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Although neglected in the past, the interest on Zika virus (ZIKV) raised dramatically in the

last several years. The rapid spread of the virus in Latin America and the association of the

infection with microcephaly in newborns or Guillain-Barré Syndrome in adults prompted

the WHO to declare the ZIKV epidemic to be an international public health emergency in

2016. As the virus gained only limited attention in the past, investigations on interactions

of ZIKV with human complement are limited. This prompted us to investigate the stability

of the virus to human complement. At low serum concentrations (10%) which refers to

complement concentrations found on mucosal surfaces, the virus was relatively stable

at 37◦C, while at high complement levels (50% serum concentration) ZIKV titers were

dramatically reduced, although the virus remained infectious for about 4–5min under

these conditions. The classical pathway was identified as the main actor of complement

activation driven by IgM antibodies. In addition, direct binding of C1q to both envelope

and NS1 proteins was observed. Formation of the MAC on the viral surface and thus

complement-mediated lysis and not opsonization seems to be essential for the reduction

of viral titers.
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INTRODUCTION

Within the genus Flavivirus (family Flaviviridae), several members were identified as human
pathogens including dengue (DEN), Japanese encephalitis (JE), tick-born encephalitis (TBE),West-
Nile, (WN), yellow fever (YF) and Zika (ZIK) viruses (1). The main route of infections is mediated
by arthropods such as mosquitoes or ticks (2, 3). The viruses contain a single stranded RNA of
positive polarity with a size of about 11 kb. The RNA is translated as a polyprotein and cleaved
by viral and host-encoded proteases into seven non-structural (NS) and three structural proteins,
including the capsid, membrane (prM/M) and envelope (E) protein (3). Interestingly, two flavivirus
proteins are characterized as main participants in interactions with the immune system. The E
protein binds to the cell surface and mediates fusion after endocytic virus uptake. The majority of
the neutralizing antibody responses is directed against the E protein. NS1 functions as regulator of
viral transcription and has been shown to antagonize the anti-viral immune response by interfering
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with the interferon pathway. In addition, NS1 interacts with
several proteins of the complement system (4, 5).

As a first line of the defense mechanism of the innate immune
system, complement activation triggers a proteolytic cascade
leading to release of anaphylatoxins, chemokines and cytokines,
opsonization and phagocytosis of invading pathogens and killing
by the formation of the membrane-attack complex (MAC) (6).
Upon viral entry, either the classical, the lectin or the alternative
pathway is initiated. The classical pathway is activated by binding
of C1q to immune complexes consisting of IgG or IgM bound
to the viral surfaces or by direct interactions of viral proteins
with C1q (7, 8). Carbohydrates expressed on the surface of
pathogens or ficolins bound to viral surfaces may be recognized
by the mannan-binding lectin (MBL) which triggers the lectin
pathway. The alternative pathway is constitutively activated due
to spontaneous hydrolysis of C3 and drives the amplification
of the classical and the lectin pathways. The three activation
pathways merge in cleavage of C3 into C3a and C3b by the
C3-convertases and the formation of the C5-convertase. Cleaved
and thus activated C5b initiates the lytic pathway. C5b becomes
associated with C6, C7, C8 and several C9 proteins, referred to as
membrane-attack complex (MAC) responsible for formation of
the lytic pore resulting in destruction of viral pathogens (6).

The interest for ZIK virus (ZIKV) raised only recently, due
to massive spread of the virus mainly in Latin America (9).
Infection may cause severe neurological complications mainly
in newborn children of infected mothers during pregnancy
(10) and is associated with Guillain-Barré Syndrome in adults
(11). As, in contrast to other members of the Flaviviridae
family, investigations on the interaction of ZIKV with proteins
of the complement cascade are limited, the aim of this study
was to assess the potential complement activating capacity of
ZIKV. A further aim was to identify proteins involved in
this putative ZIKV-complement interaction and to investigate
whether complement can reduce the viral titer.

MATERIALS AND METHODS

Cells and Viruses
Aedes albopictus C6/36 mosquito cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, USA)
supplemented with 10% heat-inactivated fetal calf serum (FCS),
antibiotic-antimycotic solution [10,000 units/mL penicillin,
10,000µg/mL streptomycin, and 25µg/mL Amphotericin B],
L-glutamine, and non-essential amino acids (Gibco, Dublin
Ireland) at 28◦C in 5% CO2.Alternatively, the human cell line
A549 was used and cultivated under the same conditions.
ZIKV strain MRS_OPY_Martinique_PaRi_2015 (GenBank:
KU647676) was provided by European Virus Archive (Marseille,
France). For propagation of ZIKV, cells were seeded in culture
plates to get confluence of about 80% at the day of infection.
Cells were washed with phosphate-buffered saline (PBS) and
ZIKV was added with a multiplicity of infection (MOI) of
0.1. After 1 h at 37◦C, cells were washed twice with PBS and
fresh medium was added. Depending on the growth kinetics
of the cell line, the supernatants were harvested and filtered
through a 0.45-µm filter to remove cell debris. To generate

high titer viral stocks the supernatants were centrifuged
overnight (Rotanta 460R Hettich; 4,600 rpm, 16 h, 4◦C). The
concentrated supernatants were aliquoted and stored at −80◦C.
All experiments were performed under bio-safety level-2
conditions.

Human Serum Samples
Normal human serum (NHS) was purchased from Dunn
Labortechnik GmbH (Ansbach, Germany) and stored in aliquots
at −80◦C. For experimental procedures, serum was thawed only
once and kept on ice. Some aliquots from the serum pool were
heat inactivated (hiNHS; 56◦C, 30min) and served as controls.
Complement C9-or C1q-depleted human serum and purified C9
or C1q were purchased from CompTech (Tylor, Texas USA).

Plaque Assay
To count plaque-forming units (PFU), the virus [total volume
100 µL/sample] was serially diluted 1:10 and added to Vero
cells grown in 6-well or 12-well plates. ZIKV samples were
incubated with the cells for 1 h at 37◦C and overlaid with
plaque agarose (Biozym Scientific GmbH, Hessisch Oldendorf,
Germany). Four days after incubation at 37◦C, viral plaques
were visualized by crystal violet staining. The viral titers were
expressed as PFU/mL, calculated as [(number of plaques per well)
× (dilution)]/(inoculum volume).

Serum-Sensitivity Assay
ZIKV [1 x 106 PFU/mL] was incubated with 10%, 20% or 50%
(final concentration) NHS, heat-inactivated NHS (hiNHS), or
DMEM (supplemented with FCS) as controls. When indicated,
complement-depleted sera were used instead of NHS. To block
the lectin pathway, a mixture of sunflower MASP inhibitor
(SFMI)-1 (3.2mM) and SFMI-2 (3.2mM) peptides was used
(Metabion, Planegg, Germany). These peptides are known to
selectively inhibit MBL-associated serine protease (MASP)-1 and
-2 (12). For some experiments, putative IgM in human serum
were blocked by an affinity purified goat IgG against human
IgM as recommended by the manufacturer (Bethyl Laboratories,
Montgomery, USA). After an incubation time of 1 h at 37◦C,
all samples were serially diluted and titrated on Vero cells to
determine the viral titer by plaque assay. When indicated, ZIKV
[1 x 106 PFU/mL] derived from A549 cells was used.

Inhibition of Complement Activation
To prevent activation of all complement pathways, ZIKV [1 x
106 PFU/mL] was incubated with 50% NHS in the presence of
EDTA [1, 2.5 or 5mM] or Mg2+-EGTA [5mM] for 1 h at 37◦C.
Immediately after, the virus-containing samples were serially
diluted and titrated on 12-well plates of overnight-plated Vero
cells. One h after incubation at 37◦C, plaque agarose was overlaid.
Four days post infection, the visualization and calculation of
PFUs were performed as described for Plaque Assay.

Inhibition of MAC Formation
The contribution of the MAC was determined by using C9-
deficient serum as follows: ZIKV (1 x 106 PFU/mL) was
incubated for 1 h at 37◦C in the presence of active or heat-
inactivated C9-depleted human serum. As a control, the depleted
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serum was reconstituted with purified C9 protein (60mg/mL).
The titration and plaque visualization were performed as
described above. In parallel, viral RNA was analyzed as described
below.

C1q Binding ELISA
To investigate the interaction of the complement component
C1q with ZIKV-derived proteins, 5µg/mL of recombinant ZIKV
envelope or NS1 protein [MyBioSource, San Diego, USA] or 100
µL of ZIKV supernatant derived from C6/36 cells [containing
5 x 106 PFU/well] were coated in carbonate buffer (pH 9.6)
on a 96-well flat-bottom plate (Maxisorp, Nunc, Roskilde,
Denmark) overnight at 4◦C. After washing thrice with 200 µL
PBS containing 0.05% Tween 20 (PBS-T), blocking solution
(3% non-fat dry milk in PBS) was added and allowed to
incubate for 30min at room temperature. Subsequently, 100 µL
of purified C1q protein was added as indicated in the figure
and incubated with gentle shaking for 2 h at room temperature.
The plates were washed five times with PBS-T, followed by
the addition of 50 µL/well of homemade polyclonal rabbit
antibody against the globular heads of human C1q (1:500). After
1 h at room temperature, the plates were washed again and
50 µL of a goat anti-rabbit IgG conjugated with horseradish
peroxidase (HRP) was added (1:10,000). The plates were again
incubated for 1 h at room temperature. For detection of
bound antibodies, 200 µL 3,3′,5,5′-tetramethylbenzidine (TMB)
solution were added following the manufacturer’s instructions.
The absorbance was measured at 450 nm, using a Bio-Rad plate
reader.

PCR to Determine the Relative Viral Titer
ZIKV [1 × 108 RNA copies/mL] was mixed with 10, 20,
or 50% (final concentration) NHS or hiNHS and DMEM
(supplemented with FCS) as controls. Additionally, 1 mg/mL
RNase A [Macherey-Nagel 740505, Dueren, Germany] was added
to digest the RNA of lysed viral particles. The mixture [total
volume 100 µL/sample] was incubated for 3 h at 37◦C in a
thermoshaker. Afterwards, the residual viral RNA of remaining
intact virions was harvested using the NucliSENS easyMAG
system (BioMérieux, Vienna, Austria) as recommended by the
manufacturer. To measure the ZIKV-specific RNA, a reverse
transcription-PCR (RT-PCR) was done, using the iScript One-
Step RT-PCR kit (Quanta; Biorad, Munich, Germany). Primer
and probe sequences as well as the thermal profile of the PCR
were performed according to the protocol of Lanciotti et al.
(13). The relative reduction of the viral RNA was calculated as
follows: ct-value of the heat-inactivated serum controls was set at
100%. As a reduction of 3.2 ct-units in the real-time PCR equals
1 log (=90%), changes of the viral RNA in active serum were
determined relative to the heat-inactivated serum controls.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7.0
software. All experiments were repeated at least three times in
duplicate. The difference between two groups was assessed by t-
test. When comparing more than two groups, ANOVA followed
by Bonferroni post-hoc tests was performed. A 95% significance

level (p < 0.05) was considered statistically significant and
indicated in the figures as follows: ∗p < 0.05 to p = 0.01, ∗∗p <

0.01 to p= 0.001, ∗∗∗p < 0.001 to p= 0.0001 and ∗∗∗∗p < 0.0001.

RESULTS

Serum Neutralization of ZIKV Particles
To analyze the stability of ZIKV in human serum, insect
(mosquito) cell line derived ZIKV was incubated with increasing
amounts of pooled NHS and the number of infectious
virions was quantified by plaque titration on Vero cells.
NHS was tested for the presence of flavivirus antibodies
(Supplementary Figure 1) to exclude antibody-mediated viral
neutralization. The titer of ZIKVwas reduced in a concentration-
dependent manner in the presence of NHS, compared to heat-
inactivated serum (hiNHS), which was used at a concentration
of 50% (Figure 1). The presence of 10% NHS did not affect
ZIKV infectivity (Figure 1), whereas 20% NHS yielded a
titer reduction of more than 0.5 log. Increasing the serum
concentration up to 50% resulted in a viral titer reduction
of approximately 2 log (Figure 1). As the plaque counts of
the hiNHS control were comparable to the initial viral load
[1 x 106 PFU/mL] of the mock medium (data not shown),
heat sensitive factors of human serum appear to be involved,
implicating the complement system as anti-viral factor for this
neutralization.

FIGURE 1 | Effect of human serum on ZIKV infectivity. ZIKV [1 x 106 PFU/mL]

was incubated with active normal human serum (NHS) or 50%

heat-inactivated NHS (hiNHS) for 1 h at 37◦C. Thereafter, 10-fold dilutions of

pre-incubated virus-serum mixtures were titrated on Vero cells. Plaques were

visualized 4 days post infection using crystal violet staining. Data were

analyzed with one-way-ANOVA with Bonferroni post-hoc comparison (***p <

0.001; ns indicates not significant). Mean data of at least 3 independent

experiments are shown. The error bars represent the standard deviation.
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Time-Dependent Stability of ZIKV
The transmission of ZIKV by mosquito species like Aedes aegypti
occurs at short time intervals (14). Consequently, the time frame
between viral inoculation into the skin and receptor-mediated
endocytosis by human cells will probably be shorter than the
preselected incubation time of 60min in the serum resistance
assays described above. The infectivity of ZIKV remained
unaffected for at least 4–5min. A decrease in plaque titers was
observed only after prolongation of the incubation time with
about 1 log reduction after 30min (Figure 2).

Antiviral Activity of Human Serum Is
Mediated Mainly by the Classical
Complement Pathway
The loss of anti-viral activity of human serum against ZIKV
(shown in Figure 1), when hiNHS was used, suggests that
a complement-dependent mechanism is involved. To confirm
this hypothesis, complement activation of all three pathways
was inhibited by adding the Mg2+ and Ca2+ chelator EDTA,
which inhibited complement-mediated lysis of ZIKV in a dose-
dependent manner (Figure 3A).

While the initial plaque titer was reduced up to 2 orders
of magnitude in 50% NHS, the addition of 5mM EDTA
fully inhibited the ZIKV neutralization activity of NHS. These
results indicate that the sensitivity of ZIKV to human serum is
mediated by complement activation. We further characterized
the participation of the classical and lectin pathways. As both
pathways are essentially linked to the availability of Ca+ ions,
the activation can be efficiently blocked with Mg2+-EGTA,
whereas the alternative pathway remains active (15). ZIKV
was incubated with NHS pretreated with 5mM Mg2+-EGTA
(Figure 3A). Like the 5mM EDTA treatment, Mg2+-EGTA fully
inhibited the ZIKV neutralization activity of NHS, excluding
the participation of the alternative pathway. Therefore, it is
likely that the anti-viral activity of human serum is mainly
mediated by the classical/lectin pathway of complement. To
further investigate the role of the classical/lectin pathway
in the complement-mediated viral neutralization, complement
activation was inhibited by C1 esterase inhibitor (C1-INH). The
serine protease inhibitor C1-INH is a natural regulator of the
activation of the classical and lectin pathways. The human serum
was pre-incubated with increasing amounts of C1-INH prior
to the serum resistance assay of ZIKV. The viral neutralization
was inhibited by C1-INH in a concentration-dependent manner,
further confirming the involvement of the classical and/or the
lectin pathway (Figure 3B). Additionally, C1q-depleted serum
was used to discriminate between activation of the classical and
lectin pathways. In the absence of C1q, the viral titer was nearly
unaffected. In contrast, addition of C1q at a concentration of
70µg/mL to the depleted serum restored the capacity of the
serum to reduce the viral titer (Figure 3C), indicating that the
classical pathway is the main trigger for the observed reduction
of the viral titer. To further investigate a putative contribution
of the lectin pathway, insect-derived ZIKV was incubated with
NHS in the presence of the peptides SFMI-1/2. Surprisingly,
these MASP-blocking peptides were unable to rescue the viral

FIGURE 2 | Time as a limiting factor on ZIKV infectivity. ZIKV [1 x 106 PFU/mL]

was mixed with 50% active or heat-inactivated NHS and incubated for different

time points (ranging from 1min to 1 h) at 37◦C. Virus-containing samples were

then serially diluted and titrated on Vero cells. After 1 h incubation at 37◦C, the

cells were overlaid with agarose. Viral concentration was determined 4 days

post infection using crystal violet staining. Mean data of 3 independent

experiments are shown. The error bars represent the standard deviation.

titer (Figure 3D). By contrast, no lysis was observed when ZIKV
was treated with SFMI-1/2 in C1q-depleted serum. These results
underscored the dominant role of the classical pathway for the
reduction of ZIKV load.

Neutralization of ZIKV Is Linked to Natural
IgM Antibodies
As a putative binding of IgM to viral particles may trigger
activation of the classical complement pathway (16), active
NHS was pre-incubated with anti-IgM antibodies prior to
ZIKV addition. As shown before (Figure 1), the titer of ZIKV
was reduced at about 2-logs in the presence of 50% (non-
treated) NHS, compared to hiNHS. Interestingly, the viral
titer was equivalent to the hiNHS control in the presence
of IgM-blocking antibodies (Figure 4), indicating that natural
IgM antibodies in human serum are involved in complement-
mediated neutralization of ZIKV. The presence of insect-specific
IgM antibodies in the serum pool was further confirmed by
FACS using the insect cell line C6/36, which gave a clear
positive signal, when incubated with the serum pool. In contrast,
cell lines of human origin, such as A549, remained negative
(Supplementary Figure 2).

C1q Binding to ZIKV Proteins
For WNV it has been reported that C1q directly interacts with
the E protein. Further, the NS1 protein of DENV is known to bind
C1q. These observations prompted us to test if the ZIKV E and/or
NS1 proteins may interact with C1q. The viral recombinant
proteins and entire viral particles were coated in an ELISA plate
and incubated with increasing amounts of C1q. As shown in
Figure 5, both recombinant viral proteins NS1 and the envelope
protein bound C1q in a dose-dependent manner similarly to

Frontiers in Immunology | www.frontiersin.org 4 October 2018 | Volume 9 | Article 2177

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Schiela et al. Complement-Mediated Virolysis of Zika Viruses

FIGURE 3 | (A) EDTA inhibition confirms complement contribution to viral lysis. ZIKV [1 x 106 PFU/mL] was incubated with active or heat-inactivated human serum in

the presence of increasing amounts of EDTA or Mg2+-EGTA. DMEM (not shown) and hiNHS were used as controls. (B) To prevent activation of the classical and

lectin complement pathways, active or heat-inactivated human serum was pre-incubated with increasing amounts of C1 esterase inhibitor as indicated. (C) In the

absence of C1q, most of the virus remained infectious whereas addition of purified C1q (70µg/mL) restored the lytic effect on the virus. HiNHS was set to 100%. (D)

Blocking of the lectin pathway by synthetic peptides (SFMI-1/2) did not rescue the virus. Combination of C1q-depleted serum and SFMI-1/2 served as additional

control showing that the peptides had no effect on the infectivity of the virus. In all experiments, the viral titer was determined by plaque assays using Vero cells. Data

were analyzed with one-way-ANOVA with Bonferroni post-hoc comparison (**p < 0.005). All virus lysis experiments were conducted in duplicates and repeated three

times. The data represent mean values, and the error bars show standard deviations.

ZIKV particles, indicating that, beside IgM, a direct activation of
the classical pathway is possible.

Lysis of ZIKV Derived From a Human Cell
Line
As expected, NHS showed no reactivity against human A549
cells (Supplementary Figure 2). Thus, we concluded that a
contribution of IgM against ZIKV derived from human cells was
unlikely and provided a tool to investigate the significance of C1q
binding to the envelope proteins, at least in vitro. In addition,
the serum was tested negative for the presence of antibodies with
cross-reactivity against flaviviruses (Supplementary Figure 1),
which excluded a possible trigger of the classical pathway by
putative “contaminating” antibodies. As shown in Figure 6,
A549-derived ZIKV was sensitive to human serum, although
the reduction of the viral titer was less pronounced compared
to ZIKV harvested from insect cells. Again, the MASP-blocking
peptides were unable to rescue the virus. By contrast, incubation
of A549-derived ZIKV with C1q depleted serum had no effect on
the viral titer. As NHS was unable to reduce the amount of A549-
derived ZIKV in the presence of EGTA or Mg2+-EGTA (data not
shown), we concluded that a direct binding of C1q to the virus
significantly contributes to the control of ZIKV in NHS.

Complement Induces Lysis of ZIKV
Complement-mediated neutralization of ZIKV may be due to
deposition of proteins such as C3b fragments, which may hide
viral epitopes important for infection or, alternatively, may occur
by lysis of virions due to formation of the MAC. To analyze
whether complement-mediated viral neutralization is linked to
MAC assembly, we established an RNase digestion assay followed
by PCR. ZIKVwas incubated with NHS or hiNHS in the presence
of RNases. The formation of the MAC enables the entry of
RNases into the virions and digestion of viral RNA. By contrast,
intact ZIKV, which are opsonized with C3b, are not affected.
Quantification of the virus by real-time PCR (RT-PCR) showed
a reduction of RNA copies only when MAC formation occurred.
Similar to previous plaque titrations (Figure 1), the presence
of human serum induced a concentration-dependent reduction
of initial RNA levels (Figure 7). When serum was inactivated,
no significant changes in RNA copy number were observed,
compared to the virus incubated with mock medium (DMEM,
10% FCS; not shown). To further confirm the importance of
MAC formation for the reduction of viral titers, C9-depleted
serum was used. ZIKV was exposed to C9-depleted human
serum in the presence of RNases. As a control, the C9-depleted
serum was reconstituted with purified C9 protein adjusted to
its natural concentration in serum (60µg/mL). As expected,
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FIGURE 4 | Natural IgM blocking results in ZIKV rescue. Anti-human IgM

blocking antibodies were incubated with 50% NHS or hiNHS for 30min on ice

before ZIKV was added. After incubation of 1 h at 37◦C, the virus-serum

mixture was serially diluted and titrated on Vero cells. After 1 h r incubation at

37◦C, the cells were overlaid with agarose. Viral concentration was

determined4 days post infection using crystal violet staining. All virus lysis

experiments were conducted in triplicate, and the error bars show

standard deviations.

FIGURE 5 | Binding of C1q to recombinant ZIKV envelope (E) and NS1

proteins. ZIKV proteins or viral particles were coated to ELISA plates and

incubated with decreasing amounts of C1q as indicated. Bound C1q was

detected using a polyclonal anti-C1q antibody followed by a HRP-labeled goat

anti-rabbit IgG and visualized by TMB. The absorbance was measured at

450 nm, using a Bio-Rad plate reader. Data show the mean of two

experiments performed in duplicate.

complement-induced lysis was inhibited in the absence of C9
(Figure 8). When the serum was reconstituted with purified C9
protein, a decrease of RNA was observed, indicating that the lytic
function of complement was restored. Similarly, C9-depleted
serum had no effect in the plaque assay (data not shown). In line
with the results obtained by PCR, the neutralization capacity was
restored in the plaque assay when purified C9 was re-added to the
depleted serum (data not shown).

DISCUSSION

Our study focused on the anti-viral activity of NHS and
identified the complement system as an immediate innate

FIGURE 6 | Dissecting the role of the lectin and classical pathways on ZIKV

derived from the human cell line A549. NHS (50%) reduced the viral titer for

about one order of magnitude. Inhibition of the lectin pathway by a peptide mix

of SFMI-1 and 2 had no effect. By contrast, C1q depletion rescued the virus

and most of the virus remained infectious. Viral titer was determined by plaque

assays using Vero cells. Data were analyzed with one-way-ANOVA with

Bonferroni post-hoc comparison (**p < 0.005). All virus lysis experiments were

conducted in duplicates and repeated two times. The data represent mean

values, and the error bars show standard deviations.

FIGURE 7 | Reduction of viral infectivity is linked to decreased RNA levels.

After incubating ZIKV with active or heat-inactivated human serum, the viral

RNA was digested by addition of RNases. Three hours after incubation at

37◦C, the remaining genomic material was extracted and quantified by

RT-PCR. The RNA copy number was calculated from the amount of RNA

obtained by incubation of the virions with 50% hiNHS, which was set to 100%.

Results are given as % of RNA loss. Data were analyzed with one-way-ANOVA

with Bonferroni post-hoc comparison (****p < 0.0001). All virus lysis

experiments were conducted in triplicate. The data represent mean values,

and the error bars show standard deviations.

immune response against ZIKV. To mimic the environmental
conditions of infection in several compartments, different initial
concentrations of complement have been chosen for the in vitro
experiments. Once a blood-feeding female mosquito transmits
the virus, ZIKV is confronted with high concentrations of
complement. In contrast, sexual transmission exposes the virus
to lower levels of complement at mucosal surfaces. Thus, 10%
NHS followed by exposure to 20 and 50% NHS has been
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FIGURE 8 | Blocking the assembly of MAC leads to virus rescue. ZIKV [1 x

106 PFU/mL] was exposed to either 50% C9-depleted (C9dep) human serum

or 50% heat-inactivated C9-depleted (hiC9dep) serum for 1 h at 37◦C. As a

control, the depleted serum was reconstituted with purified C9 protein,

adjusted to its natural concentration in serum [60µg/mL]. During incubation,

the RNA of lysed ZIKV was digested by external RNase addition.

Subsequently, the amount of complement lysis-resistant virions was

determined by RT-PCR. The RNA copy number was calculated by incubation

of the virions with 50% hiNHS, which was set to 100%. Results are given as %

of RNA loss. All assays were performed in triplicate. The data represent mean

values, and the error bars show standard deviations.

used for the in-vitro studies. Experiments using Mg2+-EGTA
showed that the alternative complement pathway is not involved
in the reduction of the viral titer. The ZIKV neutralization
assays with NHS in the presence of C1-INH indicated that
the classical complement pathway is triggered. However, C1-
INH may also interfere with the lectin pathway by inhibiting
the MASP-1/MASP-2 proteases of the MBL-MASP complexes
(17). Therefore, experiments with C1q-depleted serum were
performed which clearly indicate that activation of the classical
pathway is mainly involved in the reduction of the viral titer.
This came by surprise as mosquito cell-derived virus exhibits a
mix of high-mannose and paucimannose glycans which should
favor binding of MBL (18). In addition, the participation of
the lectin pathway to the neutralization of different members of
the flaviviruses was shown in former studies. In line with these
observations, Fuchs et al. demonstrated direct binding of MBL
to WNV, which triggers the activation of MASP-2, followed by
opsonization of the virion surface, which finally hampers the viral
fusion with host membranes (19). Furthermore, Avirutnan et al.
confirmed the involvement of MBL, since around 80% of the
neutralizing capacity of all DENV serotypes was lost whenmouse
serum from MBL-A/C−/− mice was used (20). In addition,
they showed that MBL, but not C1q or C5, was necessary to
neutralize the virus, which states against the participation of the
classical complement activation pathway and the formation of
membrane attack complex. However, in our setting, blocking
of the lectin pathway by synthetic peptides (i.e., SFMI-1 and 2)
did not rescue the virus, indicating that the classical pathway is
mainly responsible for the reduction of the viral titer.

In line with our observation that ZIKV E interacts with
C1q, Douradinha et al. reported a direct binding of C1q to
recombinant E protein of DENV and viral particles (21). This
finding was confirmed by proteomic analysis demonstrating
that samples from DENV-infected patients as well as purified
domain III of DENV envelope protein bind several complement
components among which C1q (22, 23). As in addition, binding
of C1q to NS1 of DENV is described (24), we tested the
possibility of a direct interaction of C1q with viral particles
and purified recombinant NS1 and E proteins of ZIKV. Direct
binding of C1q to ZIKV or its recombinant proteins was indeed
observed, which prompted us to test if serum immunoglobulins
generate immune complexes able to trigger the classical pathway.
As we could exclude the presence of cross-reactive IgG from
other flaviviruses, we investigated the involvement of natural
antibodies. A first hint for the presence of anti-insect IgM
was obtained by FACS analysis showing that IgM antibodies in
the blood recognized insect cells, whereas cell lines of human
origin gave no signal. In addition, ZIKV derived from monkey
or human cell lines is more resistant to complement-mediated
lysis and complement activation is independent of IgM, further
indicating that insect-specific immunoglobulins are involved
(manuscript in preparation). This allows the conclusion that
neither flavivirus-specific IgG nor IgM is present in the serum
pool. Although IgM affinity is low for antigens compared to
antibodies of other isotypes (25, 26), it was previously shown
that natural IgM antibodies are involved in the elimination
of viruses like vesicular stomatitis virus (27, 28), lymphocytic
choriomeningitis virus (29) or influenza virus (16, 30–32). In this
regard, Beebe and Cooper reported that natural IgM antibodies
form virus-immune complexes induced activation of the classical
complement pathway. Once initiated at the viral surface, the
activation resulted in a massive deposition of C3b, hampering
the viral attachment to susceptible host cells (27). As the serum
pool used in the present study was tested for the absence of
flavivirus-specific antibodies, the natural IgM immunoglobulins
are probably directed against insect-like structures such as
glycosylation patterns or surface molecules. This is supported
by the FACS analysis, which indicated that the serum contained
IgM antibodies recognizing insect cells but not cells from human
origin. Further, blocking of IgM in the serum pool resulted
in complete rescue of the virus. However, these data should
be interpreted with caution, as the generated immune complex
between IgM and the goat anti-human IgM antibodies may
consume complement, which is thus no more available for lysis
of the virus. This may also explain, why blocking of IgM by
the Ab resulted in a complete rescue of the virus. Our results
are in contrast to in vivo WNV experiments by Diamond et al.,
who demonstrated that natural IgM were insufficient to provide
protection against WNV (virus derived from C6/36 cells). This
may be due to the experimental setting, as mice in animal
facilities may have no contact with mosquitos and therefore
probably lack IgM against insect antigens (33).

Our data provide evidence that the source of cells used for
cultivation of the virus is an important parameter. For lysis
induction of ZIKV derived from insect cells, probably both
IgM and direct binding of C1q to the virus may account
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for activation of the classical pathway. By contrast, ZIKV
derived from human cells may interact with C1q only. This
would explain why the titer of the virus from insect cells is
reduced in the order of two magnitudes, while ZIKV derived
from human cells is more stable toward complement mediated
neutralization.

Opsonization is discussed as a main factor of complement-
mediated flavivirus neutralization, as the efficiency of MAC
formation may be limited due to the small surface size of
the viral particle (5). These results contradict our findings of
the effect of C9-depletion on RNA level and in plaque assays,
which clearly indicated that the assembly of the MAC was
crucial for anti-viral activity by complement-mediated virolysis.
Our findings are supported by former in vivo studies of WNV
suggesting a contribution of all activation pathways (34–36).
The dependence on C9 for the reduction of the viral titer is
in contrast to previous observations by Mehlhop et al., who
highlighted that neither C5-depleted nor C5-deficient human
or mouse sera significantly affected antibody-independent
neutralization of WNV, indicating a C5-independent mechanism
(37). Opsonization of the viral surface by complement proteins,
which may cover viral proteins essential for infection, seems
to be sufficient to inhibit infection (37). However, opsonization
with purified C1q had no effect on the infectivity of the virus
(data not shown). Similarly, covering HIV and parainfluenza
virus by C3b seems to reduce infectivity of these viruses (38–
40). However, due to data obtained with C9-depleted sera, we
suggest that opsonization itself is not the major mechanism for
the reduction of the viral RNA level and infectious titers of ZIKV
in our experiments.

Nevertheless, our results indicate that natural IgM
antibodies may have a protective function against ZIKV.
Whether these natural IgM protect against infection by other
mosquito-transmitted viruses in vivo remains to be determined.
However, it would be interesting to test whether the mild disease
progression observed inmany ZIKV infected individuals is partly
due to the presence of natural IgM against insect components,
which trigger complement activation and thus reduce the viral
titer.
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