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The microenvironment of malignant melanomas defines the properties of tumor blood
vessels and regulates infiltration and vascular dissemination of immune and cancer cells,
respectively. Previous research in other cancer entities suggested the complement sys-
tem as an essential part of the tumor microenvironment. Here, we confirm activation
of the complement system in samples of melanoma patients and murine melanomas.
We identified the tumor endothelium as the starting point of the complement cascade.
Generation of complement-derived C5a promoted the recruitment of neutrophils.
Upon contact with the vascular endothelium, neutrophils were further activated by
complement membrane attack complexes (MACs). MAC-activated neutrophils release
neutrophil extracellular traps (NETs). Close to the blood vessel wall, NETs opened the
endothelial barrier as indicated by an enhanced vascular leakage. This facilitated the
entrance of melanoma cells into the circulation and their systemic spread. Depletion of
neutrophils or lack of MAC formation in complement component 6 (C6)–deficient ani-
mals protected the vascular endothelium and prevented vascular intravasation of mela-
noma cells. Our data suggest that inhibition of MAC-mediated neutrophil activation is
a potent strategy to abolish hematogenous dissemination in melanoma.
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The complement system, a cascade of consecutive proteases, belongs to innate immunity
and is thus part of the fundamental pathogen defense (1). Formation of the membrane
attack complex (MAC), a multiprotein complex composed of the complement factors
C5b, C6, C7, C8, and C9, is the endpoint of the complement cascade. Upstream of
MAC formation, proteolytic cleavage of the complement factors C3 and C5 results in
the generation of the anaphylatoxins C3a and C5a. Both cleavage products are efficient
chemotactic molecules attracting immune cells such as neutrophils into the inflamed tis-
sue (1). In addition, tissue recruitment of neutrophils is supported by the vascular deposi-
tion of C3b and iC3b, additional biologically active cleavage products of C3 (2). The
complement cascade is commonly initiated by either the classical, lectin, or alternative
pathway. Although all three pathways have the same terminal route leading to MAC for-
mation, the molecular triggers of the complement cascade are diverse and comprise, e.g.,
immune complexes (classical pathway), carbohydrate structures (lectin pathway), or the
spontaneous hydrolysis of C3 (alternative pathway). A growing body of evidence indicates
that the complement cascade is also activated in tumors (3–6). Although the complement
system has the potential to eliminate cancer cells and to suppress tumor progression, it
may also shift the tumor microenvironment toward a tumor-supportive milieu (3, 7, 8).
The actual impact of the complement system is complex and its explicit role during
tumor progression depends on the tumor entity, stage, and therapy (4, 9–11).
In melanoma, the role of the complement is largely unknown (4). However, melanoma

progression is strongly directed by the tumor microenvironment, suggesting a relevant
contribution of the complement system. Neutrophils may bridge the tumor microenvi-
ronment and tumor-associated complement activation. C5a can attract and activate
neutrophils, whereas neutrophils can further amplify complement activation through the
release of factor P (12). Recent advances in melanoma therapy through the introduction
of immune checkpoint inhibitors highlight the essential role of the tumor microenviron-
ment. Although the infiltration of cytotoxic T lymphocytes for therapy response and
patients’ outcome is evident, the role of neutrophils within the tumor microenvironment
and their impact on melanoma progression is still controversial. Systemic depletion of
neutrophils was shown to reduce the hematogenous spread of melanoma cells (13), sug-
gesting a prometastatic role of neutrophils. Hematogenous spread and metastasis of cancer
cells can be divided into distinct steps. First, cancer cells cross the endothelial barrier
within the primary tumor and intravasate into the circulation (termed “intravasation”).
Blood flowing cancer cells travel to distant organs where they attach to the vascular
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endothelium and extravasate into the adjacent tissue (termed
“extravasation”). Once arrived in the target organ, the dissemi-
nated cancer cell is either eliminated by the immune system, stays
dormant, or proliferates to form a metastasis. Recent investigations
of neutrophil homeostasis in different organs suggest that neutro-
phils, patrolling at the luminal site of blood vessels, eliminate dis-
seminating melanoma cells during extravasation (14). However,
neutrophils may also support the extravasation process through
the release of neutrophil extracellular traps (NETs) (15). NETs
are composed of chromosomal DNA decorated with various cyto-
toxic proteins such as neutrophil elastase, myeloid peroxidase, and
histones (16). The molecular impact of NETs is versatile and their
contribution to tumor cell adhesion has previously been proposed
(16–18). In melanoma, the role of NETs has remained enigmatic.
Experiments in mice suggest that the exogenous induction of
NETosis by granulocyte colony–stimulating factor enhance tumor
growth (19). More recent data indicate that NETs can directly
eliminate melanoma cells, suggesting a tumor-suppressive effect
(20). Recent studies investigating the impact of NETs on breast
cancer cell dissemination indicate that NET release (also termed
“NETosis”) is associated with trapping and extravasation of blood
circulating cancer cells (21). It was also reported that NETs are
able to enhance the motility of breast cancer cells, promoting their
recruitment into premetastatic livers (22). Of note, by using intra-
venous tumor cell injection models, most reports investigated the
impact of NETs on cancer cell extravasation and the escape of cir-
culating tumor cells from the blood stream. However, the role of
neutrophils and NETs on cancer cell intravasation, that is, the
entrance of cancer cells into the circulation at the site of the pri-
mary tumor, remains largely unexplored. In the present study, we
investigated whether the complement system is activated in pri-
mary melanomas, involved in the activation and recruitment of
neutrophils, and contribute to melanoma cell intravasation.

Results

The Complement System Is Activated in Human Melanoma
Patients. To analyze the impact of the complement system in
melanoma, we investigated the plasma levels of the complement
factors C3, C3a, C3b, and C5a in stage IV melanoma patients
(Fig. 1 A–D). In healthy controls, the mean plasma level of C3
was 2210 ± 81.75 μg/mL (n = 19) (Fig. 1A). In cancer patients,
C3 was significantly decreased to 1,665 ± 155.3 μg/mL (n = 21),
suggesting the consumption of C3 due to complement activation.
We analyzed plasma levels of the C3-derived fragments C3b and
C3a (Fig. 1 B and C). The concentrations of both C3 cleavage
products were significantly increased in plasma of cancer patients,
indicating melanoma-related complement activation. C5a is the
downstream product of the C3b-catalyzed cleavage of C5. To fur-
ther confirm the course of the complement cascade, we measured
the plasma levels of C5a (Fig. 1D). In line with the supposed acti-
vation of the complement system, C5a levels were significantly ele-
vated in the blood of stage IV melanoma patients. As shown in SI
Appendix, Fig. S1A, tumor ulceration had no impact on C5a
plasma levels. In contrast to epithelial-derived cancers such as
breast cancer, squamous cell, or renal cell carcinomas, melanoma
cells produce only negligible amounts of complement factors
(23, 24), which is also indicated by low abundance of related
mRNA transcripts within tumor tissues and different melanoma
cell lines (SI Appendix, Fig. S1 B and C). To understand the site
of complement activation in melanoma, we evaluated the presence
of C3 cleavage fragments C3d, C3b, and iC3b in cryosections of
primary melanomas obtained from stage IV patients. Representa-
tive images of hematoxylin and eosin–stained tissues are shown in

SI Appendix, Fig. S1D, and corresponding Breslow thicknesses are
listed. None of the analyzed primary melanomas were ulcerated.
Healthy skin was used as control tissue. Immunofluorescence anal-
ysis revealed that C3d/C3b/iC3b depositions were found at the
endothelium of tumor blood vessels, suggesting that the comple-
ment cascade was triggered at the vascular wall (Fig. 1 E and F). In
line with the results of Bulla et al. (23), we found no complement
activation on the surface of melanoma cells, which can be
explained by the low expression of C3 in melanoma cells. We fur-
ther analyzed the presence and localization of MACs in tumor tis-
sues, using the specific antibody AE11 (25). We found that about
58% of all tumor-related neutrophils were MAC-positive (Fig. 1 G
and H). Next, we compared complement activation in melanomas
of different stages (SI Appendix, Fig. S1E) and less malignant skin
tumor entities (SI Appendix, Fig. S1 F and G). The complement
was activated (vascular deposition of C3d) in stages IV and III mel-
anoma patients, but not in stage II patients. Only very low levels of
complement activation (vascular deposition of C3b and MAC for-
mation on neutrophils) were detected in basal cell carcinomas
(BCCs), keratoacanthoma (KA) and nevocytic nevi (NCN). Taken
together, our data suggest activation of the complement system in
melanoma. Moreover, elevated levels of MAC-positive neutrophils
in the cancer tissue indicated a cross-talk between the humoral com-
plement system and cell-mediated neutrophil innate immunity.

Classical and Lectin Pathways of the Complement Are Activated
in Melanoma. To further investigate the impact of the comple-
ment system on melanoma progression and the potential
connection to neutrophil activation, we checked the levels of dif-
ferent complement factors by immunofluorescence microscopy
of primary murine melanoma tissue sections. Tumors were gen-
erated by the intradermal injection of ret transgenic murine mel-
anoma cells into the dorsal skin of mice. In the first week after
injection, tumors grew locally and represented early-stage mela-
nomas. Four weeks postinjection, advanced tumors had been
developed. In line with previous findings (23), we detected no
complement factor deposition and complement activation along
the tumor blood vessels in 1-wk-old melanomas (SI Appendix,
Fig. S2A). In more advanced melanomas and in agreement with
our patient tissue analysis, C3 cleavage products (C3b/iC3b/
C3c) were extensively deposited along the tumor blood vessel
walls (∼30% vessels). Deposition of C3 fragments was virtually
absent in control skin samples (Fig. 2 A and B). Moreover, we
did not detect an enhanced C3b/iC3b/C3c deposition in the
vasculature of kidneys, lungs, and livers (SI Appendix, Fig. S2B).
Together, the data indicate local and tumor-specific complement
activation. In about 25% of the tumor blood vessels, we detected
depositions of mannose-binding lectin (MBL). MBL initiates the
lectin pathway, suggesting lectin pathway–mediated complement
activation in melanoma (Fig. 2 C and D). Significantly less abun-
dant was the vascular deposition of C1q, a marker for the classical
complement pathway. Factor B was not detectable in any of the
analyzed blood vessels, suggesting no alternative pathway activa-
tion. Specificity of the applied factor B antibody was validated in
sections of liver tissues (SI Appendix, Fig. S2C). Consistent with
the supposed activation of the classical and especially the lectin
pathway we found vascular depositions of C4. MBL recognizes
glycan structures containing mannose, fucose, N-acetyl-glucos-
amine, or glucose. MBL binding requires the sugar residue to be
at a terminal nonreducing position (26). In healthy tissue, glycans
are mostly terminated by sialic acid preventing the binding of
MBL, which avoids the erroneous recognition of self-tissues (27).
Lack of terminal sialic acid favors MBL binding and complement
activation through the lectin pathway (28). To check whether
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the composition of vascular glycosylation was changed by the pres-
ence of the tumor, we compared the glycosylation of skin and
tumor endothelial cells. To this end, we profiled related tissues
using specific lectins to detect sialic acid, fucose, mannose, N-acetyl-
glucosamine, and galactose. The correlation of the spatial overlap
between lectin and endothelial cell staining in skin and tumor tis-
sues was quantified. Representative contour plots showing the
correlation between sialic acid exposure and the blood vessel
marker CD31 are presented in Fig. 2E. In comparison to skin
endothelial cells, we detected significantly less sialic acid on the
tumor-associated endothelium. Loss of sialic acid was less promi-
nent in less advanced, 1-wk-old murine melanomas (SI Appendix,
Fig. S2D). In contrast to sialic acid, the levels of fucose, mannose,
galactose, and N-acetyl-glucosamine were not significantly
changed (SI Appendix, Fig. S2E). Sialic acid is enzymatically
removed from the terminal site of glycans by sialidases. Surveys of
public transcriptome data (29, 30) revealed that increased expres-
sion of sialidase-3 (NEU3) in melanoma is significantly linked to
decreased patient survival (SI Appendix, Fig. S2F). Additionally
NEU3 expression was significantly higher in metastatic foci when
compared to primary melanoma tissues (SI Appendix, Fig. S2G).
Thus, our data suggest tumor endothelium as a platform for com-
plement activation upstream of MAC formation.

MAC Associates with Neutrophils in Murine Tumors. We found
elevated C5a levels in the proximity of tumor blood vessels when

compared to blood vessels of healthy skin (Fig. 3 A and B). C5a
colocalized with C3b fragments, suggesting that C5a was gener-
ated in the course of the complement reaction (SI Appendix,
Fig. S3A). In line with increased C5a levels, we also found
recruitment of neutrophils to C5a-rich areas (SI Appendix, Fig.
S3B). To further prove the mechanistic connection between C5a
and neutrophil recruitment, we analyzed experimental melanoma
growth in C5-deficient (C5-def) mice. While the growth of the
primary tumor was not affected by the lack of C5 (SI Appendix,
Fig. S3C), the number of tumor-associated neutrophils was sig-
nificantly reduced (Fig. 3C).

Because we found MAC-positive neutrophils in human mela-
nomas, we analyzed the occurrence of MAC also in murine tis-
sue samples. In analogy to our human tissue analysis, MAC and
tumor-infiltrating neutrophils colocalized (Fig. 3 D and E).
MAC was neither associated with tumor-infiltrating macro-
phages, dendritic cells, T cells (SI Appendix, Fig. S3D), nor with
neutrophils in peripheral organs such as lung, liver, and kidney
(SI Appendix, Fig. S3E). We validated our immunofluorescence-
based tissue analyses by flow cytometry. In line with our micro-
scopic results we identified MAC-positive neutrophils in tumors
but not in other tissues (SI Appendix, Fig. S3F). Our findings
suggest that the complement cascade upstream of MAC is initi-
ated on the tumor endothelium, whereas the terminal MAC for-
mation occurs on adjacent neutrophils. This suggests a close
cross-talk between tumor microenvironment-primed endothelial
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Fig. 1. Complement activation in human melanoma patients. Systemic complement effector levels in plasma samples from control donors and stage IV mela-
noma patients (A–D) were analyzed by enzyme-linked immunosorbent assay (ELISA). C3 levels in blood samples of melanoma patients were decreased compared
with healthy control donors (A). In contrast, C3 activation fragments C3b and anaphylatoxins C3a and C5a were increased in the plasma of melanoma patients
(B–D). Immunofluorescence analysis of C3d/C3b/iC3b (E) or CD15 and MAC (G) in cryosections (Scale bars, 20 μm) of human melanoma tissues (stage IV, n = 5)
and healthy skin was performed; CD31 was used as a blood vascular endothelial cell marker. Nuclei were stained with DAPI. Representative images of
melanoma tissue show blood vessel–associated deposition of C3d/C3b/iC3b, whereas analysis of healthy skin indicated the absence of C3 fragments (E). Quanti-
fication revealed significantly increased numbers of vessels with C3d/C3b/iC3b deposition in tumors compared with healthy skin (F). MAC was associated with
neutrophils in tumor tissue, whereas no MACs were formed on healthy skin neutrophils (G). Neutrophils with or without MAC were quantified and the number
of MAC-positive neutrophils in tumor tissues was significantly increased compared with healthy skin (H). Bars indicate the mean ± SD, *P < 0.05, **P < 0.005.
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cells and infiltrating neutrophils. Indeed, we found that neutro-
phils become MAC-positive at the interface of the blood vessels
(Fig. 3F and SI Appendix, Fig. S3G, yellow arrows), while neutro-
phils without physical contact to the endothelium remained
MAC-negative (Fig. 3F and SI Appendix, Fig. S3G, white arrow).
This result suggests the occurrence of a process, previously
referred to as bystander effect (31). The bystander effect describes
the transfer of the MAC precursor C5b-7 from a complement-
activating surface to a naïve, adjacent bystander cell (32).
Requirement for the bystander mechanism is the close physical
contact between the donor and acceptor ensuring the transfer of
the lipophilic C5b-7 complex to the accepting plasma membrane
(33, 34). While the bystander effect has been described in differ-
ent diseases such malaria or Alzheimer’s disease (35, 36), the
molecular transfer of MAC or its precursor from endothelial cells
to neutrophils has not been reported. Therefore, to further inves-
tigate the cellular and molecular cross-talk between endothelial
cells, the complement system and neutrophils we developed an
in vitro model. Complement activation was initiated on human
umbilical vein endothelial cell (HUVEC) surfaces followed by
the addition of freshly isolated human neutrophils. Normal
human serum (NHS) was used as a complement source. To pro-
mote the adhesion of neutrophils, we stimulated the endothelium
with human melanoma cell culture supernatant (37) (SI
Appendix, Fig. S3H). MAC formation was analyzed by immuno-
fluorescence microscopy and flow cytometry. In agreement with
our melanoma tissue analysis, we detected MAC not on the

endothelium but exclusively in association with neutrophils (Fig.
3G and SI Appendix, Fig. S3I). In further experiments, we
incubated HUVECs with purified C5b6 in complex with fluores-
cently labeled C7 (C7-CL555). After addition of naïve neutro-
phils, we detected spots of C5b-7–CL555 on HUVECs but also
on neutrophils, suggesting the transfer of the MAC precursor.
Further addition of purified C8 and C9 promoted the formation
of MAC (C5b-9) on neutrophils but not on HUVECs (Fig. 3H).

Previously, the acceptance of MAC by the bystander cells was
assumed to be facilitated by a reduced expression of complement-
protecting proteins at the cellular surface (32, 38). To understand
the susceptibility of neutrophils for MAC accumulation but pro-
tection of the endothelium, we analyzed the expression of the
complement regulatory proteins, CD46, CD55, CD59, and pro-
perdin in HUVECs and neutrophils (Fig. 3I). CD46 serves as a
cofactor for factor I–mediated proteolysis of C3b/C4b and CD55
accelerates the decay of the C3 convertase (1). CD59 prevents
recruitment of C9 to the C5b-8 complex and inhibits the final
step of MAC formation (1). In agreement with our assumption
that neutrophils are prone to accumulate MAC, HUVECs were
found to express higher levels of CD59 than neutrophils. There-
fore, HUVECs appear to be able to prevent MAC deposition on
their plasma membrane, whereas low levels of CD46 and CD55
suggest vulnerability to the deposition of early complement factors
C3b and C3 convertase. In contrast, neutrophils showed high lev-
els of CD46 and CD55, but comparable low levels of CD59, sug-
gesting an insufficient protection against MAC. Moreover and in
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Fig. 2. Complement activation at the tumor
endothelium. Cryosections (n = 4 to 5, 4 wk)
(Scale bars, 20 μm) of primary murine melano-
mas were stained for VWF (green) and C3 cleav-
age products (C3b/iC3b/C3c, red) (A). Nuclei
were stained with DAPI (blue). Representative
images show that C3 cleavage products were
deposited along tumor blood vessels. In healthy
mouse control skin, no C3 fragments were
detected, indicating a quiescent complement
milieu (A). Quantitative analysis demonstrated
an increased number of tumor blood vessels
with C3 fragment deposition, as compared with
healthy skin (B). Immunofluorescence images of
early complement components C1q, MBL, C4,
and FB (factor B) (C). (Scale bars, 20 μm.) Quantifi-
cation indicates a significantly high abundance of
MBL-positive vessels. Blood vessel wall deposi-
tion of factor B was not detectable (D). Contour
plots correlating the fluorescence signal of sialic
acid recognizing lectins with the fluorescence of
the endothelial cell marker CD31. Lines of the
contour plot are color coded. High abundance
of correlating fluorescence signals are shown in
yellow, low abundance in purple. Small micro-
scopic Insets show representative fields of view.
Gates within the contour plot were used for
quantitative comparison of tissues shown as
bar diagram (E). (Scale bars, 50 μm.) Bars indi-
cate the mean ± SD, *P < 0.05, **P < 0.005,
***P < 0.0005, ND = not detectable.
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contrast to HUVECs, neutrophils expressed high levels of proper-
din, the only known positive regulator of the complement system.
This is also in agreement with the high expression of properdin by
neutrophils in murine melanomas, which we found in close prox-
imity to the tumor blood vessel wall (SI Appendix, Fig. S3J).

MAC-Positive Neutrophils Produce Reactive Oxygen Species
and Release NETs. We analyzed the interplay of MAC and neu-
trophils in more detail. The induction of MACs on neutrophils

was performed as described by B. P. Morgan (39) using CD15-
directed sensitizing IgM. Neutrophils were treated with either
NHS as a complement source or heat inactive serum (HIS). We
confirmed MAC formation on neutrophils in the NHS group by
flow cytometry and cellular accumulation of C9 by Western blot
(SI Appendix, Fig. S4 A and B); HIS-treated neutrophils remained
MAC negative. To prove the potential activation of neutrophils,
we measured the release of reactive oxygen species (ROS).
Neutrophils treated with NHS produced elevated intracellular
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Fig. 3. Occurrence of MAC-positive neutrophils in primary melanomas. Cryosections (n = 4 to 5) (Scale bars, 20 μm) of primary tumors were stained for CD31
(green) and C5a (red) (A). Nuclei were stained with DAPI (blue). In healthy mouse control skin, no C5a was detected but a punctuate C5a staining was found in
the proximity of mice melanoma blood vessels (A). Quantification revealed a significantly increased number of vessels with C5a accumulation (B). Neutrophil
recruitment to tumors of C5-def mice was decreased in comparison to wild-type animals (C). Cryosections (n = 4 to 5) (Scale bars, 20 μm) of primary tumors
were stained for Ly6G (red) and MAC (green). In healthy mouse control skin, no MACs were detected, whereas in the melanoma tissue MAC was associated
with neutrophils (D). Quantification revealed a significantly increased number of MAC-positive neutrophils (E). Representative image of luminal MAC-negative
neutrophils distant to the blood vessel wall (F, white arrow) (Scale bars, 20 μm) and MAC-positive neutrophils upon contact with the endothelium (F, yellow
arrows, dotted line reflecting endothelial–luminal interface). Quantitative analysis indicated that the majority of blood vessel wall–attached neutrophils were
MAC-positive (F). Representative image of neutrophils cocultured with CD31 antibody sensitized HUVECs in 10% NHS (G). MAC was detected by immunofluores-
cence (G). (Scale bar, 20 μm.) HUVECs and neutrophils were distinguished by the shape of their nuclei (HUVEC: oval nucleus; neutrophils: polymorphous
nucleus). Quantification of fluorescence intensities revealed that neutrophils are prone to accumulate MAC (G). HUVECs were treated with fluorescently labeled
C5b-C7 (MAC precursor). After removing the nonbound C5b-C7, neutrophils were added to the HUVECs. Addition of recombinant C8 and C9 completed MAC
formation on neutrophils, suggesting a bystander effect (H). Gene expression of complement regulatory proteins (CD46, CD55, CD59, and factor P) in HUVECs
and neutrophils suggest that neutrophils are more susceptible to MAC accumulation (I). Bars indicate the mean ± SD, *P < 0.05, **P < 0.005, ***P < 0.0005.
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ROS levels as indicated by the increased oxidation of the intracellu-
lar fluorescent probe 20,70-dichlorofluorescin diacetate (DCFHDA)
(Fig. 4A and SI Appendix, Fig. S4C). We verified these results by a
luminol-dependent chemiluminescence assay (SI Appendix, Fig.
S4C). Neutrophils treated in the presence of HIS were unable to
produce ROS, indicating that addition of the neutrophil-
sensitizing antibodies in the absence of active complement factors
was not sufficient for activation. C5a can induce the swelling of
neutrophils but not ROS production (SI Appendix, Fig. S4 D
and E). To exclude that ROS production was mainly triggered
by C3a receptor (C3aR) or C5aR signaling, we used specific
receptor antagonists (SI Appendix, Fig. S4F). Moreover, potential
signaling via the C3b receptor CD11b/CD18 can be excluded,
because ROS production was reduced to basal levels in C5- and
C6-deficient sera and in the presence of the C5 neutralizing anti-
body eculizumab (SI Appendix, Fig. S4G). ROS formation by
neutrophils is a hallmark of NETosis. We therefore analyzed
whether MAC can induce the release of DNA–histone fragments.
Neutrophils were treated with NHS, HIS, eculizumab/NHS,
C5-, or C6-depleted serum for 1 h. DNA–histone fragments were
largely increased in supernatants of NHS-treated neutrophils, but
not in neutrophils incubated either in HIS, eculizumab/NHS,
C5-, or C6-depleted serum (Fig. 4B). Moreover, we found that
C5a stimulation did not induce release of DNA–histone frag-
ments (SI Appendix, Fig. S4H). Addition of C3aR and C5aR
antagonists was unable to block release of DNA–histone frag-
ments, excluding essential contribution of C3aR or C5aR receptor
signaling (SI Appendix, Fig. S4I). To confirm that MAC-mediated
release of DNA–histone fragments is related to NETosis, we mea-
sured the citrullination of histone 3 (CitH3) as a common NET
marker. A robust Western blot signal of CitH3 was detected in
MAC-positive neutrophil supernatants (Fig. 4C). In contrast, no
CitH3 was found in HIS and C5-depleted serum (Fig. 4C).
Immunofluorescence images of NHS-treated neutrophils showed
that externalized DNA structures colocalized with NET-associated
CitH3. Neither DNA release nor a positive CitH3 staining was
detectable in the HIS-treated control group (Fig. 4 D and E).
Next, we examined the release of CitH3 from MAC-positive neu-
trophils in murine and human tumor tissues. Fig. 4F shows that
CitH3 and MAC were formed in close proximity to each other,
suggesting MAC-induced NETosis in human and murine mela-
nomas. Of note, NETosis formation was not prevented in tumor-
bearing mice treatment with the C5aR antagonist PMX-53 (SI
Appendix, Fig. S4J).

Complement Inhibition Blocks Neutrophil Activation In Vitro
and In Vivo. The finding of complement-mediated neutrophil
activation prompted us to assess whether blockage of the comple-
ment system can affect neutrophil activation. Low-molecular-
weight heparin (LMWH) has previously been reported as broad
complement inhibitor (40, 41). We compared the complement
inhibitory activity of the two LMWHs, tinzaparin, and N-acetyl-
heparin (NAH). Both LMWHs blocked complement activation
in CH50 and APH50 assays; however tinzaparin was significantly
more efficient than NAH (Fig. 5 A and B). As expected, tinza-
parin prevented MAC formation on neutrophils (Fig. 5C) and
abolished NETosis as indicated by a reduced release of
DNA–histone fragments and CitH3 into cell supernatants (Fig. 5
E and F). In comparison to NAH, tinzaparin was again more effi-
cient in blocking NETosis (SI Appendix, Fig. S5 A and B) and
ROS release from neutrophils (Fig. 5D). Daily intradermal
administration of tinzaparin to melanoma cell–engrafted mice
prevented the deposition of C3b/iC3b at tumor blood vessel walls
(Fig. 5G). In agreement with our in vitro experiments, tinzaparin

decreased the number of MAC-positive neutrophils in tumors
(Fig. 5H) and prevented NETosis (SI Appendix, Fig. S5C).

Perivascular-Activated Neutrophils Contribute to Endothelial
Barrier Disruption. The presence of C5a around the tumor vas-
culature (Fig. 3 A and B) correlated with an enhanced recruitment
of neutrophils to the vessel wall (Fig. 6 A and B and SI Appendix,
Fig. S6). Our data further suggest that complement-activated neu-
trophils produce ROS and release NETs (Fig. 4). Therefore, we
postulated that, in close contact to endothelial cells, MAC-
activated neutrophils could increase vascular permeability. To
study the neutrophil-endothelial cell cross-talk, we cocultured
HUVECs with NHS-pretreated neutrophils in vitro. Cell–cell
junctions were analyzed by staining of CD31, a common marker
for endothelial cell layer integrity (42). As shown in Fig. 6C,
MAC-positive neutrophils induced gap formation in a confluent
endothelial cell monolayer. Data from electric cell-substrate
impedance sensing (ECIS) further confirmed that coculture with
MAC-positive neutrophils decreased the transendothelial electrical
resistance (TEER) of an endothelial monolayer, indicating open-
ing of the endothelial barrier (Fig. 6D). Inhibition of MAC for-
mation by tinzaparin abolished TEER decrease (Fig. 6D). Also
blockage of NETosis by the protein arginine deiminase 4 (PAD4)
inhibitor CI-amidine prevented the decrease of TEER (Fig. 6E).
Treatment with DNase counteracted the endothelial destructive
effect of NETs only slightly (Fig. 6E). We also measured perme-
ability of the endothelial barrier in our tumor tissues. For this pur-
pose, we quantified the leakage of plasma proteins (IgG was used
as marker) from the blood vessel into the adjacent tissue (Fig. 6F).
In the absence of perivascular neutrophils, IgG located only along
the blood vessel wall (Fig. 6F, arrowheads); however, IgG was
found in the tissue beyond the blood vessels in neutrophil-rich
regions (Fig. 6F, arrows). Quantitative analysis revealed signifi-
cantly more IgG leakage from blood vessels upon neutrophil accu-
mulation. Of note, IgG accumulation upon vascular leakage may
also fuel further complement activation via the classical pathway.
As shown in Fig. 2C, we detected classical pathway activation in
about 15% of the tumoral blood vessels. To prove whether an
impaired endothelial barrier may promote tumor cell intravasa-
tion, we measured the transmigration of human melanoma cells
(MV3) by Transwell assays. In line with an increased vascular per-
meability, the number of transmigrated melanoma cells through
an endothelial monolayer was almost twofold increased in the
presence of MAC-positive neutrophils (Fig. 6G). MAC-positive
neutrophils were washed before addition to endothelial cells to
avoid contamination with complement components such as C3a
or C5a that may induce vascular leakage independently of acti-
vated neutrophils. Taken together, our data indicate that perivas-
cular MAC-positive neutrophils increase the endothelial barrier
permeability, promoting tumor cell transmigration.

MAC-ActivatedNeutrophils PromotedHematogenousDissemination
ofMelanomaCells.Although our experiments with tinzaparin indi-
cated that complement inhibition prevents complement-mediated
neutrophil activation (Fig. 5) and endothelial barrier disruption
(Fig. 6D), LMWHs are not complement specific but act also as
inhibitors of the coagulation cascade. To underpin the explicit
function of the complement system, we performed further experi-
ments in C6-def mice. C6 is a central part of MAC and in con-
trast to C5/C5a it is not involved in neutrophil recruitment.
Therefore, C6 deficiency prevents MAC formation, whereas
recruitment of neutrophils remained unaffected (SI Appendix, Fig.
S7 A and B).
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In the next set of experiments, we aimed to prove our
hypothesis that MAC-mediated neutrophil activation increases
vascular permeability and promotes intravasation of melanoma
cells from the primary tumor into the circulation. To study the
intravasation process, we inoculated melanoma cells overex-
pressing luciferase 2 into the dorsal skin of wild-type (WT) and
C6-def mice. Four weeks after implanting the melanoma cells,
we drew blood from the animals and dissected the primary
tumors and the lungs. Notably, the volume of the primary
tumor was not affected by lack of C6 (Fig. 7A). As expected,
C6 deficiency abolished MAC formation (SI Appendix, Fig.
S7A) and blood vessel permeability was not increased in
neutrophil-rich regions (Fig. 7B). We obtained similar results
in C5-def mice and animals treated with the NETosis blocker
CI-amidine (SI Appendix, Fig. S7 C and D). To further confirm
the increased vascular permeability in vascular regions rich in
MAC-positive neutrophils, we measured the vascular leakage of
intravenously injected tetramethylrhodamine (TRITC)-labeled
dextran in WT and C6-def mice. Compared with melanomas
of WT animals, we detected significantly less dextran leakage in
C6-def mice (Fig. 7C). To measure the numbers of blood-
circulating and organ-disseminated melanoma cells, we applied
quantitative PCR (qPCR) as this is currently the most sensitive
detection method to measure systemic cancer cell spread
(43, 44). To this end, we isolated genomic DNA from collected
blood samples and probed the luciferase 2 gene locus by a modi-
fied highly sensitive PCR approach further referred to as melting
curve–assisted quantitative PCR (MC-qPCR). This technique
enables the detection of fewer than 10 circulating tumor cells
per milliliter of blood (Fig. 7D). Details on the accuracy and
validity of our MC-qPCR method are provided in the method
section. As shown in Fig. 7E, we detected low numbers (31 ±
29.9) of circulating melanoma cells per milliliter of blood in
C6-def animals. In comparison, in WT animal blood, melanoma

cell count was more than threefold elevated (114 ± 49.8 cells
per milliliter of blood) (Fig. 7E). This indicates a significantly
protected endothelium in C6-def animals and increased mela-
noma cell intravasation and tumor blood vessel permeability in
WT mice. Next, we aimed to investigate whether the number of
melanoma cells disseminated into the lungs was also reduced in
mice lacking C6. Because the short lifetime of melanoma-
bearing mice prevents the formation of macroscopic metastasis,
we used our MC-qPCR method to detect disseminated mela-
noma cells within dissected lung tissues. As indicated in Fig. 7F
and in line with the number of blood-circulating cells, we found
significantly fewer disseminated melanoma cells in lungs of
C6-def animals when compared to WT mice. In additional
experiments, we depleted neutrophils in WT and C6-def ani-
mals to clarify their impact on melanoma cell intravasation and
dissemination. Immunofluorescence staining of tumor tissues
and flow cytometric analysis of blood samples were used to con-
firm the in vivo depletion of neutrophils (SI Appendix, Fig. S8).
Fig. 7 G and H show that depletion of neutrophils in WT mice
reduced the number of melanoma cells in the blood and the
lungs of tumor-bearing animals. Neutrophil depletion in C6-def
mice did not further decrease melanoma cell dissemination. In
summary, our findings indicate that the complement system and
especially the activation of tumor-infiltrating neutrophils by
MAC, promotes the vascular leakage within the primary tumor.
As a consequence, the entrance of melanoma cells into the circu-
lation is increased and leads to enhanced systemic dissemination.

Discussion

The aim of our study was to investigate the involvement of and
cross-talk between the complement, neutrophils, and the tumor
endothelium in melanoma. Although prior studies indicated that
complement activation in the tumor microenvironment can
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Fig. 4. MAC promotes ROS production and
NET formation. Sensitized neutrophils were
treated with 10% NHS for 30 min to induce
MAC formation on neutrophils; 10% HIS was
used as a control. Flow cytometric analysis of
MAC-mediated intracellular ROS production
(A). Sensitized neutrophils were treated with
10% NHS for 1 h to induce NETosis. HIS- or
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ELISA was used to analyze the release of
DNA–histone fragments in the supernatants.
NHS-treated neutrophils released significantly
more DNA–histone fragments, compared with
other control groups (B). Citrullinated histone 3
(CitH3) was detected in NHS-treated neutrophil
supernatant by Western blot (C). NHS-treated
neutrophils and HIS-treated control neutro-
phils were stained with an anti-CitH3 antibody
(red) and DAPI (blue). Fluorescence microscopy
revealed NETs in colocalization with CitH3 of
MAC-positive neutrophils. CitH3 staining was
negative on control neutrophils (D). (Scale bar,
20 μm.) For quantification, NETs were counted
on the whole slide and displayed as NETs per
field of view (E). Representative immunofluo-
rescence staining of MAC (green) and CitH3
(red) in the cryosections (n = 5) (Scale bars,
20 μm.) of a murine melanoma tumor and a
human MM tissue showing the close association
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enhance tumor growth (3, 45, 46) and that neutrophils may play an
offensive role in tumor cell extravasation (47–50), our data provide
first molecular insights that MAC-activated neutrophils increase
endothelial permeability and melanoma cell intravasation (Fig. 7I).
A growing body of data indicates that an imbalanced com-

plement activation in the tumor microenvironment participates
in chronic inflammation and suppressive immune responses (7).
Clinical data demonstrate complement activation in lung, ovar-
ian, and colorectal cancer patients (46). However, knowledge of
complement activation in human melanoma is scarce (4). Here,
we show that in stage IV melanoma patients the levels of com-
plement activation products C3b, C3a, and C5a, were elevated
in blood samples. In agreement with patients’ data and previous
studies (24), we found that in comparison to other tumor enti-
ties, melanoma cells express only low amounts of complement
components, suggesting other complement factor sources. Fur-
ther inspection of late-stage melanoma tissues indicated that

complement activation was initiated at the tumor endothelium,
suggesting a complement supporting milieu. That primary mela-
nomas exhibit a microenvironment that favors complement acti-
vation was further supported by comparative analysis of distinct
skin tumor types (melanoma, BCC, KA, and NCN). Our data
indicate that the role of complement-mediated tumor inflamma-
tion differs in different cancer types and stages and that the
tumor microenvironment as a trigger of the complement cascade
also needs to be considered in future research.

Previous clinical studies analyzing colorectal (51), pancreatic
ductal adenocarcinoma (6), and ovarian cancer (52) suggested the
involvement of the lectin pathway. However, molecular activators
of the complement cascade remain to be identified. In melanoma,
our data indicate the involvement of the lectin pathway and its
onset on the tumor endothelium as indicated by the vascular
deposition of the MBL. Recognition of self-tissue by MBL is pre-
vented under healthy conditions. Cellular stress or cancer-related

*** ***

*** ***

GAPDH

Cit H3

0 10 20 30 40
0

500

1000

1500

Time [min]

NHS
NHS+Tinzaparin

**

A
PH

50
 [%

st
an

da
rd

]

   
D

N
A

-h
is

to
ne

s
A

bs
or

ba
nc

e 
A

40
5

 HIS

M
A

C
 in

te
ns

ity

R
O

S 
in

te
ns

ity

A

C

NHS NHS
+Tinzaparin

HIS NHS

NHS
+Tinzaparin

D

E

NHS  HIS NHS
+Tinzaparin

 HIS NHS NHS
+Tinzaparin

F

B

G

MAC
DAPI

MAC
DAPI

MAC
DAPI

C
H

50
 [%

 s
ta

nd
ar

d]

NHS NHS NHS
+Tinzaparin +NAH

*** *

H
Tumor Tinzaparin

**

Ve
ss

el
s 

w
ith

 C
3b

 fr
ag

m
en

ts
 [%

]

Tumor TinzaparinM
A

C
 in

te
ns

ity
 o

n 
nu

et
ro

ph
ils

Control

Control

Tinzaparin

Tinzaparin

VWF
C3b
DAPI

VWF
C3b
DAPI

MAC
Ly6g
DAPI

MAC
Ly6g
DAPI

0

50

100

150 *****

0

50

100

150

NHS NHS NHS
+Tinzaparin +NAH

0

100

200

300

400

0.0

0.2

0.4

0.6

0.8

0

10

20

30

40
*

0

50

100

150

Fig. 5. Tinzaparin inhibits complement activa-
tion in vitro and in vivo. Hemolytic complement
function of the classical pathway (CH50) and
the alternative pathway (APH50) was signifi-
cantly reduced by the LMWH tinzaparin and
NAH. Tinzaparin was more efficient than NAH
(A and B). Representative immunofluorescence
images of sensitized neutrophils treated with
10% NHS or with 10% NHS supplemented with
tinzaparin (100 IU/mL). The speckled MAC stain-
ing on NHS-treated neutrophils was significantly
abolished by tinzaparin (C). (Scale bar, 20 μm.)
Luminol chemiluminescence assay showed a
reduction of MAC-induced ROS release in the
presence of tinzaparin (D). Tinzaparin blocked
NETosis in NHS-treated neutrophils as indi-
cated by the significantly reduced release of
DNA–histone fragments (E) and CitH3 (F). Cryo-
sections of primary tumors were analyzed by
immunofluorescence staining (n = 5). (Scale bar,
20 μm.) Tinzaparin treatment reduced the depo-
sition of C3 fragments along the blood vessel
wall compared with control tumors (G). Quantifi-
cation revealed a significant reduction of C3b/
iC3b deposition after tinzaparin treatment (G).
MAC-positive neutrophils were present in
tumors of control mice (H). In contrast, treat-
ment with tinzaparin resulted in a decreased
MAC formation on neutrophils. Quantification
showed a significant reduction in colocalization
of MAC and neutrophils after tinzaparin treat-
ment (H). Bars indicate the mean ± SD, *P <
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glycosylation patterns have been linked to MBL binding and
complement activation (53). Recently, lectin pathway activation
was found to be trigged by endothelial cells with an aberrant gly-
cosylation (53). To understand whether the binding of MBL to
melanoma-educated endothelial cells was also related to an aberrant
glycosylation, we compared the glycosylation of skin and tumor
endothelial cells. We found significantly reduced levels of sialic
acid on the tumor endothelium. Sialic acid is known to mask
potential MBL ligands in healthy tissues (26). Therefore, lack of
sialic acid appears to be a reasonable explanation for lectin pathway
activation melanoma. Interestingly, we also found that melanoma
patient survival was adversely connected to increased expression
levels of sialidases within the tumor tissues, highlighting the biolog-
ical relevance of sialic acid turnover in melanoma. However, the
glycosylation of mammalian cells is very complex, comprising a
large diversity of sugar residues assembled to different glycans with
varying patterns and biological properties (54–56). For this reason,
future research is required to fully understand complement-
regulating mechanisms of cellular glycosylations.
In accordance with the notion of tumor blood vessel–restricted

complement activation, we also detected high levels of C5a in

close proximity to the tumor vasculature. C5a is a potent chemo-
attractant for proinflammatory leukocytes and recruits neutrophils
to areas of inflammation (1). In addition, the work by Marks et al.
(2) reported that enforced deposition of complement factors at
endothelial cells is a potent and rapid stimulus for neutrophil
adhesion. Thus, the enrichment of biologically active comple-
ment C3 fragments and C5a along the vasculature is a sound
explanation for the observed recruitment of neutrophils around
tumor blood vessels and is in line with reduced neutrophil num-
bers in tumors of C5-def mice. Next to their attraction, C3a and
C5a can also promote neutrophil activation (57, 58). C5a can
induce the swelling of neutrophils, which might represent the
reorganization of the cytoskeleton necessary for chemotaxis (59).
More recently, neutrophil expansion was shown to take place
shortly prior to NETosis, also suggesting C5a as potential cotrig-
ger for NETosis (60). We tested the production of ROS and the
release of NETs in the presence of C3a and C5a receptor antago-
nists. In our experimental settings, neutrophil activation was not
reduced by the receptor antagonists. Moreover we were not able
to induce NETosis by recombinant C5a in the absence of a costi-
mulatory agent. This is also in line with previous literature
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Fig. 6. Activated neutrophils opened endothelial barrier. Numerous neutrophils marginated along or penetrate into the mouse and human tumor blood
vessel wall (A and B, n = 5). (Scale bar, 20 μm.) Integrity of a HUVEC layer after 6 h of treatment with MAC-positive neutrophils or control neutrophils
(C). (Scale bar, 50 μm.) Gap areas in the HUVEC monolayer were increased after coculture with MAC-positive neutrophils (C). Permeability of HUVEC was
determined using ECIS. Coculture with MAC-activated neutrophils decreased the impedance of the endothelial monolayer, indicating increased vascular
permeability (D). Supplementation of NHS with tinzaparin (100 IU/mL) counteracted the complement-induced endothelial dysfunction (D). The PAD4 inhib-
itor CI-amidine (50 μM) prevented the neutrophil-induced breakdown of the endothelial resistance. Treatment with DNase (100 U/mL) was less effective
(E). In the absence of perivascular neutrophils, plasma protein leakage (IgG was used as marker) located only along the blood vessel wall (arrowheads, F).
(Scale bar, 20 μm.) In neutrophil-rich regions, IgG leaked out into the tissue and was detected beyond the blood vessel border (arrows, F). The ratio
between the IgG leakage areas and the vessel perimeter was quantified (F). Transmigration of the human melanoma cells MV3 through confluent HUVEC
layers cocultured for 6 h prior to the tumor cell challenge with MAC-positive neutrophils or control neutrophils (G). Bars indicate the mean ± SD,
*P < 0.05, **P < 0.005.
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(61, 62) and the recent work by Fattahi et al. postulating MAC
to trigger inflammasome activation and histone release from neu-
trophils (63).

In the present work, we were able to identify MAC as a potent
trigger for NETosis. Our data suggest that neutrophils gain
MAC upon direct physical contact with the tumor endothelium.
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Fig. 7. MAC-activated neutrophils promoted hematogenous intravasation of melanoma cells. WT mice (n = 5) and C6-def mice (n = 5) received an intradermal
injection of 7.5 × 105 B16F10-luc2 melanoma cells. After 28 d, mice were killed. C6 deficiency did not affect the primary tumor growth (A). The permeability of
endothelial barrier was determined by measuring IgG leakage. No IgG leakage was detected in blood vessels of C6-def animals (B, n = 5). (Scale bars, 20 μm.) The
vascular leakage of intravenously injected TRITC-labeled dextran in WT and C6-def mice was measured by fluorescence microscopy. Compared with melanomas
of WT animals, we detected significantly less dextran leakage in C6-def mice (C). Blood and lung samples were analyzed by MC-qPCR. MC-qPCR was based on the
separation of the amplification curve into signals of nonintended products (NIP) and products of interest (POI) as defined by the melting curve (D). Comparison of
blood samples received from WT and C6-def mice indicated significantly less blood circulating melanoma cells when C6 was deficient (E). The number of mela-
noma cells disseminated into the lung was reduced in C6-def mice when compared to WT mice (F). Depletion of neutrophils in WT mice reduces the number of
disseminating melanoma cells in blood and lung tissues. Depletion of neutrophils was without significant effect in C6-def animals (G and H). Bars indicate the
mean ± SD, *P < 0.05, **P < 0.005, ***P < 0.0005, NS = not significant. The schematic overview shows the cross-talk between the complement system, neutro-
phils, and endothelial cells in the tumor microenvironment (I). Complement activation at the endothelial–blood interface leads to the C5a-mediated recruitment of
neutrophils. Upon contact with the endothelium, MAC is formed on neutrophils, which mediates neutrophil activation characterized by ROS release and NETosis.
Complement-activated neutrophils increase the permeability of the endothelium allowing the hematogenous intravasation of melanoma cells.
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This implies a close association between complement activation
at the endothelium and tissue-infiltrating neutrophils. Our find-
ings point to an accumulation of MAC on neutrophils through
the direct transfer of C5b-7 complexes (precursor of MAC) from
endothelial cells also known as the bystander effect. C5b-7 is not
covalently bound to cell surfaces but a lipophilic and metastable
complex that dynamically forms either protein micelles in the
fluid phase or is incorporated into plasma membranes (33). Fur-
ther complex formation of C5b-7 with C8 and C9 at lipid
bilayers finally leads to its firm integration into plasma mem-
branes. Requirement for the bystander transfer of the MAC pre-
cursor C5b-7 is the direct physical contact between the donor
and acceptor. Postulated already in the last century, a growing
body of evidence suggests the occurrence of bystander mecha-
nisms in different cellular setups and diseases such as neuromyeli-
tis optica, malaria, or Alzheimer’s disease (35, 36, 38) and was,
e.g., shown to induce NLRP3 inflammasome activation in mac-
rophages (64). Our experiments indicate the transfer of C5b-7
from endothelial cells to neutrophils shedding light on the
endothelial–neutrophil cross-talk in the course of disease.
Nucleated cells have several protection mechanisms to coun-

teract complement-mediated cellular lysis. For example, CD59
efficiently prevents MAC assembly on cellular surfaces (65). We
found that in comparison to endothelial cells, neutrophils
express lower CD59 levels, suggesting that MAC formation at
neutrophil surfaces is more favored than on endothelial cells.
Susceptibility to MAC has previously been linked to a low
expression of CD59 (32, 38). However, further molecular
parameters such as the lipid composition or deformation of the
plasma membrane during adhesion and vascular transmigration,
high local concentrations of C5b-7 or other costimulatory mole-
cules may contribute to MAC binding by neutrophils. Once
formed at their surface, MAC can either form a pore within the
neutrophil membrane or is endocytosed to promote neutrophil
activation (66). Among several different pathways, MAC permits
Ca2+ influx and interacts with other signaling molecules involv-
ing G protein–coupled receptors and NF-κB (67–69). MAC
was also shown to alter cell proliferation, to induce or inhibit
apoptosis and activate inflammasomes (67–69). Here we report
MAC-mediated neutrophil activation in tumors. Moreover, we
identified MAC accumulation as a pathophysiological trigger for
NETs in the tumor microenvironment.
Our data show that NETting neutrophils remained in close prox-

imity to the tumor endothelium to open the endothelial barrier.
NETs expose histones and proteases such as matrix metalloprotease-
9 or elastase known to destabilize the vascular endothelium
(70–72). To confirm that the increased vascular permeability pro-
moted the intravasation of melanoma cells into the blood circula-
tion, we conducted experiments in C6-def mice (73). In agreement
with our hypothesis, we found in comparison to WT mice signifi-
cantly less blood circulating and lung-disseminated melanoma cells
in C6-def animals.
Recent research (55, 74, 75) and ongoing clinical trials

(NCT03665129) indicate that complement inhibition especially
in combination with immune checkpoint therapy may prolong
the life of cancer patients. However, even more recent evaluations
of large sets of patient data revealed that under immune check-
point therapy the risk of suffering from severe thrombotic events

is considerably increased (76, 77). The coagulation and the com-
plement systems are evolutionary close relatives with several
molecular overlaps. For instance, thrombin, a key protease of the
coagulation system, is able to convert C5 into C5a and C5b in
parallel with the complement-related C5 convertase (78). There-
fore, simultaneous attenuation of the complement system and
the coagulation cascade appears to be a reasonable therapeutic
approach in cancer patients. In the present work, we showed that
the anticoagulant tinzaparin was a potent inhibitor of MAC-
mediated neutrophil activation. Therefore, coadministration of
immune checkpoint inhibitors and LMWHs to block cancer-
associated coagulation and complement activation may improve
current cancer therapies. In future, the therapeutic application of
C6- or C9-neutralizing antibodies or peptides that inhibit MAC
assembly might represent a more specific possibility to prevent
MAC-mediated neutrophil activation in melanoma.

Taken together, we provide a mechanism of the cross-talk
between complement, neutrophils, and the tumor endothelium in
melanoma. The results reported here extend the role of the comple-
ment system as a component of tumor-promoting inflammation
and indicate that MAC-activated neutrophils in close proximity to
the vasculature are associated with an increased endothelial perme-
ability and melanoma cell intravasation.

Materials and Methods

Please see SI Appendix, Materials and Methods for a detailed description of
materials and methods.

Data, Materials, and Software Availability. The applied codes for lectin
staining analysis and the applied gating strategies are freely available (https://
github.com/gorzelac/tissue-lectin.git) (79). All other study data are included in
the article and/or SI Appendix.
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