sigma) at 2 mg/ 
mL, and further dispersed by sonication for 20 min with agitation. After 
washing in PBS buffer (10 mM Na2HPO4, 1.5 mM KH2PO4, 137 mM 
NaCl, 2.7 mM KCl, pH 7.4), the ART@MSM was resuspended in 100 μL 
of HEPES buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4) 
containing 1% BSA at 3.2 × 109 beads/mL, and incubated with target 
complement factors (C1q, ~1.25− 10 μg/mL; C3, ~3.12–50 μg/ml C5, 
~3.12–50 μg/ml) at 37 ◦C for 60 min. After washing in HEPES buffer 
containing 1% BSA, bound proteins were detected by rabbit anti-human 
C1q polyclonal antibody (Dako), rabbit anti-human C3c polyclonal 
antibody (Dako) and rabbit anti-human C5 polyclonal antibody (Dako) 
followed by FITC-linked swine anti-rabbit IgG (Dako), respectively, and 
analysed as described earlier. As negative control, NH2@MSM lacking 
ART branch was applied in parallel. Results were expressed as relative 
geometric mean fluorescence intensity (GMFI) by subtraction of 
measured background value (GMFIART@MSM – GMFINH2@MSM). 

2.8. Statistical analysis 

Statistical analysis was performed using ANOVA and GraphPad 
Prism version 8.0 (GraphPad Software). P values < 0.01 were considered 
statistically significant. 

3. Results 

3.1. Inhibitory effect of ART on complement hemolytic activity 

To determine the effect of ART on the complement system, total 
hemolytic complement assay was applied as previously depicted [32]. 
Inclusion of the ART (~0.5− 1 mM) inhibited NHS-induced hemolysis of 
sEs in a dose dependent fashion (Fig. 1A). When C1q-Dpl was applied as 
complement sources instead, the hemolysis was still drastically induced 
as observed by NHS (Fig. 1B). Addition of heparin completely abolished 
the hemolysis, whereas no apparent change was observed in the pres-
ence of control polysaccharide (Fig. 1B). However, presence of GlcNAc 
(~12.5− 300 mM) was shown to drastically inhibit the C1q-Dpl-induced 
hemolysis (Fig. 1C). No change was observed when mannose was 

applied (data not shown). 

3.2. Inhibitory effect of ART on complement TCC assembly on necrotic 
Jurkat T cells 

Apoptotic cells often shed membrane-bound complement regulatory 
molecules and permit complement activation, especially in the late stage 
of cell death [1]. Following induction of necrosis in Jurkat T cells, most 
of the cells were rendered necrosis with population of R1 based on 

Fig. 3. The effect of ART on the CP of complement activation. 
The CP of complement activation was determined in the presence of elevated 
concentration of ART through measurement of C4 activation (A), C3 activation 
(B) and TCC assembly (C) in CRP-based ELISA. Results are expressed as mean ±
SD from triplicates. 
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forward and side scatter properties, and double positive for annexin V 
and propidium iodide (PI) (Fig. 2A and B). In line with previous ob-
servations, complement activation was massively induced as validated 
by TCC assembly on the necrotic cells, but not the viable cells and the 
early apoptotic cells (data not shown). Inclusion of ART (~1− 16 mM) 
was able to dose-dependently inhibit TCC assembly on the necrotic cells 
(Fig. 2C). 

3.3. Assessment of complement activity in ELISA 

To evaluate functional complement activity selectively for the CP, 
the LP or the AP, a modified ELISA-based complement assay was applied 
based on our previously developed and validated functional analysis of 
complement activity [36]. The CP activity was evaluated by ELISA using 
short pentraxin CRP as a ligand for C1q. Complement activation was 
induced by immobilized CRP in a dose dependent fashion, as validated 
by analysis of C3 deposition (Supporting information Fig. 1A). The LP 
activity was evaluated by ELISA using mannan as a ligand for MBL. 
However, addition of either inhibitory anti-C1q antibodies or mannose 
significantly reduced NHS-induced C3 deposition, while no clear change 
was observed in the presence of negative control antibodies (Supporting 
information Fig. 2). In order to prevent the interference of the CP acti-
vation in the mannan-based LP assay, C1q-Dpl was applied instead of 
NHS. When applied with C1q-Dpl, the LP-selective complement activa-
tion was induced by immobilized mannan dose-dependently (Support-
ing information Fig. 1B). For the AP, complement activity was evaluated 
by LPS-applied ELISA, and determined LPS-triggered complement acti-
vation with dose dependency as validated by analysis of C3 deposition 
(Supporting information Fig. 1C). 

Fig. 4. The effect of ART on the LP of complement activation. 
The LP of complement activation was determined in mannan-based ELISA, and 
effect of ART was measured on C4 activation (A), C3 activation (B) and TCC 
assembly (C) as described above. 
Results are expressed as mean ± SD from triplicates. 

Fig. 5. The effect of ART on the AP of complement activation. 
The AP of complement activation was determined in LPS-based ELISA, and 
effect of ART was measured on C3 activation (A) and TCC assembly (B) as 
described above. Results are expressed as mean ± SD from triplicates. 
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3.4. Effects of ART on complement activity via the CP, the LP and the AP 

To further ascertain the effect of ART on complement activation, 
ART was evaluated in the established functional ELISA. ART was shown 
to inhibit the CP (Fig. 3), the LP (Fig. 4) and the AP (Fig. 5) of com-
plement activation induced by CRP, mannan and LPS, respectively, as 
validated by analysis of C4 activation (Figs. 3A, 4 A and 5 A), C3 acti-
vation (Fig. 3B, 4 B and 5 B) and TCC assembly (Fig. 3C, 4 C and 5 C). 
Addition of ART resulted in a concentration-dependent inhibition of the 
CP activation (C4: IC50 ~1.57 mM, C3: IC50 ~1.42 mM, TCC: IC50 
~1.37 mM), the LP activation (C4: IC50 ~1.35 mM, C3: IC50 ~0.94 
mM, TCC: IC50 ~1.42 mM) and the AP activation (C3: IC50 ~0.47 mM, 
TCC: IC50 ~0.34 mM) (Figs. 3A-C, 4 A-C and 5 A-C). 

3.5. ART intercepts the key complement therapeutic targets 

To further understand the underling mechanisms of ART-mediated 
complement inhibition, potential ART targets were tested with NHS 
plus central complement activation factor (C1q, MBL, C3, C5 or fP)- 
deficient sera. ART-preincubated NHS was reconstituted with C1q-Dpl, 
MBL-Def, C3-Dpl, C5-Dpl or fP-Def. NHS drastically induced TCC as-
sembly with or without addition of the complement activation factor- 
deficient sera, which were not able to induce complement activation 
(Fig. 6A-D). 

Pre-incubation of ART completely abolished the NHS-induced TCC 
assembly with or without reconstitution of C1q-Dpl, C3-Dpl or C5-Dpl 
(Fig. 6A-C), while partly attenuated upon support of fP-Def (Fig. 6D). 

Fig. 6. ART blockades of complement activa-
tion by targeting central complement compo-
nents. 
Complement activation was induced by NHS 
(1.25 %), and TCC assembly was determined 
with or without ART (2 mM) in CRP-based 
ELISA. Effect of ART was also assessed in the 
presence of C1q-Dpl (1.25 %) (A), C3-Dpl (1.25 
%) (B), or C5-Dpl (1.25 %) (C). When fP-Def (10 
%) was applied with NHS (10 %), the effect of 
ART was assessed in LPS-based ELISA (D). Re-
sults are expressed as mean ± SD from tripli-
cates. *P < 0.01   
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No apparent inhibition was observed when ART-preincubated NHS was 
supplemented with MBL-Def in the mannan-based ELISA in contrast to 
the case of no preincubation (data not shown). 

3.6. Determination of ART binding site on C1q 

The interactions between the pentraxins and C1q are well charac-
terized. C1q binds to the short pentraxin CRP via its globular head region 
[37]. To identify the binding site of ART on C1q, competitive inhibition 
experiments were performed using native C1 complex by assessing the 
effect of ART on C1q binding to CRP in ELISA. When ART (~0.03− 1 
mM) was introduced, the binding of C1q to the immobilized CRP was 
drastically reduced (Fig. 7). The inhibitory effect of ART was 
dose-dependent (Fig. 7). However, no significant inhibition was 
observed by inclusion of ART when the LP initiating molecule MBL was 
applied in the mannan-based ELISA (Supporting information Fig. 3). 

3.7. Interactions between ART and its complement targets on MSM 

To further substantiate the complement targets of ART, ART was 
conjugated to MSM as shown in the schematic diagram of synthesis 
(Fig. 8A), and the potential interaction of C1q, C3 or C5 was then 
determined with the ART conjugated to MSM. As shown in Fig. 8B, SEM 
image analysis revealed that the average size of the MSM is 5 μm in 
diameter with pore size of 30 nm. As shown in Fig. 8C, IR spectra 
analysis indicated clear changes in the functional groups of the micro-
sphere surface after successive modification. Distinct IR peak was 
detected at ~1079 cm− 1 corresponding to Si-O-Si asymmetric stretching 
vibrations, compared with the peak at ~801 cm− 1 corresponding to Si- 
O-Si symmetric stretching vibration (Fig. 8C). In contrast to the MSM 
control, a broad peak appeared at ~3324 cm− 1 and ~1643 cm− 1 in the 
IR spectra of NH2@MSM corresponding to the absorption peaks formed 
by the overlap of the stretching vibration absorption peak of -NH2 on the 
surface of mesoporous silica (Fig. 8C). The stretching vibration peaks of 
C––O unique to hexavalent cyclolactone on ART were observed at 
~1750 cm-1, where consistent peaks were also detected in the FITR 
spectra of ART@MSM, indicating that the ART is conjugated to the MSM 
(Fig. 8C). Since relatively low amount of ART was conjugated, the signal 
of the corresponding peak in the IR spectra of ART@MSM was attenu-
ated in contrast to that of the ART applied. The stretching vibration 
peaks of O–H and C–O on the carboxyl group of ART were observed at 
~3276 cm-1 and ~1440 cm-1, respectively (Fig. 8C). However, the 
stretching vibration absorption peak of − COOH was not detected in the 

FITR spectra of ART@MSM, since the carboxyl group was disrupted after 
ART conjugation through EDC coupling (Fig. 8C). As shown in Fig. 8D, 
the Zeta potential of untreated MSM was measured to be -28.2 mV, 
indicating a negative surface charge. When treated with amino group, 
the MSM had a prominent increase in the zeta potential to +43.7 mV 
(Fig. 8D). Further treatment with ART caused drastic reduction in the 
zeta potential to +15.6 mV due to the anionic property of the ART 
(Fig. 8D). Taken together, the results indicate a successful conjugation of 
the ART to the MSM. 

MSM were found to be immunologically inert in the complement 
activation as validated by FACS analysis of C4 activation, C3 activation 
and TCC assembly. No complement activation was detected on 
NH2@MSM when incubated with NHS (~5− 20 %) (data not shown). 
FACS analysis revealed that C1q, C3 or C5 dose-dependently recognized 
ART under physiological concentrations on MSM (Fig. 8E-G). The 
binding to a control MSM was shown to be negligible (Fig. 8E-G). 

4. Discussion 

ART is well established as the most potent anti-malarial natural drug, 
and hitherto widely used in the first line of treatment for malaria as 
recommended by the World Health Organization (WHO) [24]. Inter-
estingly, recent studies have also highlighted its potential bioactivities 
beyond malaria treatment [38]. In recent decade, complement-targeted 
drug discovery has increasingly gained attention and experienced a 
moment of veritable renaissance [39]. Here, we for the first time report 
that ART might possess complement interception bioactivities with a 
novel capacity of targeting the key complement factors, for instance 
C1q, C3 and C5, thus directing complement modulation. 

Far beyond antimicrobial immune effector, today, complement is not 
only a driver of innate immunity, its functions even extend to additional 
physiological and/or pathophysiological roles in immune surveillance 
and homeostasis [2,4]. As complement dysregulation is prominently 
involved in pathogenesis of numerous human diseases, in recent decade, 
complement interception has opened new windows of therapeutic op-
portunity for anti-inflammatory drug design and immunotherapy in the 
clinic [4,39]. So far, the hemolytic assay, a traditional complement ac-
tivity test, has been widely used in most laboratories. Most of studies on 
evaluation of anti-complement activities with natural constituents from 
traditional Chinese medicine (TCM) yet rely on the CH50 for the CP and 
the AH50 for the AP using sheep and rabbit erythrocytes as complement 
targets, respectively [40,41]. However, the CH50, generally referred as 
the CP functional assay, often involves activation of both the CP and the 
LP, thus does not discriminate the two effector pathways. In support of 
this, our data indicates that sEs is able to hemolyze by terminal C5b-9 
assembly in the presence of NHS, but also C1q-Dpl, of which comple-
ment hemolytic activity could be removed by inclusion of GlcNAc. These 
results suggest that the CH50 involves not only the CP activation 
mediated by C1q, but also the LP activation mediated by the ficolins. In 
this regards, it should be emphasized that the hemolytic complement 
functional assays require crucial validation control with proper atten-
tion when applied in analysis of complement activity and interpretation 
of its related data. 

In addition, we have previously developed functional ELISA-based 
complement assays as characterized elsewhere, which are widely used 
for assessment of complement deficiencies in clinical practice [36]. In 
the ELISA-based assays, three effector pathways of complement activa-
tion could be assessed by the setup of IgM coating for the CP, mannan 
coating for the LP and LPS coating for the AP, respectively. However, 
inclusion of anti-carbohydrate antibodies in NHS has been shown to 
likely induce immune complex-mediated CP activation in the 
mannan-coated ELISA, thus interfering the MBL-mediated LP activation 
[42]. In consistent with the previous findings, our data revealed the 
presence of anti-mannan antibodies in NHS, and suggest that both the LP 
and the CP are involved in complement activation in the mannan-coated 
ELISA. To preclude the potential interference of the CP activation, 

Fig. 7. Analysis of ART binding site on C1q. 
Microtiter plates coated with CRP (5 μg/mL) were incubated with C1 complex 
(2.5 μg/mL) in the presence of elevated concentration of ART. Bound C1q was 
analysed. Results are expressed as mean ± SD from triplicates. 
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Fig. 8. Interaction of central comple-
ment components with ART conjugated 
to MSM. 
(A) Schematic diagram of ART@MSM 
synthesis. (B) SEM images of the MSM. 
The average size of the MSM is 5 μm in 
diameter with pore size of 30 nm. (C) 
FITR spectra of MSM, NH2@MSM, 
ART@MSM and ART. (D) Zeta potential 
of MSM, NH2@MSM and ART@MSM. 
(E–G) Binding of C1q, C3 or C5 to ART- 
conjugated MSM. Dose-dependent 
binding of complement components 
was analysed on ART-conjugated MSM 
and expressed as relative GMFI as 
described in the “Materials and 
Methods”. Results are expressed as 
mean ± SD from triplicate experiments. 
Results are representative of at least 
three independent experiments.   
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C1q-Dpl was applied as complement source in the LP assay based on our 
previously established methodology. Furthermore, since immunoglob-
ulins (ex. IgG-G0, polymeric/dimeric IgA and a small population of IgM) 
have been shown to be able to attract MBL via its surface-attached oli-
gomannose glycans [43,44], leading to the LP activation, CRP was 
immobilized as C1q activator instead of immunoglobulins in the CP 
assay. 

ART is a water-soluble active form of artemisinin from TCM, and has 
been widely applied as a key natural therapeutic agent in the treatment 
of severe malarial diseases. Recent studies suggest that ART may 
harbour novel bioactivities against certain autoimmune diseases, for 
instance RA and SLE [25]. Intriguingly, recent clinical data also reveal 
that dihydroartemisinin might possess therapeutic effect in treatment of 
the SLE [27]. However, the underlying mechanism is enigma. Given the 
fact with prominent involvement of the complement in the pathogenesis 
of SLE and RA [26,45], the authors speculate that ART is likely involved 
in modulation of immunogenic autoantibodies-mediated inflammatory 
immune responses, where the complement plays many pathogenic roles. 
Whether ART plays a role in the complement system remains unknown. 

In the present study, we found that ART was capable of inhibiting 
complement activation. Analysis of complement-mediated hemolysis 
revealed the involvement of ART in complement interception. Consis-
tent with this finding, ART also revealed remarkable inhibition of ter-
minal C5b-9 assembly in a cell-based setup using dying host cells. Our 
ELISA results further substantiate this is indeed the case. Through the 
modified ELISA-based complement assay, we provide evidence that ART 
could remarkably block the key therapeutic target of C1q, C3 and C5 
activation, whereas affect properdin with a lesser extent, thus leading to 
modulation of complement activation via the CP, the LP and the AP. 
Furthermore, our data also indicates the involvement of C1q globular 
head region in the specific binding of ART. 

Mesoporous silica particles are nontoxic and biocompatible mate-
rials that have been widely used as drug delivery agent [46]. Due to the 
multiple unique properties, such as uniform pore structure, broad sur-
face area, hydrophilicity, mechanical stability and convenient surface 
modification, it becomes ideal for conjugation of functional molecules 
[47]. We found that MSM was immunologically complement-inert with 
no specific adsorption of C1q, C4, C3 or C5. Through conjugation of ART 
to the complement-inert MSM, we were able to further substantiate the 
specific interactions of ART with the key complement therapeutic tar-
gets identified. Our data suggest that ART can specifically recognize 
C1q, C3 and C5, and restrict their activation in the complement cascade. 

Confronting the current global pandemic of SARS-CoV-2 contagion, 
it is unprecedented and seems far beyond termination until effective and 
safe vaccine and therapy emerges hopefully soon. Recent clinical data 
have documented the association of complement activation in the 
development of SARS-CoV-2-associated lung injury and systemic 
thrombosis [28–31]. Both C3 and C5 activation have been extensively 
observed in lung biopsy samples from severe COVID-19 patients [31]. 
Significantly increased levels of C5a and soluble C5b-9 have been also 
detected in the plasma (or serum) from COVID-19 patients with mod-
erate and severe clinical manifestations when compared with healthy 
individuals [31,48]. Importantly, blockade of MASP-2-mediated com-
plement activation and administration of anti-C5a monoclonal anti-
bodies have shown a promising therapeutic effect on SARS-CoV-2 
nucleocapsid protein-caused acute lung injury in mice infection model 
and severe COVID-19 patients, respectively [31]. These results suggest 
that complement modulation by targeting upstream and/or downstream 
cascade factors may be a potential therapeutic approach against 
COVID-19 with severe pneumonia as adjunct therapy. 

In conclusion, we provide evidence that TCM-derived ART may 
possess novel bioactivities of complement modulation through targeting 
the key components and effector pathways of the complement system. 
Our findings with intercepting the key complement therapeutic targets 
by ART reinforce the possibility that bioactive natural products may also 
be promising for therapeutic complement intervention. Understanding 

anti-complement bioactivity and its underlying mechanisms of natural 
products will propel more active complement research and direct more 
promising options for anti-complement treatment. 
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