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Hemolytic diseases are frequently linked to multiorgan failure sub-
sequent to vascular damage. Deciphering the mechanisms leading
to organ injury upon hemolytic event could bring out therapeutic
approaches. Complement system activation occurs in hemolytic
disorders, such as sickle cell disease, but the pathological relevance
and the acquisition of a complement-activating phenotype during
hemolysis remain unclear. Here we found that intravascular hemo-
lysis, induced by injection of phenylhydrazine, resulted in increased
alanine aminotransferase plasma levels and NGAL expression. This
liver damage was at least in part complement-dependent, since it
was attenuated in complement C3−/− mice and by injection of C5-
blocking antibody. We evidenced C3 activation fragments’ deposits
on liver endothelium in mice with intravascular hemolysis or in-
jected with heme as well as on cultured human endothelial cells
(EC) exposed to heme. This process was mediated by TLR4 signaling,
as revealed by pharmacological blockade and TLR4 deficiency in
mice. Mechanistically, TLR4-dependent surface expression of P-
selectin triggered an unconventional mechanism of complement
activation by noncovalent anchoring of C3 activation fragments,
including the typical fluid-phase C3(H2O), measured by surface plas-
mon resonance and flow cytometry. P-selectin blockade by an an-
tibody prevented complement deposits and attenuated the liver
stress response, measured by NGAL expression, in the hemolytic
mice. In conclusion, these results revealed the critical impact of
the triad TLR4/P-selectin/complement in the liver damage and its
relevance for hemolytic diseases. We anticipate that blockade of
TLR4, P-selectin, or the complement system could prevent liver in-
jury in hemolytic diseases like sickle cell disease.
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Intravascular hemolysis is a hallmark of a large spectrum of
pathologies, including socially significant diseases such as

sickle cell disease (SCD) and malaria, characterized by the
presence of a large amount of red blood cell (RBC) degradation
products in the circulation (1, 2). Cell-free hemoglobin, heme,
and RBC microvesicles act by different mechanisms to promote
vascular and tissue injury (3). Heme is a danger-associated mo-
lecular pattern molecule, which recruits and activates neutro-
phils (4–6) and macrophages (7, 8), induces vasoconstriction (9),
and activates endothelial cells (EC) (10, 11). Moreover, heme
modulates the activity of different plasma systems (12), including
the innate immune complement cascade (11, 13–17).
In hemolytic diseases, signs of complement system activation are

detected in circulation, on RBC and on endothelium (18, 19), but
the mechanisms and the pathological relevance are still not well
understood (13, 20, 21). Heme triggers Toll-like receptor 4 (TLR4)
signaling (7, 10) on EC, but the contribution of this innate immune
receptor in transforming resting endothelium to a complement-
activating surface is unclear. The liver is highly vascularized and
impacted by hemolysis, being the second site of RBC fragment

clearance and hemoglobin and heme detoxification. Furthermore,
hepatic involvement is observed in 10–40% cases of SCD crisis
(22) and in models of hemolytic diseases (17, 23), but the contri-
bution of complement system remains unexplored.
We describe a nonconventional mechanism of complement

activation in hemolytic conditions. In it, the fluid-phase compo-
nent C3(H2O) [or a C3(H2O)-like form] binds to the EC mem-
branes via P-selectin (P-sel), expressed after heme-triggered
TLR4 signaling. Deficiency/blockade of complement, TLR4, P-
sel, and heme attenuated the liver stress response in mice with
intravascular hemolysis. These results revealed the critical impact
of the triad TLR4/P-sel/complement in the liver injury under
hemolytic conditions and its relevance for hemolytic diseases.

Results
C3 Activation Fragments Are Deposited on Vascular Endothelium in
the Liver of Mouse Models of Intravascular Hemolysis. Well-
characterized models for heme injection and phenylhydrazine
(PHZ)-induced intravascular hemolysis (20, 24) were used to
determine to what extent hemolysis is responsible for comple-
ment deposits in the liver. We used an antibody (Ab), detecting
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the C3 activation fragments [C3b, iC3b, C3(H2O)-like] but not
native C3. Treatment with PHZ or heme significantly increased
C3 activation fragments’ deposition on endothelium in the liver,
compared with PBS in WT mice (Fig. 1 A and B). The double-
staining of C3 activation fragments/vWF was localized on mac-
rovessels, mainly, central hepatic veins, as well as on liver sinu-
soids (SI Appendix, Fig. S1A), confirmed by colocalization with
vascular CD31 (SI Appendix, Fig. S1B). Bile ducts were not im-
pacted by complement activation, as shown by the absence of
colocalization with an epithelial marker cytokeratine (SI Appendix,
Fig. S1C). The C3 activation fragments’ staining in the liver si-
nusoids colocalized with macrophages/Kupffer cells CD68 (SI
Appendix, Fig. S1D), granulocytes/neutrophils Ly6G (SI Appendix,
Fig. S1E), and with platelets’ marker CD41a (SI Appendix, Fig.
S1F). The presence of neutrophils and platelets here supports the
concept that complement plays a critical role in the induction of
platelet–neutrophil aggregates on endothelium (25).
As expected, no C3 activation fragments’ deposits were de-

tected in C3−/− mice treated with PHZ (SI Appendix, Fig. S2).
Importantly, in TLR4−/− mice, the complement deposits on
vessels were strongly reduced, compared with WT mice, despite
treatments (Fig. 1 A and B). These vascular deposits were at-
tenuated by injection of heme scavenger hemopexin (Hx) in WT
mice (Fig. 1C).

Complement Activation and TLR4 Signaling Triggered by Heme
Contribute to the Hemolysis-Induced Liver Stress Response. We de-
tected signs of liver injury in PHZ-treated mice by measuring
plasmatic alanine aminotransferase (ALT) levels, which were
significantly decreased in TLR4−/− and C3−/− hemolytic mice
(Fig. 2 A and B). Of note, basal ALT activity weakly but signif-
icantly increased in C3−/− compared with WT mice.

Further, we studied hypoxic cellular stress response protein
NGAL, a sensitive marker for acute liver injury (26–28), up-
regulated in the liver in models of intravascular hemolysis and
hypoxia by hepatocytes, neutrophils, Kupffer cells, and EC (29).
Moreover, NGAL expression could be induced in a TLR4-
dependent manner (26, 30). The expression of NGAL in WT
mice injected with PHZ strongly increased at mRNA, and protein
level and was attenuated in TLR4−/− and C3−/− hemolytic mice
(Fig. 2 C and D and SI Appendix, Fig. S3A). NGAL up-regulation
was reproduced by injection of heme at different regiments (weak
effect with 40 μmol/kg i.v. and strong effect with two i.p. injections;
Fig. 2 C and D and SI Appendix, Fig. S3A). Of note, i.v. injection of
100 μmol/kg of heme was lethal. Therefore, the i.p. injection was
selected for the rest of the study, since it was well-tolerated by the
mice (24, 31) and triggered complement deposits (Fig. 1 A and B).
The heme-mediated NGAL expression was attenuated by pre-
treatment with Hx (SI Appendix, Fig. S3B). The NGAL staining in
hemolytic mice was with punctiform appearance in the liver sinu-
soids (likely the EC and Kupffer cells) as well as on macrovessel
walls in WT mice (ramification of hepatic arteries, portal veins,
and central hepatic veins), while in TLR4−/−, only a fraction of the
sinusoidal staining was detected with no signal in the macrovessels.
Having shown the contribution of the C3 activation fragments

in the liver injury, we studied the role of C5a and C5b-9. No
staining for C5b-9 was detected in the liver sections of PHZ-
injected mice. Nevertheless, C5a showed increased plasmatic

Fig. 1. Pattern of staining for C3 activation fragments in the liver of mice
with intravascular hemolysis and their dependence on TLR4 and heme. (A
and B) C3 fragments’ deposition on vascular endothelium. (A) Double-
staining for vWF (green) and C3b/iC3b (red) of WT and TLR4−/− mice liver
frozen sections treated with PBS, heme, or PHZ. Colocalization is in orange.
Focus on macrovessels, in particular, central hepatic veins. White arrows
point to C3 activation fragments’ deposition along endothelium. (B)
Staining quantification, presented as fold change (FC) of the double-
positive C3 activation fragments (C3 act fr)/vWF area of each liver sec-
tion, normalized to the staining of the PBS-injected group of the WT mice.
Comparison of WT and TLR4−/− (n ≥ 3) mice. *P < 0.05, **P < 0.005; two-
way ANOVA with Tukey’s test for multiple comparisons. (C) Frozen liver
sections of WT mice, treated with PHZ ± Hx, were stained for vWF (green)
and C3 activation fragments (red).

Fig. 2. Hemolysis triggers liver injury in a TLR4- and complement-
dependent manner. WT, TLR4−/−, and C3−/− mice were injected with PBS,
heme, or PHZ. Livers were recovered after 24 h. (A) ALT activity was mea-
sured in WT and TLR4−/− mice, presented as fold change (FC), compared with
the PBS group (n ≥ 4). (B) ALT activity was measured in WT and C3−/− mice
(n ≥ 3). (C) Gene expression of NGAL in livers from WT and TLR4−/− mice, FC
(n ≥ 4). (D) Gene expression of NGAL in livers from WT and C3−/− mice, FC
(n ≥ 3). (E–G) Efficacy of C5 blockade to prevent liver injury. (E) C5a levels in
the plasma of mice, injected with PHZ or pretreated with irrelevant IgG (Irr
IgG) or anti–C5-blocking Ab BB5.1 (α-C5). The levels of C5a are compared
at day 3 (D-3) and day 1 (D-1) post PHZ injection. The prevention of C5a
release indicated that the Ab exerted its blocking effect (n ≥ 4). (F) ALT
activity levels (FC) or (G) quantification of the percentage of NGAL positive
area in the liver (FC) in the mice, injected with PBS or PHZ, pretreated with Irr
IgG or anti-C5. *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001; two-way
ANOVA with Tukey’s test for multiple comparisons. Values are box plots with
median and Min/Max points in A, B, and E–G, and mean ± SEM in C and D.
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levels 24 h after PHZ injection (Fig. 2E). To find out if C5a
contributes to the pathological process, we injected C5-blocking
Ab BB5.1 [known to prevent mouse C5 cleavage (32)], which
prevented the C5a generation (Fig. 2E). The treatment resulted
in a partial decrease of the ALT levels (Fig. 2F). The NGAL liver
staining by immunofluorescence (IF) showed significant de-
crease (Fig. 2G and SI Appendix, Fig. S3C), despite that there
was no significant difference in NGAL mRNA levels (SI Ap-
pendix, Fig. S3D). As expected, the C3 activation fragments’ de-
posits were not modified by BB5.1 (SI Appendix, Fig. S3E) Taken
together, these results demonstrate the critical importance of the
TLR4 signaling and complement activation at the level of C3
and, to a lesser extent, of C5 for the liver injury during intravascular
hemolysis.

Heme Triggers TLR4 Activation on EC in Vitro. Having shown TLR4-
dependent EC activation and complement deposits in presence
of heme and hemolysis, we studied this process in vitro. TLR4
staining was positive on resting macrovascular EC (primary hu-
man umbilical vein endothelial cells, HUVEC) by flow cytometry
(SI Appendix, Fig. S4A), as described for multiple EC, including
of liver origin (33). After 30 min incubation with heme, TLR4-
inhibitor TAK-242, or TLR4-ligand LPS, TLR4 expression
remained stable (SI Appendix, Fig. S4 B–D). CD14 staining
showed a double-peak on resting state, distributed at 50% of
both dim (CD14low) and bright cells (CD14high) (SI Appendix,
Fig. S4 E and F). Bright population of CD14 increased up to
80% after heme treatment, only partially prevented by TAK-242
(SI Appendix, Fig. S4F). LPS had no effect (SI Appendix, Fig. S4
G and H). The absence of TLR4 internalization [occurring in
macrophages (34)] despite the rapid CD14 up-regulation from
intracellular stores [as azurophilic granules of neutrophils (35,
36)] could be explained by the lack of TRAM in EC (37).
TLR4 activation was studied by phosphorylation of its sig-

naling pathway intermediates and was in agreement with pre-
vious data (10). Phosphorylation of p-38 increased within 6 h
with 25 μM of heme in a time-dependent manner, measured by
IF (SI Appendix, Fig. S4I). Moreover, translocation of P-p65 in
the nucleus increased up to 6 h, measured by Western blot and
IF (SI Appendix, Fig. S4 J and K). Similarly, LPS induced an
increase of the p38 and p65 phosphorylations. These results in-
dicate that heme triggers TLR4 signaling on EC.

Inhibition of TLR4 Attenuates Heme-Induced Complement Deposits on
EC. Our in vivo experiments suggested a direct link between the
heme-mediated TLR4 signaling and the EC complement deposits.
Therefore, we used an in vitro model, where exposure of EC to
heme and normal human serum (NHS) resulted in an increase of
C3 activation fragments and C5b-9 deposition within 30 min (SI
Appendix, Fig. S5 A and C). This was associated with increased Bb
release (1.8-fold at 100 μM heme, compared with medium),
confirming the implication of the alternative pathway (AP) (11,
38). Inhibition of TLR4 by TAK-242 prevented about 50% of
both C3 activation fragments and C5b-9 deposition (SI Appendix,
Fig. S5 B and D). However, LPS treatment did not induce com-
plement deposits (SI Appendix, Fig. S5 E–H). Moreover, the effect
of heme was not related to LPS contamination, since the deposits
on heme-exposed EC were unaffected despite preincubation with
LPS-inhibitor Polymixin B (SI Appendix, Fig. S5 I and J).
To find out why LPS did not promote complement deposits in

the studied conditions, we incubated different doses of heme or
LPS in NHS. At 2 μM, LPS did not trigger complement activa-
tion, as measured by release of Bb or sC5b-9 (SI Appendix, Fig.
S5 K and L). In contrast, exposure to 100 μM resulted in release
of Bb and sC5b-9 from both LPS and heme (SI Appendix, Fig. S5
K and L).

Inhibition of TLR4 Does Not Impact the Expression/Binding of
Complement Regulators and Receptors. A defect of complement
regulation subsequent to TLR4 activation by heme could explain
the partial protective effect of TAK-242 against complement
deposition on EC. Thus, we studied the impact of heme treat-
ment on the factor H (FH) binding on EC and the membrane
cofactor protein (MCP, CD46) expression, the two major com-
plement regulators, as well as the expression of C3a and C5a
receptors (C3aR and C5aR, respectively) within 30 min.
Binding of FH increased on EC surface in presence of heme

and was not prevented by TAK-242 (SI Appendix, Fig. S6 A and
B). Heme caused a dose-dependent decrease of MCP (up to
50%), in agreement with Frimat et al. (11), which was not pre-
vented by TAK-242 (SI Appendix, Fig. S6 C and D). Treatment
with LPS did not modulate FH binding or MCP expression (SI
Appendix, Fig. S7 A–D).
To find out whether the down-regulation of MCP contributes

to the complement deposits on heme-exposed EC, we performed
gene silencing, which reduced the expression of MCP to up to
80% (SI Appendix, Fig. S6 G and H). Upon exposure to heme,
the EC with silenced MCP presented more C3 activation frag-
ments’ deposition, compared with a control siRNA (SI Appendix,
Fig. S6 G and H).
Expression of both C3aR and C5aR revealed a double-peak

on resting state, distributing 50% of dim and bright cells. Heme
treatment rapidly increased both C3aR and C5aR expressions,
enhancing the bright cell population (SI Appendix, Fig. S6 I–L).
However, neither C3aR- nor C5aR-increased expression was
prevented by TAK-242 (SI Appendix, Fig. S6 I–L). In compari-
son, LPS treatment did not affect C3aR and C5aR (SI Appendix,
Fig. S7 E–H). These data point toward a second mechanism,
mediating complement activation on human EC, which is inde-
pendent on TLR4 and related to the expression of complement
regulators.

A Rapid Increase of P-Sel Expression Is the Causal Link Between TLR4
and Complement Activation in Presence of Heme on EC in Vitro. P-sel
expression induced by heme could participate in complement
deposition on EC (39). First, we observed that both LPS and
heme induced Weibel Palade bodies (WPB) mobilization within
30 min, translated by the release of vWF and the rapid expres-
sion of P-sel (SI Appendix, Fig. S8 A–F). We did not detect
properdin binding on EC (SI Appendix, Fig. S8 E and F).
Staining of C3b and P-sel by IF on HUVEC revealed a coloc-

alization in the presence of heme (SI Appendix, Fig. S9A). In-
vestigation of the interaction between C3b and P-sel by SPR gave
a Kd of about 100 nM (Fig. 3A). Moreover, C3(H2O) was also able
to bind recombinant P-sel (Fig. 3B). Presence of heme did not
affect the binding of both C3b and C3(H2O) on P-sel (SI Ap-
pendix, Fig. S9 B and C). C3(H2O) was detected noncovalently
bound to heme-exposed EC, as acidic wash abolished C3a staining
(Fig. 3C). The acidic wash reduced the C3 fragments binding to
the same level as did the preincubation with TAK242, showing
that the noncovalent binding was TLR-4–dependent (Fig. 3D).
To understand whether these interactions have functional

consequences on EC, we tested the capacity of a blocking Ab
against P-sel to prevent complement deposition. Blocking of P-
sel prevented 50% of C3 fragments’ deposition, compared with
cells treated with an irrelevant Ab. This inhibition was equivalent
to TLR4 blocking by TAK-242, and no additive effects of TAK-
242 and Ab against P-sel were observed (Fig. 3 E and F).

P-Sel Blockade Attenuates Complement Deposits and Liver Stress
Response in Vivo. Finally, to test the hypothesis that P-sel is re-
sponsible for the complement deposits in vivo, we pretreated the
WT mice with blocking anti–P-sel Ab, followed by heme or PHZ.
This treatment prevented liver stress response in the PHZ-
treated mice, as measured by the decrease of NGAL protein
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staining (SI Appendix, Fig. S10 A–C) and mRNA expression (Fig.
4A). This indicates that the injected dose shows some efficiency,
despite that it did not rescue the ALT levels (SI Appendix, Fig.
S11). Importantly, this P-sel blockade prevented complement
deposits on liver endothelium in PHZ- and heme-treated WT
mice (Fig. 4 B and C), both on large vessels (Fig. 4D, Left) and
on liver sinusoids (Fig. 4D, Right). Together, the in vitro and
in vivo data demonstrate that the P-sel expression is a causal link
between TLR4 and complement activation during intravascular
hemolysis.

Discussion
Here we demonstrate that intravascular hemolysis triggers
complement-dependent liver injury. We found a direct link be-
tween heme-triggered TLR4 signaling on endothelium and
complement system activation (SI Appendix, Fig. S12). These
complement deposits are mediated by P-sel expression, causing
recruitment of C3b and C3(H2O) [or a heme-promoted C3(H2O)-
like form] on the cell surface. TLR4 signaling-mediated comple-
ment activation triggers liver stress response in hemolytic condi-
tions, relevant for SCD.

Despite the clear evidence of complement activation in hemo-
lytic diseases, its pathological relevance remains unclear. After
hemolysis induction, C3 activation fragments’ deposits occurred
on liver endothelium and in the sinusoidal vessels. Moreover, the
increase of the ALT levels and the overexpression of the inflam-
mation and cell damage marker NGAL were largely prevented in
C3−/− mice. The terminal pathway was also activated, as measured
by up-regulation of plasmatic C5a, despite the lack of detectable
C5b-9 deposits in the liver. At least in part the liver injury was C5-
dependent, since ALT and NGAL staining partially decreased
after blockade of C5. These results place complement, and es-
pecially the C3 activation fragments, as a key mediator of liver
tissue damage in hemolytic conditions, such as SCD.
The process behind the acquisition of complement-activating

phenotype by the endothelium is not well understood. Although
predominant in the kidney, this phenomenon is not restricted to
glomerular microvasculature (20) and is detected on liver endo-
thelium of heme-injected mice (31) and here in mice with PHZ-
induced hemolysis. Here we establish that the complement deposits
on endothelium are mediated by TLR4 and triggered by the TLR4
ligand heme. Furthermore, TLR4 deficiency partially prevented the
liver stress response in our hemolysis model. Our results support the
findings of Bozza and coworkers (7) for the involvement of TLR4 in
heme sensing under hemolytic conditions, here in a system exempt
from certain heme-related artifacts occurring in vitro (40). Further,
we investigated the molecular and cellular mechanism explaining
complement activation on EC under hemolytic conditions.
Belcher et al. (10) demonstrated that heme triggers EC acti-

vation and WPB mobilization via TLR4. Both P-sel (39, 41) and

Fig. 3. P-selectin is induced secondary to heme-mediated TLR4 activation
and serves as an anchoring platform for C3 activation fragments. (A and B)
Interactions between C3b/P-selectin and C3(H2O)/P-selectin were studied by
surface plasmon resonance by injecting increased concentration of C3b (A)
or freeze/thaw native C3 (B) on P-selectin–coated chip. (C and D) HUVEC
were treated with 100 μM of heme and exposed to 33% NHS for 30 min at
37 °C. Cells were detached, washed 3× at pH 7.2 or pH 2.5, and stained for C3a
(C) or C3 activation fragments (C3 act fr) (D) deposition. (E and F) HUVEC were
treated with 100 μM of heme ± 400 nM of TAK-242 ± irrelevant Ab (irr Ig) or
anti–P-selectin Ab (αP-sel) for 30 min at 37 °C and exposed to 33% NHS (with
10 mM EGTA and 2 mM MgCl2) for 30 min at 37 °C. Cells were detached and
stained for C3 activation fragments’ deposition (n > 5, flow cytometry). *P <
0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001; two-way ANOVA with
Tukey’s test for multiple comparisons. Values are box plots with median and
Min/Max points. FC, fold change, compared with basal level.

Fig. 4. P-selectin blockade prevents complement deposits and liver stress
response in mice with intravascular hemolysis. Anti–P-selectin administration
prevents complement activation on endothelium and increases of liver injury
marker NGAL in hemolytic conditions. WT mice were injected with PBS,
heme, or PHZ after first administration of an irrelevant (Irr Ig) or blocking Ab
against P-selectin (αP-sel). (A) Gene expression of NGAL in livers. (B and C)
Staining quantification (n ≥ 4) for vascular C3 activation fragments’ deposits
(C3 act fr) (B) after injection of heme or (C) after induction of hemolysis by
PHZ. (D) Examples of double-staining for vWF (green) and C3 activation
fragments (red) of liver frozen sections by IF after PHZ injection. Focus on
macrovessels, in particular central hepatic veins (Left) and on sinusoidal
capillaries (Right). White arrows point to colocalization between C3 activa-
tion fragments and vWF (orange). *P < 0.05, ****P < 0.0001; two-way
ANOVA with Tukey’s test for multiple comparisons. Values are represented
as mean ± SEM in A and box plots with median and Min/Max points in B and
C. FC, fold change, compared with PBS-injected mice.
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vWF (42, 43) modulate complement activation. P-sel promotes
anchoring of C3b to EC membrane (39, 41), and, indeed, here
we detected C3b/P-sel interaction. Together with the covalent
and noncovalent binding of C3b to the cell surface, we found a
noncovalent attachment of C3(H2O) [or a heme-promoted
C3(H2O)-like form] to heme-exposed EC. C3(H2O) is the
fluid-phase activation product of C3, critical for the so called
“tick over” of the AP (44). Here we discovered a nonconven-
tional mechanism of complement deposits triggering the AP,
where P-sel is expressed on heme-treated EC surface via TLR4-
mediated process and serves as a platform for C3(H2O) attach-
ment. This explains why C3(H2O) was found on heme-exposed
EC membrane. Another platform molecule for recruitment of
C3 fragments is properdin (45, 46), but we did not detect it on
heme-exposed EC. Here, blocking P-sel/C3 activation fragments’
interaction drastically reduced complement activation and the
endothelium injury. Together, these results demonstrate a cen-
tral role of P-sel to tag endothelium as a target for complement
activation in vivo and provide the missing link between TLR4
and complement activation. This phenomenon is of a particular
relevance, since P-sel is a critical player in the vaso-occlusion
process of SCD patients (47–50). Indeed, P-sel–inhibitor crizanli-
zumab was associated with a lower frequency of sickle cell-related
pain crises in patients (51). Complement activation is also observed
in SCD (52–54), and its blockade prevents stasis in a mouse model
(55). Therefore, we postulate that a P-sel blockade will reduce
complement activation on endothelium of SCD patients and
therefore the complement-mediated endothelial lesions.
At the trace amount used, sufficient for signaling pathway

activation and P-sel expression, as shown here and described for
microvascular EC (56) and in mice (41), LPS failed to induce
complement activation. Only very high doses of LPS were able to
activate complement, in line with previous works performed
in vitro (57, 58) and in vivo (59). In contrast, heme has a higher
ability to promote complement activation on EC. This disparity
with LPS lies in the capacity of heme to bind C3 and to generate
C3(H2O) (11). The concomitant expression of P-sel and C3(H2O)
generation by heme may explain its capacity to activate comple-
ment on endothelium in our model.
Our in vitro results indicate that TLR4 stimulation is not the

only mechanism contributing to complement-activating pheno-
type of heme-exposed human EC, while it is dominant in mice.
The loss of MCP contributes to the C3 activation fragments’
deposits in a TLR4-independent way, as seen on the MCP-
silenced, heme-exposed EC. The decreased MCP levels will
hamper the inactivation of C3b to iC3b, promoting this genera-
tion of novel convertases. FH binds to the heme-exposed cells to
strengthen this regulatory capacity, but is not sufficient to com-
pensate the regulatory function in case of severe MCP loss. Of
note, mice lack expression of MCP on EC, pointing to the spe-
cies differences in the mechanism of complement regulation on
endothelium (60), and might explain the dominant effect ob-
served in mice. In the mouse model, the complement activation
by RBC microvesicles and the hypoxia-mediated cell and tissue
injury during hemolysis could account for the TLR-4–in-
dependent, complement-dependent part of the liver injury.
C3aR and C5aR were rapidly up-regulated on EC in a TLR4-

independent manner, most likely through exocytosis from still
unidentified granules, different fromWPB (61) and likely related
to lysosomes, as in T-cells (20). Heme triggers C3a and C5a
release in serum and on EC surface (11), and we detected it in
the plasma of PHZ-injected mice. This could induce C3aR and
C5aR signaling and the subsequent amplification of complement
deposits (41, 61). C3a and C5a are potent proinflammatory
mediators, playing a key role in vascular and tissue injury (19).
Hemolysis, TLR4 signaling, and the complement anaphylatoxins
would synergize to trigger vascular stress response and tissue
damage in hemolytic diseases. Moreover, the liver injury is a

complex process. Additional hemolysis-derived factors or the
ischemia/reperfusion injury are also well known for activating
complement system and for involving TLR4. Heme could syn-
ergize also with other endogenous TLR4 ligands, which could be
released during hemolysis, such as HMGB1 (62, 63), and could
contribute to the liver injury and stress response. RBC micro-
vesicles, activating complement and carrying adhesive C3b de-
posits, as well as hemoglobin-mediated effects through NO
scavenging, contribute to these hemolysis-mediated pathologic
effects (64, 65).
In conclusion, our study demonstrated that complement trig-

gers tissue injury during intravascular hemolysis by an acquisition
of a heme-dependent, complement-sensitive activated phenotype
by endothelium (SI Appendix, Fig. S12). The sequence of reac-
tions involves: (i) heme-mediated signaling through TLR4, (ii)
P-sel expression, and (iii) interaction of C3b and C3(H2O). This
process triggers the amplification loop of the AP, generating
local inflammation. This mechanism could operate at any type
of endothelium, since EC generally express TLR4. On the basis
of these results, targeted therapies on heme, TLR4 pathway, or
P-sel could prevent organ dysfunction in hemolytic diseases, in-
cluding by limiting complement activation. Moreover, comple-
ment appears as a therapeutic target, at C3 level and to some
extent at C5 level, to prevent organ injury in hemolytic diseases.

Materials and Methods
For fully detailed procedures, please refer to SI Appendix, Methods.

Mouse Treatment. All experiments were conducted in accordance with the
recommendations for the care and use of laboratory animals and with the
approval, APAFIS#7135–2016100520465430v5, of the French Ministry of
Agriculture. Eight-week-old C57BL/6, C3−/−, and TLR4−/− mice were injected
i.p. with 100 μL of PBS, freshly prepared heme [40 μmol/kg (10)], or with PHZ
(900 μmol/kg). In a set of experiments, mice were pretreated with i.p. in-
jection of 40 μmol/kg of human Hx 1 h before heme or PHZ injection.
Blocking Ab against P-selectin, anti-C5, or their isotype controls was ad-
ministered in a set of experiments.

mRNA Level Analyses. Snap-frozen liver sections were recovered in RLT buffer
(Qiagen)+ 1% β-mercaptoethanol and used for mRNA extraction and gene
expression analyzed by RT-qPCR as described (24). NGAL expression was
normalized by actin.

IF. Five-micrometer-thick frozen sections of mouse livers were stained for C3
activation fragments or NGAL. Colocalization with vWF staining was used to
quantify the complement deposits on vascular endothelium in the liver as
percent of double-positive area, expressed as FC.

Cell Culture and Gene Silencing. HUVEC from healthy donors were collected
after informed consent (authorization number: DC-2008-642, CHRU de Lille)
and studied by flow cytometry. At 80% confluency, HUVEC were transfected
in Opti-MEM medium supplemented with lipotransfectamine and 4 nM of
MCP siRNA for 20 min at RT.

ALT Activity Quantification. ALT activity in mouse plasma was quantified using
a colorimetric assay, expressed in nmol/min/μL following the protocol pro-
vided by the manufacturer.

Surface Plasmon Resonance. Binding studieswere performedusing the ProteOn
XPR36. Recombinant human P-selectin was covalently coupled to a sensor chip.
Interactions were measured with increased concentration of C3b and C3(H2O).
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