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SUMMARY
Venous thromboembolism (VTE) is a common, deadly diseasewith an increasing incidence despite preventive ef-
forts. Clinical observations have associated elevated antibody concentrations or antibody-based therapies with
thrombotic events. However, how antibodies contribute to thrombosis is unknown. Here, we show that reduced
blood flow enabled immunoglobulin M (IgM) to bind to FcmR and the polymeric immunoglobulin receptor (pIgR),
initiatingendothelialactivationandplatelet recruitment.Subsequently, theprocoagulantsurfaceofactivatedplate-
lets accommodated antigen- and FcgR-independent IgG deposition. This leads to classical complement activa-
tion, setting in motion a prothrombotic vicious circle. Key elements of this mechanism were present in humans
in thesettingof venousstasisaswell as in thedysregulated immunothrombosisofCOVID-19.Thisantibody-driven
thrombosis can bepreventedbypharmacologically targeting complement. Hence, our results uncover antibodies
as previously unrecognized central regulators of thrombosis. These findings carry relevance for therapeutic appli-
cation of antibodies and open innovative avenues to target thrombosis without compromising hemostasis.
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INTRODUCTION
 vation and myeloid leukocyte recruitment that ultimately propa-
Antibodies (Abs) constitute a major component of humoral host

defense, and they facilitate homeostatic clearance of altered or

aged cells.1 In addition, Abs are used therapeutically for the

treatment of malignant and inflammatory diseases.2 Several clin-

ical lines of evidence suggest that Abs, irrespective of their

source (endogenous/exogenous) or specificity (polyclonal/anti-

gen specific), contribute to thrombosis: Ab therapies, ranging

from anti-thymocyte globulin to anti-epidermal growth factor re-

ceptor (EGFR), anti-vascular epidermal growth factor receptor

(VEGFR), or intravenous immunoglobulin (IVIG),3 have been

associated with a hypercoagulable state and thrombotic compli-

cations.Whether these findings relate to the specificmode of ac-

tion of the Abs (i.e., their antigen specificity) or if Abs per se are

prothrombotic is unclear.4–15 Not only infusions with exogenous

therapeutic Abs but also dysregulated production of endoge-

nous Abs is linked to increased thrombosis risk, as in recently

reported cases of vaccine-induced immune thrombotic throm-

bocytopenia, heparin-induced thrombocytopenia (HIT), anti-

phospholipid syndrome, multiple myeloma, or monoclonal

gammopathy of undetermined significance.16–20 Also here, the

underlying mechanisms of the prothrombotic effects of such

endogenous Abs remain unclear, as not all of these Abs appear

to be linked to a targeted antigen.

Similar to Abs, the complement system—a main effector arm

of Abs—has also been linked to thrombosis: elevated comple-

ment C3 concentrations in the normal population are associated

with an increased risk of venous thromboembolism (VTE).21 In in-

fectious diseases, including COVID-19, complement correlates

to a high risk for thrombotic events.22–24 In addition, complement

activation is associated with a prothrombotic state in thrombotic

thrombocytopenic purpura.25 In patients with systemic lupus er-

ythematosus or primary autoimmune hemolytic anemia, general-

ized auto-Ab-driven complement activation is associated with a

high risk of deep venous thrombosis (DVT) and deposition of

complement factors on platelets.26,27 Apart from Ab-triggered

complement activation, increased Ab-independent complement

activation is also associated with a prothrombotic state: genetic

mutations in complement regulatory proteins in paroxysmal

nocturnal hemoglobinuria (CD55 and CD59) or atypical hemolyt-

ic-uremic syndrome (e.g., factor H) are associated with throm-

bosis. Pharmaceutical complement targeting in these diseases

also dampens their thrombotic risk.28–31

Here, we uncover how Abs and complement act together as

central mediators of thrombosis in vivo. We show that the contri-

bution of Abs is independent from their antigen-binding function

and occurs in two phases, each dominated by distinct classes of

Abs. First, flow reduction during DVT allows immunoglobulin M

(IgM) to bind to endothelial cells (ECs), resulting in endothelial

activation through FcmR (Toso) and the polymeric immunoglob-

ulin receptor (pIgR). This initiates platelet and leukocyte recruit-

ment through endothelial exposure of von Willebrand factor

(vWF) and P-selectin. Second, the endothelial confined initiation

process is followed by platelet activation, providing a procoagu-

lant surface that promotes fibrin-dependent and chondroitin

sulfate-A (CS-A)-dependent deposition of IgG, irrespective of

Ab-antigen specificities or involvement of Fcg receptors. These

events initiate a complement-driven vicious circle of platelet acti-
gates clot formation. Together, our findings reveal an Ab-driven

pathway that promotes thrombosis through the IgM receptors

FcmR and pIgR, followed by IgG-mediated complement activa-

tion. We show that targeting this prothrombotic axis presents

an innovative preventive and therapeutic option for thrombosis,

one that, importantly, circumvents bleeding risks associated

with conventional anticoagulation therapies.

RESULTS

Abs drive thrombosis through a bi-phasic mechanism
We tested the contribution of Abs to thrombosis in a mouse

model of inferior vena cava (IVC) stenosis. While the thrombosis

incidence of wild-type (WT) mice was within the expected range

(>50%–60%) of the model,32 animals lacking all secreted

Abs (Aicda�/�Ighmtm1Che, also known as AID�/�sIgM�/) were

strongly protected from thrombosis (Figure 1A). Ab deficiency

also protectedmice in amodel of microvascular thrombosis (Fig-

ure S1A). DVT protection was lost when Aicda�/�Ighmtm1Che

mice were reconstituted with polyclonal Ab-containing WT

serum (Figure 1A). The DVT-protective phenotype was partially

preserved in mice with isolated deficiency in secreted IgM

(Ighmtm1Che) but not in Aicda�/� mice that overproduce IgM

but lack all other Ab isotypes, including IgG (Figures 1B and

S1B). While circulating leukocyte or platelet counts could not

explain the strain-specific differences in DVT susceptibility

(data not shown), platelet recruitment to the endothelium within

the first 3 h after inducing IVC stenosis (initiating phase) was

attenuated in Aicda�/�Ighmtm1Che and Ighmtm1Che mice, indi-

cating a dominant role for IgM in local thrombosis initiation (Fig-

ure 1C). Moreover, IgMwas consumed during DVT, and its base-

line serum concentration correlated positively with thrombus

weight (Figures S1C and S1D). IgM-sufficient Aicda�/� mice ex-

hibited normal initial platelet recruitment, yet their deficiency in

IgG hindered subsequent accumulation of platelets beyond 4 h

of IVC stenosis (propagation phase) (Figures 1C and S1E).

Consistent with a dominant role for IgG in thrombus propagation,

loss of IgG—but not IgM—disturbed platelet aggregation and

degranulation (Figure S1F). Nonetheless, neither deficiency in

IgM nor IgG impaired coagulation in vitro or hemostasis in vivo

(Figure 1D; data not shown).

The IgM-FcmR-pIgR axis initiates DVT
Since the clear prothrombotic activity of IgM could not be ex-

plained by a direct impact on platelets or coagulation, we inves-

tigated its prothrombotic contribution in more detail. Reconstitu-

tion of Ab-deficient Aicda�/�Ighmtm1Che mice with polyclonal

IgM from naive WT mice restored thrombosis initiation as effec-

tively as monoclonal IgM that was raised against the non-murine

and thrombosis-irrelevant exogenous antigen keyhole limpet he-

mocyanin (Figures 1E and S1G). This indicates that specific an-

tigen recognition by IgM is not relevant for its prothrombotic ac-

tivity. IgM is a potent activator of the classical complement

pathway (CP). Yet Cm13 mice—which express IgM that cannot

bind C1q to activate the CP—showed normal thrombosis and

platelet function (data not shown).

We next assessed a potential relevance of IgM receptors for

the prothrombotic activity of IgM. Mice lacking FcmR (Fcmr�/�)
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(legend on next page)

ll
OPEN ACCESS Article

2142 Immunity 57, 2140–2156, September 10, 2024



ll
OPEN ACCESSArticle
showed reduced thrombosis while retaining normal hemostasis,

mirroring the reduced platelet recruitment of Ighmtm1Ch mice

over the first 6 h following flow reduction (Figures 1C, 1F, and

S1H; data not shown). Fcmr deficiency combined with inhibition

of pIgR, another IgM receptor expressed by ECs, completed the

thromboprotective effect (Figure 1G).33 The fact that combined

ablation of FcmR and pIgR led to stronger thrombosis protection

than ablation of their IgM ligand can be explained by the fact that

complexed IgG1—shown in various studies to share functional

properties with IgMpentamers34,35—also restored thrombus for-

mation in Ighmtm1Che mice and interacted with FcmR in vitro,

while non-complexed IgG1 did not (Figures S1I and S1J).

Although B cells express high amounts of FcmR,36 our bone

marrow chimeras suggested that non-hematopoietic FcmR is

relevant for DVT development (Figure 1H). We found FcmR to

be constitutively expressed on murine venous ECs (MVECs)

and untreated IVCs isolated from WT mice in vitro under static

conditions (Figure 1I). FcmR expression remained intact in IVCs

from Rag1�/� mice that lack all B cells, further supporting that

B cells do not contribute to vascular FcmR in the setting of DVT

(Figure S1K). Moreover, we generated endothelial-specific

FcmR deficient VeCdhCreFcmrfl/fl mice to address the contribu-

tion of endothelial FcmR to DVT. Although Cre recombinase-

penetrance within the venous endothelium was variable, FcmR

expression within the IVC correlated with thrombus weight in

VeCdhCreFcmrfl/fl mice. Moreover, VeCdhCreFcmrfl/fl mice

showed a further reduction in thrombosis when pIgR was addi-

tionally blocked (Figure S1L).37,38 We found pIgR to be present

in vivo on the IVC endothelium before as well as after flow reduc-
Figure 1. IgM-FcmR interactions initiate venous thrombosis

(A) Thrombus weight and incidence in Aicda+/+Cm+/+mice (ctrl, n = 12), Aicda�/� Ig

(n= 10), compared by one-way ANOVA followed by least significant difference (LS

exact test). Line indicates mean.

(B) Thrombusweight and incidence inAicda+/+Cm+/+mice (ctrl, n = 14), Ighmtm1Che

LSD post hoc test or Fisher’s exact test. Line indicates mean.

(C) Quantification of platelet recruitment over the first 6 h after flow reduction in

(n = 13) by one-way ANOVA followed by Tukey’s multiple comparison test for eac

Figure S1E.

(D) Tail bleeding time of C57BL/6 mice (ctrl, n = 5), Ighmtm1Che (n = 4), Aicda�/�

followed by Tukey’s multiple comparison test.

(E) Thrombus weight and incidence inAicda�/� Ighmtm1Che receiving Fc-fragment

IgM (n = 7), compared by one-way ANOVA followed by LSD post hoc test or Fis

(F) Thrombus weight and incidence in C57BL/6 mice (ctrl, n = 9) compared with F

test. Line indicates mean.

(G) Thrombus weight and incidence in C57BL/6 mice treated with isotype (n = 7) o

antibody (n = 12), compared by one-way ANOVA followed by Tukey’s multiple c

(H) Thrombus weight and incidence in bone marrow chimeras: WT bone marrow

bone marrow into WT mice (n = 14), compared by one-way ANOVA followed by

(I) Top: immunofluorescence staining for FcmR (red) and CD31 (green) in a cross

without manipulation of the IVC. Scale bar, 25 mm. Bottom: immunofluorescence

and 6 h after flow reduction. Scale bar, 50 mm; nuclei are stained with DAPI (blue).

(J) Immunofluorescence staining for IgM (left, green) or IgG (right, green) and CD

Nuclei are stained with Hoechst (blue). Dotted line indicating endothelium. Scale

(K) Immunofluorescence staining of resting MVECs in vitro for phalloidin (red), DA

Scale bar, 5 mm. Images representative of n = 4 experiments.

(L) Quantification of FITC-labeled isotype IgM binding toMVECs exposed to differe

by one-way ANOVA followed by LSD post hoc test. See also Figures S1O and S

(M) Quantification of endothelial IgM by immunofluorescence staining of cross-

followed by Tukey’s multiple comparison test. Left, bone marrow chimeras: WT b

marrow into WT mice (n = 6 each).

(N) Quantification of P-selectin and vWF exposure on the IVC in response to 6

compared by two-tailed unpaired two-sample t test. (C, D, G, and L–N.) Data ar
tion, while in vitro MVECs only expressed it under flow but not

under static conditions (Figures 1I and S1M). FcamR, a poten-

tially third IgM receptor, was not detected in MVECs (Fig-

ure S1M). In line with the IgM-FcmR-pIgR axis initiating throm-

bosis, strong IgM deposition—but not IgG or IgA—was

detected on IVC endothelium within 1 h of flow reduction (Fig-

ure 1J; data not shown). Also in vitro, deposition of IgM but not

IgG was confirmed on MVECs: IgM bound to ECs under low-

flow conditions that resemble reduced flow in IVC stenosis but

not under normal venous flow conditions (Figures 1K, 1L, and

S1N–S1P). In contrast, endothelial FcmR was present irrespec-

tive of flow conditions, pointing to flow reduction as decisive

trigger enabling IgM-FcmR interaction on ECs (data not shown).

The endothelial glycocalyx did not noticeably contribute to endo-

thelial IgM deposition, while combined ablation of FcmR and

pIgR was sufficient to reduce endothelial IgM signal to the

same degree as IgM deficient mice (Figures 1M and S2A–S2D;

data not shown).

Binding of IgM to endothelial IgM receptors FcmR and pIgR

had remarkable functional consequences: ECs increased their

adhesive properties for platelet GPIb and leukocyte PSGL-1 by

exposing vWF andP-selectin in response to IgMbut not IgG (Fig-

ure S2E). Consistently, upon stenosis, endothelial vWF exposure

and P-selectin exposure were markedly decreased in Fcmr�/�,
compared with WT mice, and the additional pIgR blockade

further reduced P-selectin but not vWF exposure (Figures 1N

and S2F–S2H; data not shown). In Fcmr�/� mice, this translated

into decreased platelet (Figure S1H) and leukocyte recruitment

in vivo (Figure S2I). Thus, the prothrombotic effects of IgM are
hmtm1Che (n = 8), and Aicda�/� Ighmtm1Chemice supplemented with WT serum

D) post hoc test or Fisher’s exact test; * indicates p < 0.05 for incidence (Fisher’s

(n = 16), andAicda�/�mice (n = 11), compared by one-way ANOVA followed by

Aicda�/� Ighmtm1Che, Aicd+/+ Ighmtm1Che (n = 6 each) compared with ctrl mice

h time point. * indicates p < 0.05 in the color of the respective group. See also

(n = 4), and Aicda�/� Ighmtm1Che (n = 4) mice, compared by one-way ANOVA

(n = 8), pooled polyclonal IgM (n = 11), or anti-keyhole limpet hemocyanin (KLH)

her’s exact test.

cmr�/� mice (n = 10) by two-tailed unpaired two-sample t test or Fisher’s exact

r pIgR-blocking antibody (n = 8) and Fcmr�/� mice treated with pIgR-blocking

omparison test or Fisher’s exact test. Line indicates mean.

into WT mice (n = 16), WT bone marrow into Fcmr�/� mice (n = 15), or Fcmr�/�

LSD post hoc test or Fisher’s exact test. Line indicates mean.

-section of the IVC of C57BL/6 and Fcmr�/� mice under baseline conditions

staining for pIgR (red) in a cross-section of the IVC of C57BL/6 mice at baseline

Dotted line indicates endothelium. Images representative of n = 3 experiments.

31 (red) of cross-section of the IVC 1 h after flow reduction in C57BL/6 mice.

bar, 50 mm. Images representative of n = 5 experiments.

PI (blue) after exposure to FITC-labeled isotype IgG1, or IgM (green) or PBS.

nt shear stress (0.5, 5, and 10 dyn/cm2) in vitro (n = 7–12 each). Data compared

1P.

sections of the IVC 48 h after flow reduction compared by one-way ANOVA

one marrow into WT mice, WT bone marrow into Fcmr�/� mice, Fcmr�/� bone

h flow reduction in Fcmr�/� mice compared with control mice (n = 5 each),

e shown as mean ± SEM.
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Figure 2. The prothrombotic effects of antibodies are independent from antigen binding and mediated by complement activation

(A–F) Thrombus weight and incidence in the IVC stenosis model. Line indicates mean.

(A) Aicda�/�Ighmtm1Che receiving Fc-fragment (n = 8) or pooled polyclonal IgG (n = 11), compared by two-tailed unpaired two-sample t test or Fisher’s exact test.

(B) Aicda�/�Ighmtm1Che receiving anti-HIV gp120 IgG1 (n = 11), Fc-fragment (n = 7), or anti-influenza nucleoprotein (NP)2 IgG2a (n = 10), compared by one-way

ANOVA followed by LSD post hoc test or Fisher’s exact test.

(C) C57BL/6mice (ctrl, n = 8) and KL25with normalized antibody concentrations (n = 8), compared by two-tailed unpaired two-sample t test or Fisher’s exact test.

(D) C57BL/6 mice (ctrl, n = 6) compared with Fcgr�/�Fcgr2b�/� mice (n = 6) by two-tailed unpaired two-sample t test or Fisher’s exact test.

(legend continued on next page)
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mediated through its interaction with FcmR and pIgR at reduced

venous flow rates, increasing the adhesive properties of the

endothelium for leukocytes and platelets.

IgG propagates thrombosis by classical CP activation
While Ab-deficient Aicda�/�Ighmtm1Che mice were fully pro-

tected fromDVT, Ighmtm1Chemutants lacking IgMbut not IgG still

formed small thrombi, indicating that class-switched Abs can be

thrombogenic on their own, albeit less effectively (Figures 1A and

1B). Indeed, transfer of pooled polyclonal IgG restored thrombus

formation in Aicda�/� Ighmtm1Che mice (Figure 2A). In addition,

polyclonal IgG supplementation to supraphysiologic concentra-

tions further increased thrombus formation in WT mice (Fig-

ure S3A). This prothrombotic effect of IgGs was independent

from IgG receptors, as mice lacking all known classical IgG-spe-

cific Fcg receptors (Fcgr�/�Fcgr2b�/) showed normal DVT (Fig-

ure 2D). Furthermore, neither IgG sub-class (IgG1 or IgG2a iso-

types) nor IgG antigen specificity (gp120 and NP viral antigens

are non-murine and DVT irrelevant) were decisive factors in the

ability of IgG to restore thrombus formation in Ab-deficient

mice, while isolated IgG Fc-fragments proved insufficient (Fig-

ure 2B). The remarkable notion that the mere presence of IgG

isotypes, irrespective of their antigen specificity, suffices to pro-

mote thrombosis was further supported by genetically targeted

KL25 mice, which develop normal DVT, despite the fact that all

their Abs are specific for the foreign, non-murine, DVT-irrelevant

lymphocytic choriomeningitis virus (LCMV) glycoprotein

(Figures 2C and S3B).39 In contrast, Aicda�/� Ighmtm1Che mice

receiving a so-called ‘‘Fc-silent’’ derivative of a monoclonal

IgG1 Ab – directed against the DVT-irrelevant, exogenous fluo-

rescein isothiocyanate (FITC) antigen but unable to initiate the

classical CP – did not develop DVT, whereas the complement-

competent variant of the same clone was able to provoke throm-

bosis (Figure 2E). This finding was reproduced with another non-

complement-activating IgG1 Ab, this time directed against trini-

trophenol (TNP) as an irrelevant antigen, which also failed to

induce thrombosis (Figure 2E) (Figure S3C).40–43 In line with CP

involvement, mice with targeted deficiencies in CP initiation

(C1q�/�) or CP propagation (C4�/� or C3�/�) showed decreased

DVT propagation, as reflected by unchanged incidence but

decreased thrombus weight, while absence of key components

in the mannose-binding lectin (MBL) or alternative pathway (fac-

tor B) did not protect from thrombosis (Figures 2F, 2K, and S2C).

C4 was detectable within the endothelium before DVT onset,

then co-localized with platelets and C1q on the endothelium
(E) Aicda�/� Ighmtm1Che receiving anti-FITC IgG1 (n = 16) compared with anti-FIT

exact test.

(F) C57BL/6 (ctrl, n = 14), C1q�/� (n = 11), or C4�/� mice (n = 9), compared by o

(G) Immunofluorescence staining of the IVC before and 1 h after flow reduction f

nuclei stained by Hoechst (blue). Dotted line indicates endothelium. Scale bar, 4

(H) Immunofluorescence staining of the IVC 1 and 6 h after flow reduction for C1

Hoechst (blue). Dotted line indicates endothelium. Scale bar, 100 mm. Images re

(I) Immunofluorescence of the vessel wall of the IVC 3 h after flow reduction staine

(red, right), or/and Hoechst (blue) in C57CL/6 mice after platelet depletion or isot

(J) Immunofluorescence of the vesselwall of the IVC1 h after flow reduction stained

(top) and Ighmtm1Che (bottom) mice. Scale bar, 40 mm. Representative of n = 5 exp

(K) C57BL/6 (ctrl, n = 15) compared with C3�/� (n = 13) and C3�/�C4�/� mice (n

exact test.

(L) C57BL/6 (ctrl, n = 10) compared with Cr2�/� mice (n = 11) by two-tailed unpa
within the first hours of flow reduction (Figures 2G and 2H).

The luminal deposition of C1q and C4 required the presence of

platelets and IgG (Figures 2I and 2J). CP activation generated

both C4- and C3-derived opsonins, whose dual deficiency in

C3�/�C4�/� mice protected from thrombosis (Figure 2K). This

protective phenotype was mirrored by Cr2�/� mice that lack

binding of C3- and C4-derived opsonins by complement recep-

tors 1 and 2 (CR1 and CR2) (Figure 2L), while mice with narrower

deficits in binding C3-derived opsonin iC3b by CR3 and CR4 or

C3-derived anaphylatoxin C3a by C3aR showed no decrease in

thrombus formation (Figures S3D and S3E). Moreover, neither

the terminal pathway (C5�/�) nor C5aR appeared to have amajor

contribution to thrombus formation (Figure S3F). Accordingly,

while C5 deficiency had no effect, Cr2�/� and C3�/�C4�/�

strains showed clear neutrophil recruitment deficits to the

growing thrombus, and absence of C1q, C3, or C4 impaired pro-

thrombotic neutrophil extracellular trap formation (NETosis)

(Figures S3G–S3I).44–46 Thus, IgG promotes thrombus propaga-

tion independent from its antigen specificity by fostering a pro-

thrombotic innate immune cycle involving CP complement acti-

vation, neutrophil recruitment, and NETosis.

IgG locates to the thrombogenic platelet surface
For polyclonal IgG to exert its prothrombotic effect in Ab-defi-

cient mice, the presence of platelets was essential (Figure 3A).

While IgM primarily deposited along the endothelium during

DVT, IgG localized to platelets within the thrombus itself in an an-

tigen-independent manner (Figures 3B and S4A). Non-specific

IgG1 associated with activated but not with resting platelets

in vitro (Figures 3C and 3D). Activation changed the platelet sur-

face, exposing CS-A and activating fibrin(-ogen) receptor GPIIb/

IIIa.47,48 Blockade of GPIIb/IIIa with tirofiban not only prevented

activated platelets from binding fibrin(-ogen), but it simulta-

neously abrogated their association with IgG (Figures 3E and

S4B). We found that IgG adsorbed well to deposited fibrin, espe-

cially in the presence of CS-A, and consequently, degradation of

CS-A from activated platelets decreased IgG deposition

(Figures S4C and S4D). The presence of activated platelets

improved IgG deposition on fibrin—but not on fibrinogen—

in vitro (Figure 3F). In contrast, albumin, an abundant plasma

protein with intrinsic platelet-binding properties, neither affected

platelet-IgG interactions nor thrombus formation (data not

shown).49 IgG deposition on activated human platelets was inde-

pendent from platelet FcgRIIA, and the transgenic expression of

Fcgr2a on murine platelets neither affected DVT in vivo nor the
C Fc-silent IgG1 (n = 11) by two-tailed unpaired two-sample t test or Fisher’s

ne-way ANOVA followed by LSD post hoc test or Fisher’s exact test.

or C1q (red, top) or C4 (red, bottom) and endothelial cells (ECs, CD54, green);

0 mm. Images representative of n = 4 experiments.

q (red, top) or C4 (red, bottom) and platelets (CD42b, green); nuclei stained by

presentative of n = 5 experiments.

d for endothelial cells (ECs, CD54, green), IgG (red, left), C1q (red, middle), C4

ype control antibody application. Images representative of n = 5 experiments.

for platelets (CD42b, green), C1q (red), andHoechst (blue) inAicda�/�Ighmtm1Che

eriments. Scale bar, 30 mm. Representative of n = 5 experiments.

= 8), compared by one-way ANOVA followed by LSD post hoc test or Fisher’s

ired two-sample t test or Fisher’s exact test.
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Figure 3. Activated platelets serve as a platform for antibody deposition and complement activation

(A) Thrombus weight and incidence in Aicda�/�Ighmtm1Che mice receiving pooled polyclonal IgG together with platelet depletion (n = 14) or isotype antibody

control (ctrl, n = 9), compared by two-tailed unpaired two-sample t test or Fisher’s exact test. Line indicates mean.

(B) Immunofluorescence staining of cross-sections of the IVC 48 h after flow reduction from C57BL/6 mice for CD41 (red), IgG (top) or IgM (bottom) in green, and

fibrin(-ogen) (gray). Scale bar, 75 mm. Representative of n = 4 experiments.

(C) Representative images of washed platelets from Pf4Cre+Rosa-Yfpmice (green) in vitro. Top: binding of isotype IgG1 (red) to PAR4 agonist activated (right) but

not resting platelets (left). Scale bar, 10 mm. Bottom: higher magnification of IgG binding to single platelets. Scale bar, 2 mm. Representative of n = 4 experiments.

(D) Flow cytometry analysis of isotype IgG1 binding to washed platelets, P-selectinpos (red) or P-selectinneg (blue) platelets. Left: flow cytometry analysis of isotype

IgG1 binding to resting platelets; Middle: isotype IgG1 binding to PAR4 agonist activated platelets. Representative of n = 5 experiments. Right: quantification of

isotype IgG1 binding to PAR4 agonist activated compared with resting platelets (n = 5 each).

(E) Left: flow cytometry analysis of isotype IgG1 binding to PAR4 agonist (thrombin receptor activating peptide [TRAP]) activated washed P-selectin+ (red) or

P-selectin� (blue) platelets incubated with tirofiban gated on platelet singlets. Representative of n = 4 experiments. Right: quantification of isotype IgG1

(legend continued on next page)
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deposition of IgG onto platelets in vitro (Figures S4E–S4I). The

previously observed platelet activation defects in platelet-rich

plasma (PRP) from Aicda�/� Ighmtm1Che mice could be rescued

by supplementation with WT plasma, thus excluding platelet-

intrinsic defects and rather pointing toward Ab contributions,

possibly also IgG from intracellular platelet pools (Figure 4A).

The activating effect of IgG was further supported by the finding

that polyclonal IgG fostered platelet aggregation and ATP

release in a dose-dependent manner in PRP from Aicda�/�

Ighmtm1Che mice (Figure 4B). This platelet-activating effect

of IgG was antigen independent, as platelets in PRP from KL25

mice or from Ab-deficient mice supplemented with anti-

FITC IgG1—both settings where Abs are directed to non-

murine, DVT-irrelevant antigens—still showed normal function

(Figures 4C and 4D). In contrast, a non-C1q-binding variant of

the same anti-FITC IgG1 clone failed to rescue platelet function

(Figure 4D). The requirement for early complement activation

was further confirmed in PRP from C1q�/� and C3�/� mice (Fig-

ure 4E).50 In line, consumption of circulating platelets was

reduced in C1q�/� and C3�/� mice, and recruitment of platelets

to the thrombus core, especially in C1q�/� mice, was impaired

(Figures 4F and 4G). Despite their thrombo-protective pheno-

type, C1q�/�, C3�/�, and C4�/� mice had normal coagulation,

mirroring the phenotype previously observed in Ab-deficient

mice (data not shown). Complement activation on platelets af-

fects neutrophils.51 Accordingly, stimulated platelets triggered

NETosis in a C1q-, C3-, and C4-dependent and neutrophil

CR2-dependent manner in vitro, with NETosis reduced in

Cr2�/� mice in vivo (Figures S4J and S4K). Together, our data

show that fibrin and CS-A, rather than Ab-antigen interactions

or FcgRIIA, localize IgG to activated platelets in DVT, stimulating

platelet activation and thrombus growth via CP complement

activation.

Complement is a therapeutic target in DVT
To extend our murine findings to humans, we assessed human

varicose veins and COVID-19 plasma/autopsy specimens. Not

unlike our murine model of IVC stenosis, human varicose veins

provide a unique opportunity to investigate veins that combine

reduced blood flow with increased DVT risk.52 Analogous to

mice, pronounced endothelial IgM deposition was only detected

in varicose veins, as well as human ECs held under low-flow con-

ditionsMoreover, while endothelial FcmRwas detectable both on

extracted healthy and varicose human veins, only varicose veins

co-expressed pIgR (Figures 5A, 5B, and S5A). Moreover, we

observed co-localization of IgG and C1q with platelet aggre-

gates covering the endothelium of varicose—but not healthy—

veins, accompanied by downstream CP C3 and C4 activation

products (Figures 5C, S5B, and S5C). Similar to mice, IgG depo-

sition on activated human platelets in vitro was prevented by

blocking fibrin association with GPIIb/IIIa, using the antagonist

tirofiban (Figures S5D and S5E). We further extended our human

observations by examining pulmonary thrombi specimen from
binding to resting or PAR4 agonist (TRAP) activated platelets incubated with PBS

LSD post hoc test. See also Figure S4B.

(F) Quantification of fluorescence intensity of isotype IgG1 binding to surfaces cov

fibrin, fibrinogen, or platelets (n = 4 each); conditions were compared by one-w

mean ± SEM.
COVID-19 autopsy patients and identified the identical pattern

of IgG and C4 deposition onto platelets, even though the initia-

tion mechanism (infection) may have been different from DVT

(flow reduction) (Figure 5D). As in mice, CP complement—but

not the alternative, lectin, or terminal pathway—correlated with

thrombosis (represented by elevated D-dimer concentrations)

in hospitalized COVID-19 patients (Figures 5E and S5F). Given

the fact that we found platelet-IgG-complement patterns to be

preserved between human and mice, we tested whether IgG-

dependent CP activation might be exploited therapeutically for

DVT prevention. Our DVT experiments in mice with isolated

C1q or C3 deficiencies already predicted that pharmacological

targeting of either C1q or C3 alone might be insufficient to fully

prevent thrombosis, while the more pronounced DVT reduction

seen in C3�/�C4�/� mice was suggestive of a synergistic effect

for early and late CP factors (see Figure 2K; Figure 5F). In linewith

this, simultaneous but not singular targeting of C1q and C3, us-

ing cobra venom factor (CVF) or recombinant murine Crry pro-

tein, protects WT mice from thrombosis (Figure 5F). Importantly,

and in line with our observations in genetically complement-defi-

cient mice, simultaneous therapeutic targeting of C1q and C3

did not impair hemostasis (data not shown). Moreover, com-

bined therapeutic targeting of C1q and C3 also led to reduced

platelet deposition in the lungs of severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2)-infected mice and pre-

vented systemic platelet aggregation, while leaving NETosis un-

affected (Figures 5G, S5G, and S5H; data not shown). We thus

demonstrate that IgG-dependent complement activation not

only can serve as a previously unknown but effective therapeutic

pathway to prevent DVT, but it can be equally effective to control

dysregulated immunothrombosis as it can occur in severe

COVID-19. Importantly, this approach circumvents the bleeding

risks associated with anticoagulants traditionally used in throm-

bosis therapy and prophylaxis (Figure S5I).

DISCUSSION

Our study has revealed a prothrombotic function of Abs that is

independent from their specific antigen binding, and it estab-

lishes Abs and complement as key connectors at the interface

between inflammation and thrombosis. Our findings have

several important clinical implications: (1) we identified Ab-

driven complement activation and IgM receptors as innovative

targets for the treatment and prevention of DVT, which—unlike

anticoagulation with its inherent bleeding risk—do not affect he-

mostasis; (2) we have provided detailedmechanistic insights into

previously unexplained clinical observations linking diseases

associated with excess Ab production to thrombotic events18,19;

(3) our data has provided mechanistic information regarding the

association of Ab therapeutics and thrombotic events and iden-

tified complement and platelets as potential targets to control

these side effects5,7,12–15,53,54; and (4) we identified CP con-

sumption—independent from downstream terminal pathway
(vehicle) or tirofiban (n = 4 each), compared by one-way ANOVA followed by

ered with plasma only, or plasma with addition of one or more of the following:

ay ANOVA followed Tukey’s multiple comparison test. (D–F) Data shown as
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Figure 4. Antibody deposition on platelets triggers complement activation

(A) Aggregometry of washed platelets from Aicda�/�Ighmtm1Che (n = 5) mice and WT plasma or WT platelets with Aicda�/�Ighmtm1Che (n = 5) plasma showing

platelet aggregation (left) and ATP release (right), compared by two-tailed unpaired two-sample t test.

(B) Representative examples of aggregometry of platelet-rich plasma from Aicda�/�Ighmtm1Che supplemented with different amounts of polyclonal IgG (n = 5

each) showing platelet aggregation (blue line starting from top) and ATP release (black colored line starting from bottom).

(C) Aggregometry of platelet-rich plasma fromWT (n = 4) orKL25mice (n = 4) with normalized antibody concentrations showing platelet aggregation (left) and ATP

release (right), compared by two-tailed unpaired two-sample t test.

(D) Aggregometry of platelet-rich plasma from Aicda�/�Ighmtm1Che (n = 5) mice with addition of PBS, anti-FITC IgG1, or anti-FITC IgG1 Fc silent showing platelet

aggregation (left) and ATP release (right), compared by one-way ANOVA followed by LSD post hoc test.

(E) Aggregometry of platelet-rich plasma from ctrl, C1q�/�, and C3�/� mice (n = 5 each) showing ATP release (right) and platelet aggregation (left), compared by

one-way ANOVA followed by LSD post hoc test.

(F) Platelet consumption fromC57BL/6 (ctrl),C1q�/�, andC3�/�mice (n = 5 each), compared by one-way ANOVA followed by LSDpost hoc test, orAicda+/+Cm+/+

(WT) and Aicda�/�Ighmtm1Che mice (n = 6 each) compared by unpaired t test.

(G) Immunofluorescence staining of cross-sections of the IVC 48 h after flow reduction for platelets (CD41, red) and Hoechst (blue) in C1q�/�, C4�/�, C3�/�,
C3�/�C4�/, or ctrl mice. Scale bar, 100 mm. Representative of n = 3–5 experiments. (A and C–F) Data given as mean ± SEM.
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Figure 5. Complement activation triggered by platelet-antibody interaction as therapeutic target in DVT

(A–C) Immunofluorescence staining of human varicose veins (top) and healthy veins (bottom) for: (A) IgM (white) and endothelium (ICAM-1, red); scale bar, 50 mm.

(B) Left top: FcmR (red) and endothelium (ICAM-1, green). Left bottom: pIgR (red) and endothelium (CD31, green). Scale bar, 20 mm; right: quantification of

endothelial FcmR (n = 8 each) given as mean fluorescence intensity (MFI). Data given as mean ± SEM and compared by two-tailed unpaired two-sample t test.

(C) Left: IgG (white), platelets (CD42b, red), and C1q (green). Scale bar, 30 mm; right: C4 (white) and endothelium (ICAM-1, red). See also Figures S5B and S5C.

(A–C) Dotted line indicated endothelium, DAPI in blue. Representative of n = 8 independent samples each.

(D) Pulmonary autopsy specimens from COVID-19 patients. DAPI in blue. Representative of n = 6. Top: staining for platelets (CD42b, red) and IgG (white). Scale

bar, 50 mm. Bottom: staining for platelets (CD42b, red) and C4 (white). Scale bar, 50 mm.

(E) Proteome analysis for the correlation of D-dimer and complement factors as well as activation pathways given as scores: classical pathway (CP), lectin

pathway (LP), alternative pathway (AP), terminal pathway (TP). p values, indicating slope significantly non-zero, are displayed as *p < 0.05, **p < 0.01, and

***p < 0.001. Positive correlations are shown in blue and negative correlations in red. Color intensity and the size of the ellipse are proportional to the correlation

coefficient. See also Figure S5F.

(F) Thrombus weight and incidence in C57BL/6 mice receiving isotype rat IgG1 and PBS (n = 12), C1q depletion (n = 9), C3 depletion (n = 11), C3/C1q depletion

(n = 10), or C1q depletion combined with complement inhibitor Crry (n = 12), compared by one-way ANOVA followed by Tukey’s multiple comparison test.

(G) Quantification of platelets from immunofluorescence staining of lungs from non-infected (n = 2) or SARS-CoV-2-infected mice with control or complement

depletion treatment (n = 4 each). Data given as mean ± SEM and infected groups compared by two-tailed unpaired two-sample t test. See also Figures S5G

and S5H.
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activation—to correlate with coagulation and pulmonary thrombi

in COVID-19 patients. Together with our findings in mice, this

supports potential benefits of upstream CP complement thera-

peutics in relation to thrombotic complications in COVID-19.55

We have shown that DVT proceeds in two distinct Ab isotype-

dependent phases. First, reduced blood flow velocity allowed

IgM binding to the endothelium, activating it through FcmR and

pIgR, which resulted in surface exposure of P-selectin and

vWF, thereby initiating platelet recruitment to the veins.46,56 Sec-

ond, this IgM-driven ‘‘initiation phase’’ is followed by an IgG-

driven ‘‘propagation phase,’’ in which fibrin and CS-A on acti-

vated platelets enable IgG to deposit onto the platelet surface,

triggering CP activation, thereby setting in motion a prothrom-

botic vicious circle of platelet and neutrophil activation. These

prothrombotic effects of IgM and IgG can materialize at physio-

logical Ab concentrations, excluding high ‘‘blood viscosity’’

associated with elevated Ab concentrations as an explanation.57

Interaction between IgM and endothelial FcmR only com-

mences at low-flow rates, consistent with the reduced blood

flow rates found in, for instance, varicose veins or venous steno-

sis/stasis. Continuous rebinding effects are especially relevant

for low-affinity interactions like that between IgM and FcmR, so

that reducing the flow rate increases ligand-receptor interac-

tions. Therefore, reduced flow enables prolonged interaction of

IgM and EC-expressed FcmR.58,59 Moreover, our data implicate

that IgG1 complexation—as opposed to IgG1monomers—may

increase the FcmR-binding properties of IgG1, not unlike the

IgM-like complement-activating properties IgGs were shown to

gain upon hexamerization.34,35 The fact that DVT was initiated

by IgM interaction with FcmR and pIgR, irrespective of the

IgM antigen specificity, argues against a role for natural IgM

recognizing specific antigens associated with tissue stress or

injury.60,61 In fact, Fcmr�/� mice are protected from thrombosis

despite their elevated concentrations of natural IgM.62 Also, the

elevated IgM concentrations of Aicda�/� mice did not further

enhance platelet recruitment, possibly because physiological

IgM concentrations were already sufficient to saturate IgM re-

ceptors. Besides FcmR, we found pIgR to be another endothelial

IgM receptor contributing to the initiation of DVT in a flow-depen-

dent manner. In contrast to FcmR, which drives venous endothe-

lial P-selectin and vWF exposure upon interacting with IgM, we

found regulation by pIgR to be limited to P-selectin.

The prothrombotic effect of IgG described here did not rely on

antigen specificity, while antigen-dependent thrombosis—for

instance in anti-phospholipid syndrome or HIT—is mediated by

limited amounts of antigen-specific (auto)Abs with great pro-

thrombotic potency.63,64 Another key difference between our

findings and an immune complex-driven prothrombotic disease

like HIT is that heparin-Ab complexes activate platelets via

FcgRIIA, a receptor not present on murine platelets.16,65 There-

fore, and although we find it to be preserved in humans too, the

Ab-driven prothrombotic mechanism we uncover here can pro-

ceed in full independence of FcgRIIA. Rather than engaging

FcgRIIA, IgG deposition on activated platelets in our setting

relied on fibrin and CS-A, reminiscent of the reported CP-acti-

vating association of IgG with biomaterial surfaces, and is inde-

pendent from platelet FcgRIIA.66–69

Closely related mechanisms, also involving Abs, complement,

platelets, and fibrin, and collectively referred to as ‘‘immuno-
2150 Immunity 57, 2140–2156, September 10, 2024
thrombosis,’’ regulate the systemic clearance and phagocytic

removal of bacteria.50,70–75 Our data in mice and humans impli-

cate that overshooting activation of immunothrombosis in

COVID-19 could involve Ab deposition and CP activation on

platelets, contributing to the increased risk of thrombosis in

SARS-CoV-2 infection, even though the initiation mechanisms

may differ from the ones observed for flow reduction-induced

DVT.76–78 Although antigen-independent IgG localization does

not follow ‘‘textbook’’ Ab-antigen binding rules, its prothrom-

botic properties rely on the ability to recruit C1q. C1q can also

bind and activate platelets independent from its further down-

stream classical pathway activity,79 providing an explanation

for the observed synergistic contributions of C1q and C3 in

DVT, beyond their expected sequential roles in the CP. In addi-

tion, the procoagulant surface of activated platelets fostered

further complement activation and neutrophil recruitment in a

C3- and C4-dependent and CR1- and/or CR2-dependent

manner, while C5 had no detectable contribution. This is in line

with a context-dependent prothrombotic effect of the terminal

pathway, sinceC5 activation principally leads to a prothrombotic

phenotype when it causes ADP release by cytolysis.80 This

notion is further supported by our finding that CP activation

associated with elevated D-dimer concentrations in COVID-19

patients without observable terminal pathway involvement.

Our data reveal that, unlike coagulation, the complement sys-

tem does not have a strong negative impact on hemostasis, so

that targeting the Ab-complement axis governing DVT offers a

way to uncouple thrombosis from hemostasis. So far, throm-

bosis treatment and prevention rely exclusively on anticoagula-

tion with its inherent bleeding risks. A broad spectrum of highly

specific complement therapeutics now offers alternatives.81

Our identification of keymolecular, histological, and pathological

parallels between murine and human DVT motivated us to test

the efficacy of such complement inhibitors in DVT. We show in

mice that both complement depletion and complement regula-

tion can provide effective strategies to prevent thrombosis.

Given the reported impact of complement on general immune

defenses and also bleeding, patients will need to be closely

monitored in each particular clinical setting.82 Nonetheless,

complement inhibition strategies with only moderate impact on

coagulation can provide promising alternatives for patients

with simultaneous thrombotic and bleeding risks (i.e., surgery,

intracranial hemorrhage, polytrauma).

Another important clinical implication of our study is that

it provides amechanistic explanation for recent reports that con-

nect SARS-CoV-2 vaccination17 and several Ab therapies—as

recently shown for IVIG therapy in dermatomyositis3—with

thrombotic events.5,7,12–14,18,53,54 While antigen-specific inter-

actions or FcgRIIA engagement can certainly contribute to the

prothrombotic effects of a number Ab therapies, our data now

provide an explanation for an antigen- and FcgRIIA-independent

mechanism too. This dose-dependent prothrombotic mecha-

nism is particularly relevant in the setting where high amounts

of IVIG are administered. Consistent with our finding that acti-

vated platelets provide a platform for IgG-dependent comple-

ment activation, settings with general platelet activation form a

risk factor for thrombosis in patients receiving IVIG. This

increased risk of thrombosis could be reduced with platelet

inhibition.7,83,84
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In summary, besides providing fundamental insights into the

pathophysiological mechanisms governing thrombosis, our find-

ings also have broad clinical implications for the treatment and

prevention of thrombosis, as well as for the development and

application of therapeutic Abs.

Limitations of the study
In this study, we used mice to dissect roles for complement and

Abs in thrombosis. Although our data show that important hall-

marks are shared between human and murine thrombosis, we

cannot rule out that mechanistic aspects may differ between

species. We use a well-established murine DVT model, but we

do not claim it to reflect the full pathophysiology of thrombosis

in immobilized or aged humans.

In contrast to several published studies, our data strongly sug-

gest a non-hematopoietic, endothelial source of FcmR. More

detailed studies are welcomed to definitively prove whether the

endothelium is indeed the definitive source of FcmR and pIgR

responsible for mediating IgM interactions with the endothelium

and for driving thrombosis.

Continual developments and refinements in (targeted) com-

plement therapeutics offer perspectives for more fine-tuned in-

terventions, beyond the experimental and indiscriminate deple-

tion strategies we used here to principally showcase the value

of complement as therapeutic target in venous thrombosis.
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et al. (2012). Monocytes, neutrophils, and platelets cooperate to initiate

and propagate venous thrombosis in mice in vivo. J. Exp. Med. 209,

819–835. https://doi.org/10.1084/jem.20112322.

47. Nader, H.B. (1991). Characterization of a heparan sulfate and a peculiar

chondroitin 4-sulfate proteoglycan from platelets. Inhibition of the aggre-

gation process by platelet chondroitin sulfate proteoglycan. J. Biol.

Chem. 266, 10518–10523.

48. Hamad, O.A., Nilsson, P.H., Lasaosa, M., Ricklin, D., Lambris, J.D.,

Nilsson, B., and Ekdahl, K.N. (2010). Contribution of chondroitin sulfate

A to the binding of complement proteins to activated platelets. PLoS

One 5, e12889. https://doi.org/10.1371/journal.pone.0012889.

49. Imada, T., Saito, Y., and Inada, Y. (1981). Domains in serum albumin

responsible for platelet aggregation. FEBS Lett. 134, 249–252. https://

doi.org/10.1016/0014-5793(81)80612-6.

50. Verschoor, A., Neuenhahn, M., Navarini, A.A., Graef, P., Plaumann, A.,

Seidlmeier, A., Nieswandt, B., Massberg, S., Zinkernagel, R.M.,

Hengartner, H., et al. (2011). A platelet-mediated system for shuttling

blood-borne bacteria to CD8a+ dendritic cells depends on glycoprotein

GPIb and complement C3. Nat. Immunol. 12, 1194–1201. https://doi.org/

10.1038/ni.2140.

51. Hamad, O.A., Mitroulis, I., Fromell, K., Kozarcanin, H., Chavakis, T.,

Ricklin, D., Lambris, J.D., Ekdahl, K.N., and Nilsson, B. (2015). Contact

activation of C3 enables tethering between activated platelets and poly-

morphonuclear leukocytes via CD11b/CD18. Thromb. Haemost. 114,

1207–1217. https://doi.org/10.1160/TH15-02-0162.
Immunity 57, 2140–2156, September 10, 2024 2153

https://doi.org/10.1161/CIRCULATIONAHA.120.046702
https://doi.org/10.1161/CIRCULATIONAHA.120.046702
https://doi.org/10.1038/nrneph.2012.195
https://doi.org/10.1182/blood-2014-06-583021
https://doi.org/10.1177/0961203312457210
https://doi.org/10.1177/0961203312457210
https://doi.org/10.1056/NEJMoa061648
https://doi.org/10.1056/NEJMoa061648
https://doi.org/10.1182/blood-2011-02-333997
https://doi.org/10.1056/NEJMoa1208981
https://doi.org/10.1056/NEJMoa1208981
https://doi.org/10.1182/blood-2007-09-109876
https://doi.org/10.1182/blood-2016-04-710632
https://doi.org/10.1182/blood-2016-04-710632
https://doi.org/10.1084/jem.20161668
https://doi.org/10.1126/science.1248943
https://doi.org/10.1126/science.1248943
https://doi.org/10.1016/j.molcel.2016.05.016
https://doi.org/10.1016/j.molcel.2016.05.016
https://doi.org/10.1038/ni.3677
https://doi.org/10.1038/ni.3677
https://doi.org/10.1111/jth.14417
https://doi.org/10.1172/JCI124566
https://doi.org/10.1172/JCI124566
https://doi.org/10.1073/pnas.2135542100
https://doi.org/10.1073/pnas.2135542100
https://doi.org/10.1002/eji.1830150810
https://doi.org/10.1002/eji.1830181113
https://doi.org/10.1111/j.1365-3083.1989.tb01143.x
https://doi.org/10.1002/eji.1830201209
https://doi.org/10.1111/j.1538-7836.2011.04544.x
https://doi.org/10.1111/j.1538-7836.2011.04544.x
https://doi.org/10.1073/pnas.1301059110
https://doi.org/10.1073/pnas.1301059110
https://doi.org/10.1084/jem.20112322
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref47
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref47
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref47
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref47
https://doi.org/10.1371/journal.pone.0012889
https://doi.org/10.1016/0014-5793(81)80612-6
https://doi.org/10.1016/0014-5793(81)80612-6
https://doi.org/10.1038/ni.2140
https://doi.org/10.1038/ni.2140
https://doi.org/10.1160/TH15-02-0162


ll
OPEN ACCESS Article
52. Chang, S.L., Huang, Y.L., Lee, M.C., Hu, S., Hsiao, Y.C., Chang, S.W.,

Chang, C.J., and Chen, P.C. (2018). Association of Varicose Veins With

Incident Venous Thromboembolism and Peripheral Artery Disease.

JAMA 319, 807–817. https://doi.org/10.1001/jama.2018.0246.

53. Langer, F., Spath, B., Fischer, C., Stolz, M., Ayuk, F.A., Kröger, N.,
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Pozdeev, V.I., Tusche, M.W., Göthert, J.R., Haight, J., Wakeham, A.,

et al. (2013). Involvement of Toso in activation of monocytes, macro-

phages, and granulocytes. Proc. Natl. Acad. Sci. USA 110, 2593–2598.

https://doi.org/10.1073/pnas.1222264110.

103. Molina, H., Holers, V.M., Li, B., Fung, Y., Mariathasan, S., Goellner, J.,

Strauss-Schoenberger, J., Karr, R.W., and Chaplin, D.D. (1996).

Markedly impaired humoral immune response in mice deficient in com-

plement receptors 1 and 2. Proc. Natl. Acad. Sci. USA 93, 3357–3361.

104. Wu, H., Rodgers, J.R., Perrard, X.Y.D., Perrard, J.L., Prince, J.E., Abe, Y.,

Davis, B.K., Dietsch, G., Smith, C.W., and Ballantyne, C.M. (2004).

Deficiency of CD11b or CD11d results in reduced staphylococcal entero-

toxin-induced T cell response and T cell phenotypic changes.

J. Immunol. 173, 297–306.

105. Coxon, A., Rieu, P., Barkalow, F.J., Askari, S., Sharpe, A.H., von Andrian,

U.H., Arnaout, M.A., andMayadas, T.N. (1996). A novel role for the beta 2

integrin CD11b/CD18 in neutrophil apoptosis: a homeostatic mechanism

in inflammation. Immunity 5, 653–666.

106. Rutemark, C., Alicot, E., Bergman, A., Ma, M., Getahun, A., Ellmerich, S.,

Carroll, M.C., and Heyman, B. (2011). Requirement for complement in

antibody responses is not explained by the classic pathway activator

IgM. Proc. Natl. Acad. Sci. USA 108, E934–E942. https://doi.org/10.

1073/pnas.1109831108.

107. Tiedt, R., Schomber, T., Hao-Shen, H., and Skoda, R.C. (2007). Pf4-Cre

transgenic mice allow the generation of lineage-restricted gene knock-

outs for studying megakaryocyte and platelet function in vivo. Blood

109, 1503–1506. https://doi.org/10.1182/blood-2006-04-020362.

108. McKenzie, S.E., Taylor, S.M., Malladi, P., Yuhan, H., Cassel, D.L., Chien,

P., Schwartz, E., Schreiber, A.D., Surrey, S., and Reilly, M.P. (1999). The

role of the human Fc receptor Fc gamma RIIA in the immune clearance of

platelets: a transgenic mouse model. J. Immunol. 162, 4311–4318.

109. Chen, M.J., Yokomizo, T., Zeigler, B.M., Dzierzak, E., and Speck, N.A.

(2009). Runx1 is required for the endothelial to haematopoietic cell tran-

sition but not thereafter. Nature 457, 887–891. https://doi.org/10.1038/

nature07619.

110. da Palma Guerreiro, A., Dorweiler, C., Halmer, I., Merkel, O., Hartmann,

E.M., Berg, V., Reinart, N., Fingerle-Rowson, G., Knittel, G., Pallasch,

C., et al. (2018). FcmR Shapes BCR Signaling in IgM-Positive

Leukemia. Blood 132, 2620. https://doi.org/10.1182/blood-2018-99-

118352.

111. McCray, P.B., Jr., Pewe, L., Wohlford-Lenane, C., Hickey, M., Manzel, L.,

Shi, L., Netland, J., Jia, H.P., Halabi, C., Sigmund, C.D., et al. (2007).

Lethal infection of K18-hACE2 mice infected with severe acute respira-

tory syndrome coronavirus. J. Virol. 81, 813–821. https://doi.org/10.

1128/JVI.02012-06.

112. Bromberger, T., Klapproth, S., Rohwedder, I., Zhu, L., Mittmann, L.,

Reichel, C.A., Sperandio, M., Qin, J., and Moser, M. (2018). Direct

Rap1/Talin1 interaction regulates platelet and neutrophil integrin activity
Immunity 57, 2140–2156, September 10, 2024 2155

https://doi.org/10.1111/j.1538-7836.2009.03334.x
https://doi.org/10.1111/j.1538-7836.2009.03334.x
https://doi.org/10.3389/fimmu.2018.01299
https://doi.org/10.3389/fimmu.2018.01299
https://doi.org/10.1111/j.1440-1797.2010.01399.x
https://doi.org/10.1111/j.1440-1797.2010.01399.x
https://doi.org/10.1038/s41590-024-01787-z
https://doi.org/10.1126/sciimmunol.abl9929
https://doi.org/10.1016/j.pep.2010.12.002
https://doi.org/10.1016/j.pep.2010.12.002
https://doi.org/10.1016/0092-8674(92)90030-g
https://doi.org/10.1016/0092-8674(92)90030-g
https://doi.org/10.1080/19420862.2015.1008345
https://doi.org/10.1080/19420862.2015.1008345
https://doi.org/10.1084/jem.20032207
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref88
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref88
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref88
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref89
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref89
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref89
https://doi.org/10.1038/ng0598-56
https://doi.org/10.1038/ng0598-56
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref91
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref91
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref91
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref91
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref92
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref92
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref92
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref92
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref92
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref93
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref93
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref93
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref93
https://doi.org/10.1038/35023175
https://doi.org/10.1038/35023175
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref95
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref95
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref95
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref95
https://doi.org/10.1038/383086a0
https://doi.org/10.1172/JCI3256
https://doi.org/10.4049/jimmunol.1103703
https://doi.org/10.4049/jimmunol.1103703
https://doi.org/10.1073/pnas.1222264110
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref100
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref100
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref100
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref100
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref101
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref101
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref101
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref101
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref101
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref102
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref102
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref102
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref102
https://doi.org/10.1073/pnas.1109831108
https://doi.org/10.1073/pnas.1109831108
https://doi.org/10.1182/blood-2006-04-020362
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref105
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref105
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref105
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref105
https://doi.org/10.1038/nature07619
https://doi.org/10.1038/nature07619
https://doi.org/10.1182/blood-2018-99-118352
https://doi.org/10.1182/blood-2018-99-118352
https://doi.org/10.1128/JVI.02012-06
https://doi.org/10.1128/JVI.02012-06


ll
OPEN ACCESS Article
in mice. Blood 132, 2754–2762. https://doi.org/10.1182/blood-2018-04-

846766.

113. Massberg, S., Brand, K., Gr€uner, S., Page, S., M€uller, E., M€uller, I.,

Bergmeier, W., Richter, T., Lorenz, M., Konrad, I., et al. (2002). A critical

role of platelet adhesion in the initiation of atherosclerotic lesion forma-

tion. J. Exp. Med. 196, 887–896.

114. Pekayvaz, K., Leunig, A., Kaiser, R., Joppich, M., Brambs, S., Janjic, A.,

Popp, O., Nixdorf, D., Fumagalli, V., Schmidt, N., et al. (2022). Protective

immune trajectories in early viral containment of non-pneumonic SARS-
2156 Immunity 57, 2140–2156, September 10, 2024
CoV-2 infection. Nat. Commun. 13, 1018. https://doi.org/10.1038/

s41467-022-28508-0.

115. Yamamoto, K., Protack, C.D., Kuwahara, G., Tsuneki, M., Hashimoto, T.,

Hall, M.R., Assi, R., Brownson, K.E., Foster, T.R., Bai, H., et al. (2015).

Disturbed shear stress reduces Klf2 expression in arterial-venous fistulae

in vivo. Physiol. Rep. 3, 3. https://doi.org/10.14814/phy2.12348.

116. Kurita, N., Honda, S.I., Usui, K., Shimizu, Y., Miyamoto, A., Tahara-

Hanaoka, S., Shibuya, K., and Shibuya, A. (2009). Identification of the

Fcalpha/muR isoform specifically expressed in the kidney tubules. Mol.

Immunol. 46, 749–753. https://doi.org/10.1016/j.molimm.2008.10.002.

https://doi.org/10.1182/blood-2018-04-846766
https://doi.org/10.1182/blood-2018-04-846766
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref110
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref110
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref110
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref110
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref110
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref110
http://refhub.elsevier.com/S1074-7613(24)00406-0/sref110
https://doi.org/10.1038/s41467-022-28508-0
https://doi.org/10.1038/s41467-022-28508-0
https://doi.org/10.14814/phy2.12348
https://doi.org/10.1016/j.molimm.2008.10.002


ll
OPEN ACCESSArticle
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti mouse C1q depleting antibody (clone RmC7H8) BDBiosciences Cat#757667; RRID: AB_10547924

Rat IgG1 Isotype control Bioxcell Cat#BE0290; RRID: AB_2687813

Mouse pooled polyclonal IgM Rockland Cat#010-0107; RRID: AB_840902

Mouse Pooled Polyclonal IgG Jackson ImmunoResearch Cat#015-000-002; RRID: AB_2337187

Mouse monoclonal anti-influenza A virus NP IgG2a (clone

H16-L10-4R5 (HB65))

BioXcell Cat#BE0159; RRID: AB_10949071

Mouse monoclonal anti-HIV gp120 IgG1 (clone 55-36) BioXcell Cat#BE0154; RRID: AB_10950313

Mouse monoclonal anti-KLH IgM BioXcell N/A

Mouse Fc-Fragment BioXcell Cat#BE0097; RRID: AB_1107787

Rat anti-mouse GPIba (CD42b) Emfret analytics Cat#R300

Rat isotype IgG Emfret analytics N/A

Mouse anti-Fluorescein IgG1 Fc Silent� (clone 4-4-20 (enhanced)) Absolute antibody Cat#Ab00102-1.4

Mouse anti-Fluorescein IgG1 (clone 4-4-20 (enhanced)) Absolute antibody Cat#Ab00102-1.1

Rat anti-Polymeric immunoglobulin receptor/PIGR inhibitor

antibody (clone 7C1)

Abcam Cat#ab170321

Mouse IgG1 anti-TNP non-complement activating antibody

H5 mab (clone B8401H5)

Birgitta Heyman;

Heyman et al.41
N/A

Mouse IgG1 Isotype control Bioxcell Cat#BE0083; RRID: AB_1107784

Rat anti mouse CD41 (clone MWReg30) BD Biosciences Cat#558040; RRID: AB_397004

Rabbit anti human Fibrin(-ogen) DAKO Cat#A0080; RRID: AB_2894406

Rat anti mouse Ly6G (clone 1A8) ThermoFisher Cat#12-9668-82; RRID: AB_2572720

Rabbit anti human MPO DAKO Cat#A0398; RRID: AB_2335676

Rat anti mouse F4/80 (clone Cl:A3-1) Serotec (Bio-Rad) Cat#MCA497; RRID: AB_2335599

Rat anti mouse complement C4 (clone 16D2) ThermoFisher Cat#MA1-40047; RRID: AB_1073827

Rabbit anti mouse CD42b Abcam Cat# ab104704; RRID: AB_10712312

Goat anti-Mouse IgM (Heavy chain) Cross-Adsorbed Secondary

Antibody, Alexa Fluor� 488

ThermoFisher Cat#A21042; RRID: AB_2535711

Rabbit anti human FcmR Sigma-Aldrich Cat#HPA003910; RRID: AB_1078798

Rabbit anti human anti mouse vWF Dako Cat#A0082; RRID: AB_2315602

Rat anti mouse CD62P (clone RB40.34 (RUO)) BD Biosciences Cat#553742; RRID: AB_2254315

Rabbit anti mouse ICAM1 (clone 020) Sino biological Cat#50440-R020; RRID: AB_2860508

Rat anti mouse CD31 (clone 390) ThermoFisher Cat#16-0311-85; RRID: AB_468933

Goat Alexa labeled F(ab)2-fragments anti mouse IgG Fcg Jackson Immunoresearch Cat#115-546-071; RRID: AB_2338865

Goat F(ab’)2 Anti-Human IgG - Fc (DyLight� 650), pre-adsorbed Abcam Cat#ab98593; RRID: AB_10674807

Goat DyLight-conjugated anti rat IgG ThermoFisher Cat#SA5-10021; RRID: AB_2556601

Mouse anti human CD42b (clone 42C01) ThermoFisher Cat#MA5-11642; RRID: AB_10986763

Rabbit anti human C4 Bioss Cat#bs-15186R-A647; RRID: AB_374824

Rabbit anti human C1q-AF647 Bioss Cat#bs-10750R-A647

Rabbit anti human C1q-AF488 Bioss Cat#bs-10750R-A488

Goat anti human C3 Bioss Cat#bs0367G-A647; RRID: AB_1604680

Mouse anti human CD31 (clone JC/70A) ThermoFisher Cat#MA5-13188; RRID: AB_10982120

Mouse FITC labeled IgM isotype control (clone: G155-228 (RUO)) BD Biosciences Cat#553474; RRID: AB_10053771

Mouse FITC labeled IgG1 isotype control (clone: MOPC-31C (RUO)) BD Biosciences Cat#550616; RRID: AB_479687

Rat anti mouse CD62P Ab (Clone RB40.34) BD Biosciences Cat#563674; RRID: AB_2738366
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse anti human CD62P Ab (clone CLB-Thromb/6) Immunotech

(Beckman Coulter)

Cat#1759

Human isotype control IgG antikoerper-online.de Cat#ABIN964314

Rabbit anti mouse P-selectin Biorbyt Cat#orb385621

Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor� 594 Invitrogen Cat#A-11012; RRID: AB_2534079

Goat anti mouse pIgR R&D Systems Cat#AF2800; RRID: AB_2283871

Hamster anti mouse ICAM-1 BD Biosciences Cat#561898; RRID: AB_11153304

Mouse anti-Human Fcm Receptor (clone HM14-1) BD Biosciences Cat#563017; RRID: AB_2737953

Mouse IgG1, k Isotype Control (clone MOPC-31C) BD Biosciences Cat#550617; RRID: AB_10050483

Rabbit anti mouse FAIM3 Polyclonal Antibody Bioss Cat#bs-7527R

Goat anti-Rabbit IgG (H+L) Secondary Antibody, HRP ThermoFisher Cat#31460; RRID: AB_228341

TNP-specific murine IgG1 (clone 7B4) Birgitta Heyman;

Wiersma et al.42
N/A

Goat anti-mouse IgG-Fc F(ab)2 Jackson Immunoresearch Cat#115-116; RRID: AB_2338629

Bacterial and virus strains

SARS-CoV-2/human/ITA/Milan-UNIMI-1/2020 Matteo Iannacone;

Fumagalli et al.85,86
GenBank: MT748758.1

Biological samples

Human varicose veins Thomas Korff N/A

Human plasma from hospitalized COVID-19 patients with

pneumonia of moderate severity

CORKUM at LMU N/A

Chemicals, peptides, and recombinant proteins

Cobra venom factor Quidel Cat#A600

Crry Christoph Q. Schmidt and

Arthur Dopler; Schmidt

et al.87

N/A

Rhodamin B Sigma-Aldrich Cat#83689

Acridine orange Sigma-Aldrich Cat#318337

Fluorescein isothiocyanate–dextran (FITC-Dextran) Sigma-Aldrich Cat#74817

Pierce� 16% Formaldehyde (w/v), Methanol-free ThermoFisher Cat#28908

Hoechst ThermoFisher Cat#H3570

Xylol Merck Cat#1082984000

Ethanol Merck Cat#1.00983

Citrate buffer (Citric acid monohydrate) Sigma-Aldrich N/A

Chrono-Lume Probe&go #70 210

Ala-Tyr-Pro-Gly-Lys-Phe-NH2 -trifluoracetat (PAR4 activator) Sigma-Aldrich #A3227

Tirofiban Ibisqus GmbH PZN 11312820

Fibrinogen Enzyme research

laboratory

# MFg

Chondroitin-sulfate A Sigma-Aldrich # C9819

Bovines Serumalbumin (BSA) Carl Roth # T844.1

Thrombin Sigma-Aldrich # T4648

Startem reagent Tem Innovations 000503-10

Extem reagent Tem Innovations 000503-05

Triton X-100 Sigma-Aldrich Cat#X100

PBS (10X) Gibco Cat#70011-036

PBS (1X) Gibco Cat#14190-094

StemPro Accutase Gibco Cat#A1110501

FBS Biosell Cat#S 0613

EDTA ThermoFisher Cat#15575020

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Neuraminidase Foresight biosciences Cat#FSB0001_10

Chondroitinase ABC Sigma-Aldrich Cat#C3667

Heparinase III Sigma-Aldrich Cat#H8891

DPBS, calcium, magnesium (1x) Gibco Cat#14040117

Collagenase 1 Sigma-Aldrich Cat#C0130

Collagenase 11 Sigma-Aldrich Cat#C7657

Hyaluronidase Sigma-Aldrich Cat#D4527

DNase 1 Sigma-Aldrich Cat#H3506

Collagenase 2 Worthington Biochemical Cat#LS004174

Elastase Worthington Biochemical Cat#LS002292

Reverse Transcription System Promega Cat#A3500

SYBR� Green Master Mix Bio-rad Cat#1725150

Ficoll density gradient (Ficoll� Paque Plus; GE Healthcare) Sigma-Aldrich Cat#17-1440-02

RIPA Lysis and Extraction Buffer ThermoFisher Cat#89900

Pierce� ECL Western Blotting Substrate ThermoFisher Cat#32106

Alexa Fluor (AF)-594 Phalloidin Invitrogen Cat#A12381

Aprotinin (Trasylol) Nordic Pharma PZN 11088647

Polylysin EMD Millipore Cat#A-005-C

TNP-conjugated BSA Biosearch Technologies Cat#T-5050-10

Critical commercial assays

ELISA for IgM Abcam Cat#ab215085

ELISA for IgG Abcam Cat#ab151276

RNeasy Micro Kit Qiagen Cat#74004

Pierce� BCA Protein Assay Kit ThermoFisher Cat#23225

Neutrophil Isolation Kit, mouse Miltenyibiotec Cat#130-097-658

Experimental models: Cell lines

Mouse: C57BL/6 primary vein endothelial cells Cell Biologics Cat#C57-6009

Human: Umbilical Vein Endothelial Cells PromoCell Cat#C-12203

Human: Saphenous Vein Endothelial Cells PromoCell Cat#C-12231

Experimental models: Organisms/strains

Mouse: C57BL/6 Jackson Laboratory Cat#000664

Mouse: Rag1-/- Jackson Laboratory;

Mombaerts et al.88
Cat#002216

Mouse: Alb-/- Jackson Laboratory;

Roopenian et al.89
Cat#025201

Mouse: Mbl1/2-/- Jackson Laboratory;

Shi et al.90
Cat#006122

Mouse: Ighmtm1Che Boes et al.91 Michael Carroll

Mouse: Aicda-/- Muramatsu et al. Mark Suter

Mouse: Aicda-/-Ighmtm1Che Kumazaki et al.92 Michael Carroll

Mouse: C1q-/- Botto et al.93 Marina Botto

Mouse: Cfb-/- Pekna et al.94 Marina Botto

Mouse: C3-/- Wessels et al.95 Michael Carroll

Mouse: C4-/- Fischer et al.96 Michael Carroll

Mouse: C3ar1-/- Fischer et al.97 Craig Gerard

Mouse: C5-/- Wetsel et al.98 N/A

Mouse: B10.D2-Hc1 H2d H2-T18c/nSnJ Jackson Laboratory;

Wetsel et al.98
Cat#000463

Mouse: C5ar1-/- Hopken et al.99 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Fcgr-/-Fcgr2b-/- Park et al.100;

van Montfoort et al.101
Falk Nimmerjahn

Mouse: Fcmr-/- Lang et al.102 Karl Lang

Mouse: Cr2-/- Molina et al.103 Mark Zabel

Mouse: KL25 Hangartner et al.39 Hans Hengartner and Rolf

Zinkernagel

Mouse: Itgax-/- Wu et al.104 Christie Ballantyne

Mouse: Itgam-/- Coxon et al.105 Siamon Gordon

Mouse: Cm13 Rutemark et al.106 Birgitta Heyman

Mouse: Pf4Cre/Rosa-Yfp Tiedt et al.107 N/A

Mouse: Fcgr2a McKenzie et al.108 N/A

Mouse: VeCdhCreFcmrfl/fl Chen et al.109;

da Palma Guerreiro et al.110
This paper

Mouse: K18-hACE2 Jackson Laboratory

McCray et al.111
Cat#034860

Mouse: Fcmrfl/fl da Palma Guerreiro et al.110 Alexandra da Palma Guerreiro

and Lukas P. Frenzel

Oligonucleotides

Mm_Faim3_1_SG QuantiTect Primer Assay Qiagen #QT01066842

Mm_Pigr_1_SG QuantiTect Primer Assay Qiagen #QT00165046

FcamR CF: CTCCCTTTCAGGTACAAATGCA Eurofins genomics, Germany N/A

FcamR CR: TCTGTGGAACGTCAGTGAGAGC Eurofins genomics, Germany N/A

Hs_FAIM3_1_SG QuantiTect Primer Assay Qiagen #QT00011221

Software and algorithms

AxioVision software Zeiss Version 4.8

FlowJo BD Biosciences Version 10

ZEN software Zeiss Version 2.3

ImageJ software (U. S. National Institutes of Health,

Bethesda, Maryland, USA).

FIJI Version 2.9.0

R package "corrplot’’ https://github.com/taiyun/

corrplot

Version 0.84
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
C57BL/6, Rag1-/-,88 Alb-/-,89 andMbl1/2-/-90 mice were obtained from Jackson and generated as described. Ighmtm1Che,91 Aicda-/-,

Aicda-/-Ighmtm1Che,92 C1q-/-,93 Cfb-/-,94 C3-/-,95 C4-/-,96 C3ar1-/-,97 C5-/- and B10.D2-Hc1 H2d H2-T18c/nSnJ control mice,98

C5ar1-/-99 Fcgr-/-Fcgr2b-/-,100,101 Fcmr-/-,102 Cr2-/-,103 KL25,39 Itgax-/-,104 Itgam-/-,105 Cm13,106 Pf4Cre/Rosa-Yfp,107 Fcgr2a,108

VeCdhCreFcmrfl/fl,109,110 and K18-hACE2 mice111 were generated as described (see Table S1). Mice were kept at 55% humidity

and 21�C temperature with a 12h day-night rhythm. Further details are provided in the method details. All procedures performed

on mice were approved by the local legislation on protection of animals (Regierung von Oberbayern, Munich).

Generation of Fcmrfl/fl mice
Fcmr-floxed C57BL/6 mice were generated by TaconicArtemis (Cologne, Germany) via flanking Exons 2, 3 and 4 with loxP sites.

Endothelial cell culture
C57BL/6 mouse primary vein endothelial cells (MVEC, (#C57-6009, Cell Biologics) isolated from inferior vena cava tissue of mice

were cultured in tissue culture flasks pre-coated with gelatin-based coating solution in culture complete growth medium

(#M1168, Cell Biologics). HumanUmbilical Vein Endothelial Cells (HUVEC, #C-12203, PromoCell) and HumanSaphenous Vein Endo-

thelial Cells (HSaVEC, #C-12231, PromoCell) were cultured in tissue culture flasks pre-coated with gelatin-based coating solution in

Endothelial Cell Growth Medium (#C-22010, PromoCell). All endothelial cells were cultured in a humidified incubator at 37�C and

5% CO2.
e4 Immunity 57, 2140–2156.e1–e10, September 10, 2024
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Human thrombi and veins
Great saphenous veins were collected from patients after informed consent undergoing excision of varicose veins (CEAP (clinical,

etiological, anatomical, pathological) classification C2–C3) or removal of healthy veins for bypass surgeries. Pulmonary thrombec-

tomy specimens were obtained during surgeries and contained fresh thrombotic parts. Collection was covered by a waiver from

the institutional review board for the anonymous use of leftover material. Immunofluorescence staining was performed on

paraffin-embedded lungs of patient, who died from PCR test confirmed SARS-CoV infection. Specimens were collected in agree-

ment with the local ethics committee (Heidelberg University and Ludwig-Maximilians University, respectively) and conformed to

the principles outlined in the Declaration of Helsinki.

METHOD DETAILS

Mouse model of flow restriction in the IVC
After a median laparotomy the IVC was exposed, and a space holder was positioned followed by a narrowing ligature. Subse-

quently, the wire was removed to avoid complete vessel occlusion. Side branches were not ligated or manipulated. All groups

were age, sex, and weight matched. Mice between the age of 18 and 22 weeks were included in the analysis. Mice with bleedings

or any injury of the IVC during surgery were excluded from further analysis. For thrombus weight measurement after 48 hours, the

IVC was excised just below the renal veins and proximal to the confluence of the common iliac veins. A C1q depleting Ab (200 mg,

RmC 7H8. rat IgG1) was injected i.v. 12 hours before surgery, cobra venom factor for C3 depletion (50 mg, Quidel) was injected i.p.

16 hours (50 mg) and 1 hour (25 mg) prior to surgery, Crry (500mg i.v.) 2 hours before surgery followed by every 12 hours, and iso-

type rat IgG1 (200 mg, TNP6A7, bioxcell) or PBS served as control. Serum from C57Bl6 mice was injected i.v. 48 and 24 hours prior

to surgery (250 ml each). Mouse pooled polyclonal IgM (600 mg, Rockland), pooled polyclonal IgG (600 mg, Jackson Immuno

Research), mouse monoclonal anti-influenza A virus NP IgG2a (600mg, H16-L10-4R5 (HB65), BioXcell), mouse monoclonal anti-

HIV gp120 IgG1 (600 mg, 55-36, BioXcell), mouse monoclonal anti-KLH IgM (200 mg, BioXcell), or mouse Fc-Fragment (600 mg,

BioXcell) were injected i.v. immediately before surgery. Platelet depletion was induced using a rat anti-mouse GPIba (CD42b)

Ab i.v. (2 mg/kg body weight, Emfret analytics) or a rat isotype IgG together with pooled polyclonal IgG (600 mg, Jackson Immuno

Research). A mouse anti-FITC IgG1 Fc silent or control Ab with normal Fc part (600 mg i.v. 4-4-20, absolute Ab) was administered

immediately before surgery. A pIgR inhibitor antibody (10mg, ab170321, abcam) or isotype control (10mg, BE0290, Bioxcell) were

injected i.v. to C57Bl6, Fcmr-/- or VeCdhCreFcmrfl/fl mice 1 hour before ligation.33 Mouse monoclonal anti-HIV gp120 IgG1 (mono-

meric or aggregates) (600 mg, 55-36, BioXcell) was injected i.v. to Ighmtm1Che mice 1 hour before ligation. Mouse monoclonal anti-

HIV gp120 IgG1 heat aggregates were obtained by incubating the antibodies at a concentration of 20mg/ml at 63�C for 30 minutes.

Aicda-/-Ighmtm1Che mice were injected i.v. with 600mg of mouse IgG1 anti-TNP non-complement activating antibody H5 mAb

(B8401H5) or a mouse IgG1 Isotype control (BE0083, Bioxcell) 1 hour before ligation. Blood cell counts were determined using

an automated cell counter (Sysmex).

Microvascular thrombosis model
Using intravital microscopy we investigated phototoxic injury-induced thrombus formation in exteriorized cremaster muscle postca-

pillary venules as described before.112 Briefly, after anesthetizing male mice (125mg/kg ketamine 25mg/kg xylazine i.p.) and placing

them on a heating plate, the carotid artery was cannulated and the right cremaster muscle was surgically prepared and exteriorized

for intravital microscopy. Appropriate cremaster muscle postcapillary venules were thenmicroscopically identified. Phototoxic injury

in venules was induced by injection of 2,5% FITC-Dextran (1,5mL/g bodyweight) in 0,9% NaCl solution and subsequent exposure of

postcapillary venules to a high intensity light source (Olympus BX51, mercury lamp, Hamburg, Germany). Measurement of microvas-

cular blood flow velocities was conducted using a dual photodiode and a digital on-line cross-correlation program (Circusoft

Instrumentation).

Intravital epifluorescence microscopy
Murine platelets were isolated from whole blood and labeled with Rhodamin B.113 For quantification of leukocyte adhesion, acridine

orange (Sigma-Aldrich) was injected i.v. Imaging was performed with an Olympus BX51WI microscope using a 20x (NA 0.95) water

immersion objective and an ORCA-ER CCD Camera (Hamamatsu). Cell recruitment was quantified in four fields of view (50x100mm)

per animal before and at different timepoints after IVC stenosis: immotile cells were counted as adherent. The cell covered area (mm2)

and colocalization area were determined by planimetric measurement.

Immunofluorescence staining of frozen and paraffin embedded sections
The IVCwas embedded in OCT, stored at -80�C and cut with a cryotome (CryoStar NX70 Kryostat, ThermoFisher Scientific) into 5 mm

slices, fixed with 4% formaldehyde, and blocked with the respective serum. Sections were incubated with primary Ab for CD41

(clone: MWReg30, BD Bioscience; #12-0411-83; isotype: rat IgG1), Fibrin(-ogen) (clone: polyclonal; DAKO; #A0080; isotype: rabbit

IgG), Ly6G (clone: 1A8, ThermoFisher; #12-9668-82; isotype: rat IgG2a), MPO (clone: polyclonal; DAKO; #A0398; isotype: rabbit IgG),

F4/80 (clone: Cl:A3-1, AbDSerotec; #MCA497; isotype: rat IgG2b), C4 (clone: 16D2; ThermoFisher; #MA1-40047; isotype: rat IgG2a),
Immunity 57, 2140–2156.e1–e10, September 10, 2024 e5
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CD42b (clone: polyclonal, Abcam; #ab104704; isotype: rabbit IgG), IgM heavy chain (clone: polyclonal, ThermoFisher; #A21042; Iso-

type: goat IgG), FcmR (clone: polyclonal; Sigma aldrich; #HPA003910; Isotype: rabbit IgG), C1q (clone: RmC 7H8; isotype: rat IgG1),

vWF (clone: polyclonal; Dako; #A0082; isotype: rabbit IgG), CD62P (clone: RB40.34 (RUO); BD Biosciences; #553742; isotype: rat

IgG1, l), ICAM1 (clone: 020; Sino biological, #50440-R020, Isotype: rabbit IgG), and CD31 (clone: 390, ThermoFisher; #16-0311-

85; Isotype: rat IgG2a, kappa). Alexa labeled secondary Ab (Invitrogen) were used for detection. In order to avoid unspecific staining

Alexa labeled F(ab)2-fragments against mouse IgG Fcg (clone: Polyclonal; Jackson Immunoresearch; # 115-546-071; Isotype: goat

F(ab)2-fragments) were used. By staining Aicda-/- thrombi, no FITC signal could be detected, confirming the specificity of staining.

DNA staining was performed using Hoechst (ThermoFisher; #H3570). Image acquisition was carried out by using a Zeiss Axio imager

microscope with an AxioCam. For quantification of NETS three criteria had to be fulfilled: (1) Presence of extracellular DNA protru-

sions, (2) the protrusion has to originate from a Ly6G-marked cell, (3) the DNA-structure has to be decorated by MPO. Human sam-

ples were paraffin fixed. The slides were first treated with Xylol (Merck; #1082984000) and descending concentration of ethanol

(Merck; #1.00983). Then the slides we boiled in 2%, citrate buffer (Citric acid monohydrate, Sigma-Aldrich). In order to avoid unspe-

cific staining, we used primary labeled F(ab)2-fragments to detect human IgG-Fc (clone: polyclonal; Abcam; ab98593; Isotype: goat

F(ab’)2). To ensure specific staining, we used DyLight-conjugated goat anti rat IgG Ab as control (clone: polyclonal; ThermoFisher;

#SA5-10021). The following primary Ab have been used for human specimens: CD42b (clone: 42C01; ThermoFisher; #MA5-11642;

Isotype: mouse IgG), C4 (clone: polyclonal; Bioss; # bs-15186R-A647; Isotype: rabbit IgG), C1q (clone: polyclonal; Bioss; # bs-

10750R-A647 or # bs-10750R-A488; Isotype: rabbit IgG), C3 (clone: polyclonal; Bioss; bs0367G-A647, Isotype: goat IgG), and

CD31 (clone: JC/70A; ThermoFisher; #MA5-13188; Isotype: mouse IgG). To measure fluorescent area or intensity AxioVision soft-

ware (Zeiss) was used.

Light transmission aggregometry
Platelet aggregation essays were performed on an optical-/lumi-aggregometer (model 700, CHRONO-LOG�). Blood samples were

taken by intracardiac puncture and subsequent anticoagulation with heparin. Platelet rich plasma was obtained by centrifugation at

70g for 20 minutes; Platelet poor plasma was gained by re-centrifugation at 1800g for 10 minutes. ATP-release was measured by

adding 1,6x10-2mg/ml luciferin and 1760U/ml luciferase (Probe&go) and calibrated with 1nmol ATP (Probe&go). Aggregation was

induced using 200 mmol/l PAR4 activator (Sigma-Aldrich). Investigation of Ab mediated complement activation and Ab substitution

was achieved by adding Fc-silent or Fc-WT Ab directed against fluorescein (clone: 4-4-20; absolute antibody, #Ab00102-1.4, and

#Ab00102-1.1, Isotype: mouse IgG1).

Flow cytometry of platelet-antibody interaction
Blood samples were gained as described above and anticoagulated by acid-citrate-dextrose. To isolate washed platelets, PRP

was centrifuged at 1200g for 10 minutes. Assays were carried out using a flow cytometer (Gallios, Beckman Coulter). In order to

study interactions between Ab and platelets we focused on FITC labeled IgM isotype control (clone: G155-228 (RUO), BD Bio-

sciences, #553474) and IgG1 isotype control (clone: MOPC-31C (RUO), BD Biosciences, #550616) as well as on Fc silent and

Fc wildtype anti-FITC (clone: 4-4-20; absolute antibody, #Ab00102-1.4, und #Ab00102-1.1; Isotype: mouse IgG1) which were

labeled by Alexa 488 (ThermoFisher scientific, Waltham, USA, Isotype: mouse IgG2a). The Ab concentration in the experiments

was 7.5x10-3 mg/ml. The incubation time of Ab was six minutes before platelet activation. Tirofiban (Ibisqus GmbH,) was used

at 1.2 mg/ml. Platelet aggregation after application of 100 mmol/l PAR4 activator (Sigma-Aldrich, #A3227) was monitored by for-

ward and side scatter, platelet activation was assesses using a rat anti-mouse CD62P Ab (Clone RB40.34, BD Biosciences,

#563674; Isotype: Rat IgG1). For human platelets an anti-CD62P Ab (clone: CLB-Thromb/6, Immunotech a coulter company,

#1759, Isotype: mouse IgG1) was used together with a human isotype control IgG (clone: polyclonal, antikoerper-online.de,

#ABIN964314). All samples were analyzed using LSRFortessa flow cytometer (BD Biosciences) and data were interpreted using

FlowJo Software.

Antibody deposition assay
Experiments were performed on a Tecan infinite 200 ELISA reader using flat-bottom well plates (Thermo Fisher scientific). To

investigate Ab deposition on different components of the thrombus fibrinogen (1 mg/ml, Enzyme research laboratory), chon-

droitin-sulfate A (1 mg/ml, Sigma-Aldrich), or albumin (1 mg/ml, Carl Roth) were coated on well plates. Fibrin was produced by

adding 0,5U Thrombin (Sigma-Aldrich) together with calcium and magnesium. Blood plasma and platelets were isolated by

intracardiac puncture and two centrifugation steps as described previously. Ab deposition was analyzed by adding a FITC

labeled IgG1 isotype control (BD Biosciences) in plasma or tyrode’s buffer, followed by centrifugation and washing with tyrode’s

buffer.

Enzyme-linked Immunosorbent Assay
ELISA for IgM (abcam, ab215085) and IgG (abcam, ab151276) were performed according to the instructions of the manufacturer.
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Thromboelastometry
Citrated whole blood frommice was recalcified for extemmeasurements by adding startem reagent, while the coagulation was initi-

ated by extem reagent (Tem Innovations). In fibtemmeasurements platelets were inactivated via cytochalasin D. For analysis a rota-

tion thromboelastometry device was used (ROTEG�05, Pentapharm).

Tail bleeding assay
After anesthesia with buprenorphine and isoflurane the tail was incised 5 mm from the tip. The bleeding tail was placed on Whatman

paper and the time until bleeding stopped was measured.

Endothelial cell culture
C57BL/6 mouse primary vein endothelial cells (MVEC, (#C57-6009, Cell Biologics) isolated from inferior vena cava tissue of mice

were cultured as described above. Ab binding to MVECs was assessed after incubation with a FITC-labeled mouse isotype IgG1

(clone: MOPC-31C; BD Bioscience; #550616) or FITC-labeled mouse isotype IgM (clone: G155-228; BD Bioscience; #553474). After

incubation of the MVEC for 1 hour with FITC-labeled isotype IgG1, IgM (50mg/mL both), or cell culture medium, cells were washed

twice with PBS and fixed in 4% formaldehyde. Cells were then permeabilized with 0.1% Triton X-100 and stained with Alexa Fluor

(AF)-594 phalloidin (#A12381, Invitrogen). Cells were then washed and stained with Hoechst 33342. vWF and P-selectin immunos-

tainings were performed on MVEC incubated for 1 hour with FITC-labeled isotype IgG1, IgM (50mg/mL both), or cell culture medium.

After washing and fixation in 4% formaldehyde, cells were saturated in 10% goat serum for 1 hour. Cells were incubated with rabbit

anti-mouse vWF (clone: polyclonal; Dako; #A0082; isotype: rabbit polyclonal IgG) or P-selectin (clone: polyclonal; biorbyt;

#orb385621; isotype: rabbit polyclonal IgG) primary Ab, and stained with Alexa Fluor 594 conjugated secondary Ab (Invitrogen).

Nuclei were stained with Hoechst 33342 (Invitrogen). Images were acquired with Zeiss Laser Scanning Microscope LSM 880 with

an Airyscan module (Carl Zeiss Microscopy) and processed using ZEN software (Zeiss). Staining intensity was quantified using Im-

ageJ software (U. S. National Institutes of Health, Bethesda, Maryland, USA).

For the pIgR blocking antibody experiments under static conditions, MVECs were cultured as described above. The pIgR blocking

antibody (50mg/mL, #AF2800, R&DSystems) or isotype control (Polyclonal Goat IgG) were added to themedium for 1 hour prior to the

incubation of cells for 1 additional hour with the FITC-labeled mouse isotype IgM.

Human Umbilical Vein Endothelial Cells (HUVEC, #C-12203, PromoCell) and Human Saphenous Vein Endothelial Cells (HSaVEC,

#C-12231, PromoCell) were cultured under static conditions as described above.

Flow cytometry of MVECs
To assess the binding of the isotype IgG1 and IgM to theMVECwith flow cytometry, cells were incubated for 1 hour with FITC-labeled

isotype IgG1 (clone: MOPC-31C; BD Bioscience; #550616), isotype IgM (clone: G155-228; BD Bioscience; #553474) (50mg/mL), a

FITC-labeled anti-ICAM-1 Ab (clone: Clone 3E2; BD Bioscience; #561898), or PBS. Cells were washed twice with PBS and detached

from the tissue culture wells using StemPro Accutase (#A1110501, Gibco). The enzymatic activity of the Accutase was disabled with

PBS supplemented with 10% FBS. Cells were then washed twice with PBS supplemented with BSA (0.5%) and EDTA (2mM) and

analyzed by flow cytometry. The binding of the isotype IgM to the MVEC after the disruption of the glycocalyx was assessed after

treatment of cells for 1 hour with neuraminidase (1U/mL, #FSB0001_10, Foresight biosciences), chondroitinase ABC (1U/mL,

#C3667, Sigma), and heparinase III (5U/mL, #H8891, Sigma). All samples were analyzed using LSRFortessa flow cytometer (BD Bio-

sciences) and data were interpreted using FlowJo Software.

Flow cytometry for Fcm Receptor expression on HUVECs and HSaVECs
To assess the expression of the human FcmR on the surface of HUVECs and HSaVECs from early passage (P4 to 6) were cultured

under static conditions as described before. Cells were washed twice with PBS and detached from the tissue culture wells using

StemPro Accutase (#A1110501, Gibco). The enzymatic activity of the Accutase was disabled with PBS supplemented with 10%

FBS. Cells were then washed twice with PBS supplemented with BSA (0.5%) and EDTA (2mM). Cells were stained with PE Mouse

anti-Human Fcm Receptor (clone: HM14-1, BD Bioscience; #563017) or PE Mouse IgG1, k Isotype Control (clone: MOPC-31C; BD

Bioscience; #550617) and analyzed by flow cytometry as described before.

Chimera generation
6 x 106 bone marrow cells from donor mice were injected into the tail vein of irradiated (900 rad) recipient mice. 8 weeks after trans-

plantation thrombus formation was induced in bone marrow reconstituted mice.

Proteome analysis
Plasma proteome of longitudinally sampled COVID-19 patients was used for complement factor correlations. For detailed methods

on the plasma protein mass spectrometry and profiling see Pekayvaz et al.114 Correlations between plasma protein expression and/

or D-Dimer were computed and visualized with R using corrplot (Taiyun Wei and Viliam Simko (2017). R package "corrplot": Visual-

ization of a Correlation Matrix (Version 0.84). https://github.com/taiyun/corrplot). D-Dimer data was available for 25 time points of 11

patients (hospitalized COVID-19 patients with pneumonia of moderate severity, WHO clinical progression score 4-5), as was plasma

protein expression. In cases of D-Dimer at or below the detection threshold (0.5mg/ml), this value was used as a minimum value. The
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mean protein expression was used to calculate the scores using the following proteins respectively: Classical pathway (CP) score,

terminal pathway (TP) score, lectin pathway (LP) score, alternative pathway (AP) score:
CP Score C1QA C1QB C1QC C1R C1S C4A C4B C2 C3

LP Score MASP1 MASP2 MBL2

AP Score CFP CFD

TP Score C5 C6 C7 C8A C8B C8G C9

IgG Score IGHG1 IGHG2 IGHG3 IGHG4

Ig Score IGHG1 IGHG2 IGHG3 IGHG4 IGHD IGHE IGHM
P values, indicating slope significantly non-zero, are displayed as *p<0.05, **p<0.01, ***p<0.001. Positive correlations are shown in

blue and negative correlations in red. Color intensity and the size of the ellipse are proportional to the correlation coefficient.

Flow chamber experiments
C57BL/6 mouse primary vein endothelial cells (MVEC) (#C57-6009, Cell Biologics) from early passages were seeded in flow chamber

slides (m-slide I Luer 0.4 mm; #80176; Ibidi): 1.8 x 105 cells in 100ml of culture complete growth medium (#M1168, Cell Biologics) per

slide. After 2 hours of incubation in a humidified incubator at 37�C and 5% CO2 cells were attached and slides were connected to

fluidic units (#10902, Ibidi). Assembly of fluidic units to an air-driven flow pump system (#10902, Ibidi) allowed perfusion of cells

with continuous laminar flow under cell culture conditions. Complete growth medium was perfused in the slides for 24 hours with

a shear stress of 10 dyn/cm2 simulating the physiological condition in the murine IVC.115 This was followed by perfusion of 3 inde-

pendent slides with 3 different shear stress values of 10, 5 and 0,5 dyn/cm2 for another 2 hours mimicking the stasis condition after

the partial flow reduction in the IVC. IgM binding to MVECs under these different flow conditions was assessed after incubation of

cells for 1 additional hour with a FITC-labeled mouse isotype IgM (12.5mg/mL, clone: G155-228, #553474; BD Bioscience). Cells

were then washed, fixed, permeabilized, and stained with Alexa Fluor (AF)-594 phalloidin and Hoechst as described before. Images

were acquired with Zeiss Laser Scanning Microscope LSM 880 with an Airyscan module (Carl Zeiss Microscopy) and processed us-

ing ZEN software (Zeiss). Immunofluorescence intensity was quantified using ImageJ.

For the pIgR blocking antibody experiments under flow conditions, MVECwere cultured under flow conditions as described above.

The pIgR blocking antibody (50mg/mL, #AF2800, R&D Systems) or isotype control (Polyclonal Goat IgG), were added to the medium

during the 2 hours reduced flow incubation time prior to the incubation of cells for the 1 additional hour with the FITC-labeled mouse

isotype IgM. IgMbinding quantifications, and vWF and P-selectin immunostainings and quantifications were performed as described

before.

rtPCR
C57BL/6 mouse primary vein endothelial cells (MVEC) (#C57-6009, Cell Biologics) from early passage (P4 to 6), were cultured as

described before. C57Bl6, Fcmr-/- or B cell deficient Rah1-/- mice were perfused by intracardiac puncture with PBS containing

CaCl2 and MgCl2 (Gibco). IVC, kidney, spleen and liver were collected and washed in PBS containing CaCl2 and MgCl2. IVCs

were then incubated successively at 37�C in two different enzyme mixes: (a) collagenase 1, collagenase 11, Hyaluronidase, DNase

1; and (b) collagenase 2 and Elastase; for 15 and 40 minutes respectively. To obtain a uniform single-cell suspension from tissues,

70 mm nylon cell strainers were used. RNA was extracted using the RNeasy Micro Kit (#74004; Qiagen). Reverse transcription was

performed using 2mg RNA per sample with ‘‘Reverse Transcription System’’ (#A3500, Promega). qRT-PCR was performed using the

SYBR� Green Master Mix (Bio-rad) on a Biorad iCycler. The following primers were used for the detection of the expression of the

murine FcmR ‘‘Mm_Faim3_1_SG QuantiTect Primer Assay’’ (#QT01066842, Qiagen), pIgR ‘‘Mm_Pigr_1_SG QuantiTect Primer

Assay’’ (#QT00165046, Qiagen) and FcamR CF: CTCCCTTTCAGGTACAAATGCA; CR: TCTGTGGAACGTCAGTGAGAGC (eurofins

genomics, Germany).116

rtPCR for IgM receptors in endothelial cells
To assess the expression of FcmR, pIgR and FcamR receptors in MVEC under flow conditions, the C57BL/6 mouse primary vein

endothelial cells (MVEC) from early passage (P4 to 6) were seeded in flow chamber slides (m-slide I Luer 0.4 mm; #80176; Ibidi) and

then perfused with complete growth medium for 24 hours with a shear stress of 10 dyn/cm2 simulating the physiological condition

in the murine IVC as described before. This was followed by perfusion of different slides with complete growth medium with two

different shear stress values of 10 or 0,5 dyn/cm2 for another two hours mimicking the stasis condition after the partial flow reduc-

tion in the IVC. MVEC were then detached and isolated from the flow chamber using StemPro Accutase as described before. The

RNA extraction, reverse transcription and qRT-PCR were performed as described before. The following primers were used for the

detection of the expression of the murine FcmR ‘‘Mm_Faim3_1_SG QuantiTect Primer Assay’’ (#QT01066842, Qiagen), pIgR

‘‘Mm_Pigr_1_SG QuantiTect Primer Assay’’ (#QT00165046, Qiagen) and FcamR CF: CTCCCTTTCAGGTACAAATGCA; CR:

TCTGTGGAACGTCAGTGAGAGC (eurofins genomics, Germany).116
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rtPCR for Fcm Receptor in HUVEC and HSaVEC under static conditions. HUVECs and HSaVECs from early passage (P4 to 6) were

cultured under static conditions as described before. The RNA extraction, reverse transcription and qRT-PCR were performed as

described before. The following primer was used for the detection of the expression of the human FcmR: ‘‘Hs_FAIM3_1_SG

QuantiTect Primer Assay’’ (#QT00011221, Qiagen).

Western Blot
C57BL/6 mouse primary vein endothelial cells (MVEC) (#C57-6009, Cell Biologics) from early passage (P4 to 6), were cultured as

described before. Murine blood samples were taken by intracardiac puncture and subsequent anticoagulation with citrate. PBMC

cells were isolated by Ficoll density gradient (Ficoll� Paque Plus; GE Healthcare; #17-1440-02; Sigma). Diluted blood with PBS

(1:1) was layered on half volume of Ficoll, centrifuged for 30 minutes at 400g. PBMC layer was then collected and washed twice

with PBS. Cells were lysed in RIPA Lysis and Extraction Buffer (#89900; ThermoFisher). Cell lysates were cleared by centrifugation

and supernatant fractions were used for Western blot. Total protein concentration was measured (Pierce� BCA Protein Assay Kit;

#23225; ThermoFisher) and the equal amount of 40mg of proteins was used per sample for each assay. Cell lysates were resolved by

SDS-PAGE and transferred to nitrocellulose membranes (ThermoFisher). Blots were probed overnight at 4�C with the FcmR Ab

(FAIM3 Polyclonal Ab; 1:500, #bs-7527R; Bioss), and then probed with secondary HRP-linked Ab (1:5000) for 1 hour at room tem-

perature. Binding of the Ab to the blots was detected using a ‘‘Pierce� ECLWestern Blotting Substrate’’ (#32106; ThermoFisher). The

signal was revealed using a CURIX 60 X-ray film processor (AGFA).

Recombinant expression and purification of the murine complement inhibitor Crry
A codon optimized gene coding for the amino acid sequence of a soluble form of murine Crry (Uniprot Q64735 amino acids 64-400)

was ordered from Geneart. Potential N-glycosylation sites were removed by changing the consensus sequence of ‘NXS/T’ to ‘QXS/

T’. The obtained coding sequence for Crry was subcloned into the yeast expression vector pPICZaB (Invitrogen), using PstI and XbaI

restriction enzyme (New England Biolabs) sites, downstream of the alcohol oxidase (AOX1) promoter and behind the DNA coding for

the prepro-alpha-factor secretion signal. Subsequently KM71H P. pastoris cells (Invitrogen) were transformed with Sac I-linearised

plasmid (using electroporation and standard settings on a Biorad GenePulser). Selection of P. pastoris clones containing the expres-

sion plasmid was achieved by streaking transformed yeast onto YPDS (i.e. 1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v)

dextrose, 1 M D-sorbitol) plates containing 300 mg/ml Zeocin. One of the cell colonies that grew (30�C for three-four days) on these

antibiotic-containing plates was selected for protein expression.

Large-scale protein production was performed by high cell density fermentation using a Minifors (from INFORS HT) bioreactor

equipped with a 5-l cylindrical fermentor vessel following the expression protocol as detailed in a previous report with small

modifications.87

Protein capture and purification was performed after centrifugation and filtration (0.22 mm filter) to remove cells and after addition of

EDTA and PMSF to final concentrations of 5 and 0.5 mM as well as 3 protease inhibitor cocktail tablets (cOmplete ULTRA tablets from

Roche). The fermentor supernatant was diluted one-in-five with distilled water with the pH being adjusted to 4.0 prior to application to a

prepacked PorosHS column (fromApplied Biosystems) using the sample pumpof anNGCmedium-pressure chromatography systems

(from BioRad). After washing with equilibration buffer (sodium acetate buffer at pH 4.0 containing 5mMEDTA), elution was achieved by

applying a linear towards the same buffer that had been supplemented with 1M NaCl. Fractions containing protein were pooled and

submitted to further purification which included i) a high resolution cation exchange chromatography utilizing a MonoS column (GE

life sciences) at pH 5.0, ii) size exclusion chromatography step using a HiLoad Superdex 26/600 200 pg column (GE life sciences) equil-

ibrated in PBS and finally iii) reversed phase chromatography step utilizing a ReproSil-XR 300 C4, 5 mm; 250 mm x 10 mm column

(Dr. Maisch) on which the protein was loaded in PBS and elution was achieved by applying a linear gradient from aqua ad iniectabilia

supplemented with 0.1 % TFA to a solution containing 70 % acetonitrile in aqua ad iniectabilia supplemented 0.085 % TFA (data not

shown). Fractions containing very poor Crry were pooled and shock frozen in liquid nitrogen. The frozen protein pellet was lyophilized

and dissolved in sterile, endotoxin free PBS. Relative absence of endotoxins (less than 0.05 EU/ml) was confirmedmeasuring the endo-

toxin concentrations of the re-constituted protein by EndoLISA� (from Hyglos GmbH).

NETosis assay
To isolate platelets and neutrophils citrated whole blood was collected by cardiac puncture from mice. Neutrophils were purified

from whole blood using an isolation kit (miltenyi biotec, #130-097-658). To analyze the impact of complement components and

platelets on the appearance of NETs, platelet-rich plasma was collected by centrifugation for 20 min at 70g. To maintain pro-

portions, close to those in vivo, we used a platelet neutrophil ratio of 200:1. Final platelet concentration was titrated to 150.000/

ml. To stabilize DNA 20 mg/ml aprotinin was added to the solution. To obtain balanced electrolyte concentrations calcium and

magnesium were substituted to reach physiologic concentrations (1mmol/l). Platelets were stimulated by a PAR4-activator (Ala-

Tyr-Pro-Gly-Lys-Phe-NH2 trifluoroacetate salt; 0,68g/l, #A3227-1MG, Sigma Aldrich). The coincubation of platelets and neutro-

phils were performed in eight well chambers (Nunc� Lab-Tek� II - CC2� Chamber Slide� system 8 wells, #S6815, Merck)

covered with Polylysin (#A-005-C, EMD Millipore) for 3 hours at 37�C in a 5% CO2-atmosphere. Then the samples were fixed

with 4% formaldehyde for 6 minutes. For NET detection DNA was stained with Hoechst 33342 (Invitrogen) combined with MPO

(DAKO; #A0398; isotype: rabbit IgG). Image acquisition was carried out by using a Zeiss Axio imager microscope with an

AxioCam.
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SARS-CoV-2 infection mouse model combined with C1q and C3 complement component depletion
The SARS-CoV-2 infection mousemodel was performed as previously described.85,86 C1q depleting Ab (200 mg, RmC 7H8. rat IgG1)

was injected i.v. and cobra venom factor for C3 depletion (50 mg, Quidel) was injected i.p. at different time points as described in the

scheme in in Figure S5G. Isotype rat IgG1 (200 mg, TNP6A7, bioxcell) or PBS served as control.

Interaction of murine IgG immune complexes with FcmR-GFP Hek cells
IgG-IC were generated from TNP-conjugated BSA (TNP-33-BSA, Biosearch Technologies) and TNP-specific murine IgG1 (clone

7B4). 10mg/ml of IgG-IC were incubated with 100,000 cells for 60min at 60rpm on ice. After removal of unbound complexes by

washing, cells were incubated with PE-conjugated goat anti-mouse IgG-Fc F(ab)2 (Jackson Immunoresearch) to detect bound

IgG-IC on a BD flow cytometry CantoII instrument. Median fluorescence intensities were quantified and background binding to

non-Toso expressing cells was subtracted from binding to FcmR expressing cells to obtain DMFI.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are shown as mean ± s.e.m. unless indicated otherwise. Experiments were analyzed using two-tailed unpaired two-sample

t-test, paired t-test, ANOVA followed by LSD-post hoc-test, Tukey’s Multiple Comparison Test, or Fisher exact test as indicated. A

value of P<0.05 was considered significant. All analyses were performed using SigmaPlot or GraphPad.
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