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Abstract

Background: Red blood cells (RBCs) are important constituents of venous clots and
contribute to thrombus size and stability. However, it remains unclear whether and
how RBCs affect the thrombus. Transglutaminase (TG)2), a protein with similar ac-
tivity to factor Xllla, may influence thrombus characteristics.

Objectives: We explored whether RBC-derived TG2 influences thrombus character-
istics using a novel approach involving TG2 knockout (KO) RBCs.

Methods: Inhibitors and TG2 KO RBCs were used in clotting assays. In vitro-generated
clots were analyzed using advanced microscopy techniques to quantify the fibrin
network. Whole blood clotting kinetics were assessed by thrombin generation assay
and thromboelastography. Vesiculation was assessed using microparticle flow
cytometry.

Results: Our study showed clots formed with TG2 KO RBCs or upon TG2 inhibition
displayed fewer and thinner fibrin fibers at the clot surface. Inhibition of TG2 further
revealed a redistribution of fibrin away from the clot surface toward deeper regions.
Functionally, TG2 inhibition accelerated thrombin generation and clot formation, as
shown by shortened lag time in thrombin generation assay and faster kinetics in
thromboelastography. A normal fibrin density was observed in clots treated with the
TG2 inhibitor after addition of RBC-derived extracellular vesicles (EVs). Moreover,
TG2 inhibition increased EV formation, associated with more phosphatidylserine
exposure on RBC membranes.

Conclusion: TG2 activity within RBCs plays a specific role in modulating EV formation,
which in turn influences the fibrin structure and spatial distribution within blood clots.
Absence of TG2 activity leads to more EV formation, promoting faster thrombin
generation and clot formation, suggesting a regulatory role for TG2 in coagulation
kinetics.

© 2025 The Authors. Published by Elsevier Inc. on behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Essentials

o We examined the role of TG2 expressed by RBCs in clotting.

1 | INTRODUCTION

Hemostasis is essential for preventing blood leakage from damaged
vessels, but disturbances can cause bleeding or thrombosis. Throm-
bosis is a vascular event that involves undesired clotting of blood
within vessels resulting in an obstruction in the veins or arteries.
Upon vessel damage, platelets adhere and aggregate to form a
platelet plug (primary hemostasis), which is then strengthened by the
formation of the fibrin network (secondary hemostasis) [1]. The for-
mation of the fibrin network is initiated by the coagulation cascade,
leading to the formation of thrombin, which is the central enzyme of
the coagulation cascade and responsible for the conversion of
fibrinogen into fibrin [2,3].

The overall pathophysiology of venous thromboembolism (VTE) is
still incompletely understood, and VTE remains a life-threatening dis-
ease that affects 1 to 2 individuals per 1000 adults annually [4,5]. Most
studies focus on the role of platelets and coagulation factors [6-10].
Despite the fact that a venous clot mainly consists of red blood cells

(RBCs), only limited research has been conducted on the role of RBCs

extracellular vesicles, fibrin, red blood cells, transglutaminase 2, venous thrombosis

We used inhibitors as well as gene-edited RBCs to study the role of RBC-derived TG2 in clotting.
TG2 activity modulates EV formation in RBC, which influences thrombin generation.

Loss of TG2 function or expression in RBCs changes the structure of the fibrin network.

in VTE pathology. RBCs reduce thrombus permeability [11] and in-
crease resistance to fibrinolysis [12]. For a long time, RBCs were
viewed as innocent bystanders in the clotting process. Nonetheless, a
steadily increasing body of evidence suggests a more complicated
relationship between RBCs and thrombosis [13-18]. For example,
RBCs contribute to the size of a thrombus. In addition, there is an
increased risk of thrombosis after RBC transfusion [19,20].
Coagulation factor (F)Xlll(a), a member of the transglutaminase
family, functions as a clot stabilizing factor by crosslinking a- and
y-chains of fibrin monomers during thrombus formation [21]. RBCs
express high levels of transglutaminase (TG)2, a protein with an ac-
tivity highly homologous to FXllla, as it can also mediate protein
crosslinking via transamidation [22]. It is established that TG2 con-
tributes to the preservation and stabilization of the RBC membrane
skeleton by catalyzing crosslinking reactions among fundamental
membrane proteins, including spectrin, actin, ankyrin, and band 3 [23].
In this study, we explored the role of RBC-derived TG2 in thrombus
formation using static in vitro models designed to mimic key features of

RBC-rich clots typically observed in venous thrombosis.
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2 | METHODS

2.1 | Blood samples and RBC isolation

Citrated venous blood was obtained from healthy volunteers after
informed consent. This study was approved by the Medical Ethical
Committee of Sanquin Research and was performed in accordance
with the 2013 Declaration of Helsinki. The platelet-rich plasma was
collected and stored at room temperature for 2 to 4 hours prior to
use. RBCs were isolated by whole blood centrifugation (15 minutes,
210g). RBCs were washed in saline-adenine-glucose-mannitol buffer
(150 mM NacCl, 1.25 mM adenine, 50 mM glucose, 29 mM mannitol,
pH 5.6; Fresenius Kabi) and stored at 4 °C for a maximum of 4 hours
before further processing.

2.2 | Preparation of clots

To allow treatment of RBCs with different inhibitors, reconstituted
blood was used for inhibitor and knockout (KO) experiments. Two
inhibitors with distinct properties were used. T101 (10 uM; Zedira) is
a reversible, broad-spectrum TG inhibitor, including FXllla, which
acts extracellularly due to its lack of membrane permeability. In
contrast, Z-DON (80 pM; Zedira) is an irreversible, TG2-specific in-
hibitor that is membrane permeable and does not inhibit FXIlla, even
extracellularly. Isolated RBCs treated with either T101 or Z-DON for
30 minutes at 37 °C were handled differently before clot induction:
T101-treated RBCs were not washed due to the reversible nature of
the inhibitor, whereas Z-DON-treated RBCs were washed after
treatment to remove any residual inhibitor. All incubations and
washings steps were performed in HEPES™ buffer, which is HEPES
buffer (20 mM 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid
[HEPES], 132 mM NaCl, 6 mM KCI, 1 mM MgSO,, 1.2 mM K,HPOy;
pH 7.4) supplemented with 5 g/L human albumin (Sanquin Plasma
Products), 5.5 mM D-glucose and 1 mM CaCl,. Clot formation was
initiated by adding tissue factor (TF; Innovin; Siemens Healthineers)
and CaCl, at final concentrations of 1 pM and 17 mM, respectively. In
the phospholipid experiments, a phospholipid-TGT mix (0.1 mM;
Rossix) was added to whole blood prior to clot formation.

2.3 | Generation of TG2 KO RBCs

Hematopoietic stem (CD34") cells were isolated from mobilized pe-
ripheral blood obtained from leukapheresis material after informed
consent. CD34" cells were collected according to the guidelines of
NetCord FACT (by the Sanquin Cord Blood bank, Netherlands). TG2
and CD45 KOs were generated, using CRISPR-Cas9, as previously
reported by Verhagen et al. [24]. In short, synthetic crRNAs (IDT) were
annealed to a synthetic scaffold RNA (tracrRNA; IDT) for 5 minutes at
95 °C; 50 pg spCas9-3xNLS (produced in house) [24] was added to the
guide RNA and incubated for 15 minutes at room temperature. Cells

were nucleofected in a homemade buffer (5 mM KCI, 15 mM MgCl,,

sssssssssssssssss

120 mM NayHPO4/NaH,POy4; pH 7.2, and 50 mM mannitol) [25].
Nucleofections were performed using a P4 nucleofector and 16-wells
nucleofection strips (Lonza Bioscience). KO efficiency was determined
by Western blot or flow cytometry. TG2 and CD45 KO cells were
generated with the following guides: GTGCTGGGTCTTCGCCGCCG
(TG2) and GAGGATCCTCAGGCACCCCG (CD45). CD45 is a protein
expressed in early-stage RBCs but absent in mature reticulocytes,
making this a suitable negative control. Erythroblast expansion and
differentiation was performed as previously described [26]. Cultured
RBCs (20 x 10°) were used to form 5 pL clots by adding fresh human
citrated plasma with TF (1 pM) and calcium ions (17 mM CacCl,).

2.4 | Flow cytometry

Cells were harvested (200,000 cells/well) and washed in HEPES™.
Cells were incubated with an antibody mix containing CD235a-PE
(0.1 pg/mL; BD Bioscience), CD71-VioBlue (1:200; MiltenyiBiotec),
and DRAQ-5 (2.5 pM; Abcam) for 30 minutes at 4 °C. After washing,
10,000 events were recorded by flow cytometry (Canto II-F60 ma-
chine; BD Biosciences). Data analysis was performed with Flowjo
7.2.5 software (FlowJo v10; Tree Star).

2.5 | Phosphatidylserine detection

Isolated RBCs or cultured RBCs were stained with annexin V FITC
(0.3 ug/mL; BD Biosciences) in HEPES™ buffer containing 2.5 mM
CaCl,. Staining was performed for 30 minutes at 4 °C. EGTA (0.1
mM) was used as negative control for the annexin V staining. Flow
cytometry was used to assess the binding of annexin V.

2.6 | Immunofluorescence staining of cells for
microscopy

Antibody staining was performed for 30 minutes at 4 °C in HEPES™
buffer. Vybrant DiD (2 pM; ThermoFisher) staining was done at 37
°C. In all experiments, 40 pg/mL Alexa488-labeled fibrinogen (Ther-
moFisher) was added to the samples.

2.7 | Confocal light microscopy

Three-dimensional (3D) images of blood clots were acquired with
Leica TCS SP8 confocal microscope using a 63x objective. Confocal
imaging was performed in 16-well chambers (Ibidi). Image resolution
was set at 1024 x 1024 pixels, equivalent to a pixel size of 60.1 nm.
Additionally, 1 pm interval was applied for the acquisition of Z-stack
images. Live cell imaging was performed with the same microscope
with resonant scanning at 37 °C, 5% CO.,.
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2.8 | Scanning electron microscopy

Whole blood clots were formed as described previously. Samples were
fixed for 24 hours in 2% glutaraldehyde solution (Sigma-Aldrich). The
samples were rinsed in cacodylate buffer (150 mM sodium chloride, 50
mM cacodylate [Sigma-Aldrich]; pH 7.4), dehydrated in increasing con-
centration of ethanol (10%-100%), dried with hexamethyldisilane
(Sigma-Aldrich), and sputter-coated with gold particles for 3 minutes.
Some thrombi were cut prior to the sputter coating so that the interior
could be imaged as well. Samples were imaged with a Helios NANOLAB
650 scanning electron microscope (FEI) at 10 kV. Unless indicated
differently, all images were obtained with 46,000x magnification (pixel
size, 6.7 nm), encompassing 6 randomly selected regions across 5
healthy donors.

2.9 | Extracellular vesicle isolation and analysis
RBC vesiculation was induced with 5 pM ionomycin (A23187; Sigma-
Aldrich). RBCs were stimulated for 20 minutes at 37 °C in HEPES™. Sub-
sequently, RBC-derived extracellular vesicles (EVs) were isolated using
multiple ultracentrifugation steps (300, 2000, 10,000, and 100,000 g) [27].
Samples were analyzed by calibrated flow cytometry (Apogee A60- Micro;
Apogee Flow Systems, UK). Rosetta Calibration v2.04 (Exometry, The
Netherlands) was used to link particle size to flow cytometry scatter signals,
and MATLAB R2020b was used to determine their concentration [28].

2.10 |
lysis

Tissue plasminogen activator-induced clot

Clot lysis of contracted blood clots was initiated with 200 ng/mL of
tissue plasminogen activator (tPA; Actilyse) from Boehringer Ingelheim
Gmbh and imaged for 3 hours in HEPES™ at 37 °C. RBCs were labeled
with DiD (2 pM), and Alexa488-labeled fibrinogen was used to visualize
fibrin in contracted clots. Confocal microscopy was used to follow clot
lysis in real time.

2.11 | AQuantification and statistical analysis

Both data representation and analysis were performed with Graph-
pad Prism 9.1.0 (221; Graphpad Software). The shown significances
are derived from either unpaired t-tests or analysis of variance
(aNnovaA) analyses: ns = not significant or P > .05; *P < .05; **P < .01;
P < .001; ****P < .0001.

2.12 | Additional methods

Additional methods can be found in the Supplemental Methods.

3 | RESULTS

3.1 | TG2 inhibition alters the structure of the fibrin
network during clot contraction

Our study focused on understanding how RBC-derived TG2 in-
fluences the properties of RBCs in the context of clot formation,
using 2 inhibitors with distinct properties to assess these effects. The
following inhibitors were used: T101 (inhibits FXllla and other TG)
and Z-DON (specific TG2 inhibitor). To confirm the specificity of Z-
DON, FXIII activity was measured in normal human plasma in the
presence or absence of T101 and Z-DON. FXIII activity was reduced
by ~92.8% upon T101 treatment, whereas Z-DON had no effect
(Supplementary Figure 1). To assess Z-DON’s cytotoxic effects, RBC
deformability was analyzed. The results showed matching deform-
ability profiles of Z-DON-treated samples and untreated controls
(Supplementary Figure 2A), indicating no impact on RBC membrane
integrity or flexibility. Additionally, critical deformability metrics (eg,
Elmax, Omin, and Ohyper) showed no difference between groups
(Supplementary Figure 2B).

Blood clots formed in the presence of T101 retained fewer RBCs
and the total weight of the thrombus was significantly reduced by
34% (Supplementary Figure 3) compared with the untreated clots, as
was previously described [10,29]. On the surface of normal con-
tracted clots, both fibrin and RBCs were present (Figure 1A, D). Large
differences in clot structure were observed when T101 inhibitor was
present during clot formation. The contracted clot was encapsulated
by a dense layer of fibrin (Figure 1B, E) and the diameter of the fibrin
fibers was decreased by 11% (Figure 1G). Additionally, clots that
were formed in the presence of T101 mainly contained biconcave-
shaped RBCs (75% + 9%) in the center of the clot while
polyhedron-shaped RBCs (41% + 20%) were observed in control
clots (Figure 2A and Supplementary Figure 4).

The presence of Z-DON resulted in clots with fewer and thinner
fibrin fibers (Figure 1C, F) in the outer layers of the clot. Analysis of
3D images showed a significant decrease in both the fibrin density
and fiber length (cumulative length of all fibrin fibers within the
analyzed volume of the clot) at the surface of blood clots treated with
Z-DON (Figure 1G), with a 1.5-fold and 1.8-fold reduction, respec-
tively. Additionally, a larger average pore size was detected on the
exterior of Z-DON-treated blood clots, indicating the formation of a
less dense clot. Quantification of extruded RBCs, which is an indi-
cation of clot size, showed no differences between control and Z-
DON-treated clots (Supplementary Figure 5). The fibrin diameter of
Z-DON-treated clots on the exterior was 120 + 6 nm, which is
significantly less (1.3-fold) than that in untreated clots (diameter of
160 £+ 10 nm; P = <.0001) (Figure 1G). As shown in Figure 2A, the
scanning electron microscopy (SEM) images of the core of the clots
revealed fibrin strands in the Z-DON-treated sample, while the un-
treated clots showed a less pronounced fibrin presence. Additionally,
the SEM images also revealed that polyhedrocyte formation was
unaffected in the sample treated with Z-DON. However, further

examination of the fibrin network with confocal microscopy on thin
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FIGURE 1 Effects of factor (F)Xllla and transglutaminase (TG)2 inhibitors on blood clot structure. (A-C) scanning electron microscopy
(SEM) images of the exterior (surface) of contracted blood clots that were formed in the absence (A) or presence of a FXllla inhibitor (T101)
(B) or a TG2 inhibitor (Z-DON) (C). (D-F) Confocal images of the exterior of blood clots formed in the absence (D) or presence of T101 (E) or
Z-DON (F). Z-stacks were generated with a standard Z-step size of 1 pm. Fibrin is depicted in green, and red blood cells are stained purple
(CD235a Alexa647). (G) Quantification of fibrin properties from confocal images (7 healthy donors) and SEM images (5 healthy donors) using
Fiji. For confocal images, the analysis included measurements of fibrin density, total fiber length, and mean pore size of the fibrin network.
Fibrin diameter measurements were specifically performed on SEM images.
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A Control

FIGURE 2 Visualization of fibrin localization. (A) Scanning electron microscopy (SEM) images of the central core region of whole blood
clots. Data are representative of 5 independent experiments. (B, C) Thin whole blood clots between 2 coverslips imaged by confocal
microscopy (Leica SP8; objective 63x). Z-stack projections of untreated blood clots (B) and Z-DON-treated blood clots (C) showing the
heterogeneity of the fibrin network at O, 3, and 5 pm distance from the glass slide. Alexa488-labeled fibrinogen was added to the clots to
visualize the fibrin network. Data are representative of 3 healthy donors. (D) Quantification of fibrin diameter comparing clot surface and
deeper regions in Z-DON-treated blood clots (n = 5). (E) A high-magnification image of a red blood cell interacting with the fibrin network
(indicated by red arrows) in the absence (left image) or presence (right image) of Z-DON. Representative images of n = 5.

clots formed between 2 coverslips, which allowed more visualization
beyond the surface, revealed a redistribution of fibrin away from the
Z-DON-treated clots 2B, C and
Supplementary Figure 6), whereas untreated clots displayed a more

clot surface in (Figure
heterogeneous fibrin distribution. In Z-DON-treated clots, the fibrin
diameter at the edge (120 £ 6 nm) was significantly smaller than that
in the central core region of the clot (184 4+ 22 nm) (Figure 2D).
Lastly, high-magnification SEM images indicated that fewer fibrin
strands appeared to be associated with the RBCs in the presence of
Z-DON than those in the control clot (Figure 2E).

3.2 | Generation and validation of TG2 KO cells
TG2 KO RBCs were generated from CD34" cells and the growth and
differentiation process toward RBCs was evaluated. No differences
were observed in the growth (Supplementary Figure 7) and differ-
entiation between wildt-ype (WT) and TG2 KO RBCs. During dif-
ferentiation, a decrease of CD71 and an increase of CD235a was
observed, resulting in mature RBCs (Figure 3A, B). In addition,
cytospins of both wild-type (WT) and TG2 KO cells showed similar
phenotypes and indicated the presence of enucleated cells.
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(continued).

TG2 expression in cultured RBCs was reduced to 5% of control
levels (Figure 3C), and these TG2 KO RBCs were used to study the
effect of TG2 on clot formation. In the absence of TG2 expression, a
less dense fibrin network was observed on the exterior of the clots
(Figure 3D, E), supporting the findings using the TG2 inhibitor
(Figure 1C, F). To ensure that this effect was specific to TG2
knockout and not caused by the CRISPR editing process, a CRISPR
control was included. Clots formed with CRISPR control RBCs dis-
played fibrin networks similar to those of WT RBCs, indicating that
the changes in fibrin structure on the exterior was associated with
the absence of TG2. Moreover, mixing TG2 KO RBCs with WT cells in
different ratios resulted in a dose-dependent response of the fibrin
density at the clot exterior region (Supplementary Figure 8). Using
TG2 KO RBCs, our data demonstrate that the observed effects on

. 7 of 17
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fibrin structure at the surface during clot formation are specifically
driven by RBC-derived TG2, rather than TG2 from other cell types.

3.3 | Effect of platelets on fibrin density in the
presence of TG2 inhibition

During clot contraction, platelets generate the forces necessary to
contract the clot and form an impermeable mass. To study the
function of RBC-derived TG2 during clot contraction, clots were
formed in the absence or presence of platelets.

A less dense fibrin meshwork was observed at the clot exterior
when TG2 activity was inhibited, but only when platelets were pre-
sent (Figure 4A, B and Supplementary Figure 9). In contrast, the fibrin
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FIGURE 3 Expression of CD71/CD235a and DRAQ-5 at day 12 of erythroblast differentiation to determine the maturation and

enucleation of (A) the wild-type (WT) cells and (B) the transglutaminase (TG)2 knockout (KO) cells. DRAQ-5 staining was used to indicate the
presence of nuclei. Western blot was used to determine the KO efficiency of TG2 (indicated in red) and a loading control of GAPDH (in green)
(C). (D) Confocal images of clot surfaces from TG2 KO (middle image), WT (left image), and CRISPR control (right image). Fibrin is stained with
Alexa488 (green), while red blood cells (RBCs) were stained with CD235a Alexa647 (purple). (E) Quantification of fibrin density and area at
the clot surface. In the absence of TG2 expression, the mean area of fibrin as well as the fibrin coverage were significantly reduced, resulting in
a less dense fibrin network at the outer regions of the clot. Fibrin quantification of the confocal images was performed using Fiji. Data were

collected from 4 different donors.
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FIGURE 4 Fibrin density in clots in the absence or presence of platelets. (A) 3D confocal images of the surface of clots formed with (upper
panels) and without platelets (lower panels), demonstrating that the Z-DON-induced reduction in fibrin density is only observed when
platelets are present. Fibrin is depicted in green (stained with Alexa488-labeled fibrinogen) and red blood cells (RBCs) in purple (stained with
DiD). Images were acquired from the external regions of the clots. Z-stacks were collected with a standard Z-step size of 1 pm. Data were
collected from n = 5 donors, with 1 representative experiment shown. (B) Graph of fibrin density quantification from confocal images of the
clots exterior formed with platelet-rich plasma or platelet-poor plasma in the absence or presence of Z-DON. (C) Confocal images of clots
surface regions formed with transglutaminase (TG)2 KO RBCs in the presence (upper images) and absence (bottom images) of platelets.
Images were acquired using a Leica SP8 confocal microscope with a 63x oil immersion objective, a standard Z-step size of 1 pm, and a pixel
size of 60.1 nm. Scale bar, 20 um. Data were collected from 4 donors, with 1 representative experiment shown. (D) Fibrin density
quantification graph from clots formed with TG2 KO RBCs, comparing conditions with and without platelets. Data are shown as mean + SD;
ANOVA analyses were performed. Additional details on Z-stack acquisition and analysis are provided in the Supplementary Information. (E) TG2
release from RBCs under various conditions. Western blot analysis was performed to detect TG2 under different experimental conditions:
RBCs before clotting, RBCs after clotting, and tissue plasminogen activator (tPA)-induced lysis, serum after clotting, RBCs subjected to
centrifugation to mimic platelet forces, supernatant after centrifugation, plasma before clotting, plasma after clotting, and serum after plasma
clot formation. Plasma samples were included as a baseline to detect TG2 originating from platelets. For conditions containing RBCs, 1 million
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structure at the clot exterior of platelet-depleted samples was un-
affected by TG2 inhibition with Z-DON (Figure 4A, B and
Supplementary Figure 10). Comparable results were obtained using
TG2 KO RBCs (Figure 4C, D). Collectively, these results may suggest
that the mechanical forces exerted by platelets contribute to the
effects of TG2 inhibition on fibrin localization within the clot.

Since platelets generate significant forces during clot contrac-
tion, it raises the possibility that these forces might induce the
release of TG2 from RBCs, potentially allowing TG2 to act extra-
cellularly and influence fibrin structure. Previous studies have
demonstrated that TG2 can crosslink fibrin(ogen) extracellularly, in-
dependent of thrombin-mediated fibrin polymerization [30,31].

To test this hypothesis and determine whether TG2 is released
from RBCs due to platelet-generated mechanical forces during clot
contraction, we performed a Western blot analysis under various
conditions, including RBCs before clotting, RBCs after clotting and
tPA-induced lysis, serum after clotting, RBCs subjected to centrifu-
gation to mimic platelet forces, supernatant after centrifugation,
plasma before clotting, plasma after clotting, and serum after plasma
clot formation (Figure 4E). Plasma samples were included to establish
a baseline of TG2 levels originating from platelets. Our results
revealed no detectable differences in TG2 expression on RBCs, after
clot formation or simulated mechanical forces. Specifically, there was
no reduction in TG2 expression on RBCs, which would suggest TG2
leakage, nor was substantial TG2 detected in the supernatants,
serum, or plasma samples. These findings indicate that TG2 does not
leak from RBCs during clot contraction and therefore does not exert
extracellular effects under these conditions. Instead, the role of TG2
in modulating clot structure appears to be confined to its intracellular
activity. Collectively, our findings suggest that TG2 inhibition impacts
fibrin organization specifically in the presence of platelets, likely due
to the interaction of platelet-mediated mechanical forces with TG2’s
role in RBC membrane stability.

3.4 | Effect of Z-DON on fibrin formation induced
by different coagulation activators

Next, we studied the effect of Z-DON on the extrinsic and intrinsic
coagulation pathways by inducing clot formation with different ac-
tivators. The activators that were assessed included batroxobin,
acting as a thrombin-like enzyme (2 nM), low (1 pM) and high (20 pM)
concentrations of TF, and thrombin (5 nM). Fibrin structure was
assessed at the clot surface by confocal microscopy. In contrast to
the situation with a low concentration of TF (Figure 1), the absence of
TG2 activity did not alter the fibrin structure induced by batroxabin,
thrombin, or a high concentration of TF (Figure 5A, B).

3.5 | TG2 inhibition enhances thrombin generation
and clot initiation

To further investigate the mechanistic basis for TG2 inhibition on clot
formation, we performed TF-initiated thromboelastography (TEG)
and whole blood thrombin generation assays (TGA) with Z-DON
alone or combined with blocking antibodies against coagulation FVIII
and FIX. Z-DON treatment alone resulted in an approximately 30%
shorter reaction time in TEG (Figure 6A, B) and accelerated thrombin
generation, reflected by a reduced lag time, increased peak, and
increased velocity index in TGA (Figure 6D, F), indicating enhanced
coagulation. When Z-DON was combined with anti-FVIII/FIX
antibodies, clot formation still began earlier than with anti-FVIII/
FIX alone (Figure 6A, C); the reaction time was reduced by 16%.
Similarly, thrombin generation was also accelerated under antibody-
treated conditions (Figure 6E, G). These findings suggest that the
effect of Z-DON is not solely dependent on feedback loops involving
these factors but rather occurs downstream of FVIII and FIX.
Thrombolysis was similarly accelerated by anti-FVIII/FIX with or
without Z-DON (Figure 6B, C). In contrast, no difference in clot
initiation was observed in TEG when clots were initiated using 10 pM
TF, indicating that the Z-DON effect is diminished under high coag-
ulation initiation conditions (Supplementary Figure 11).

To further test whether TG2 directly influences thrombin
generation via extracellular activity, we added recombinant human
TG2 to whole blood TGA. This had no effect on lag time or peak
thrombin generation compared with untreated controls, confirming
that extracellular TG2 alone does not alter thrombin kinetics
(Figure 6D-G). Consistent with this, Z-DON had no detectable effect
on thrombin generation in pooled plasma lacking cellular compo-
nents, supporting its cell-dependent mechanism of action (data not

shown).

3.6 | Inhibition of TG2 activity alters RBC-derived
EV formation

Next, we investigated whether RBC-derived TG2 affects the fibrin
network via the formation of RBC-derived EVs. Adding phospholipids
increased fibrin density in Z-DON-treated clots (Figure 7A, B).
Second, the addition of freshly isolated RBC-derived EVs to the
Z-DON-treated RBCs restored fibrin density to levels comparable
with those of untreated clots (Figure 7A-C). Finally, the concentra-
tion and size of the RBC-derived EVs increased upon stimulation with
the calcium ionophore ionomycin and further increased in the sam-
ples treated with Z-DON (Figure 7D, Supplementary Figure 12). The
addition of Z-DON to unstimulated RBCs already showed a

RBCs were loaded per sample. The results showed no decrease in TG2 expression in RBCs after clot formation, simulated platelet forces, or
clot lysis, and no detectable TG2 was observed in supernatants, serum, or plasma. These findings indicate that TG2 remains in RBCs and does

not leak extracellularly during clot formation or dissolution.
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FIGURE 5 (A) 3D confocal images of the clot surface after activation with thrombin (5 nM), batroxobin (2 nM), and a high concentration

(20 pM) of tissue factor (TF). The presence of Z-DON did not alter the structure of the fibrin network when initiated by thrombin, batroxobin,
or high TF concentration. Fibrin is depicted in Alexa488, and red blood cells (RBCs) were labeled with DiD. Tile scan images were acquired
using a Leica SP8 confocal microscope with a 63x oil objective and a standard Z-step size of 1 um. (B) Fibrin quantification from confocal
images of clot surfaces was performed using Fiji. Scale bar, 100 pm. Data are from 3 independent donors.

difference in EV formation compared with the untreated RBCs.
Phosphatidylserine (PS) exposure on the RBC membrane was
increased in RBCs treated with both ionomycin and Z-DON
(Figure 7E). These findings were also supported by TG2 KO RBCs,
which showed an increased exposure of PS when stimulated with
ionomycin for 15 minutes (Figure 7F). Together, these data suggest
that TG2 regulates vesiculation and PS exposure, which may underlie

the accelerated thrombin generation observed with TG2 inhibition.
3.7 | TG2 plays a role in RBC membrane stability
during clot lysis

The contribution of TG2 to the stability of the RBC membrane during

thrombus dissolution is evident from the faster diffusion of DiD

staining (a fluorescent marker for membranes) observed during live
cell imaging in the presence of Z-DON (Supplementary Videos 1 and
2) compared with that of the untreated control. Quantification of DiD
fluorescence intensity profiles over time demonstrated significantly
in Z-DON-treated clots than untreated clots

(Supplementary Figure 13), indicating compromised RBC membrane

faster diffusion

stability. In Z-DON-treated clots, DiD staining revealed large bright
clusters that were absent in untreated clots, where the staining was
uniform. These bright clusters likely represent aggregated membrane
fragments or EVs, reflecting increased vesiculation and membrane
destabilization due to TG2 inhibition. This aligns with TG2’s role in
reinforcing membrane integrity, where its inhibition leads to quicker
membrane destabilization [24]. Our data do not indicate a loss of
membrane integrity during the initial stages of clot formation or
retraction, as no differences in DiD staining were observed after 3
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FIGURE 6 Transglutaminase (TG)2 inhibition enhances thrombin generation and clot formation in whole blood, even when factor (F)VIII/
FIX activity is impaired. (A) Representative whole blood thromboelastography (TEG) treated with Z-DON (25 and 50 puM), anti-FVIII/FIX
antibodies, or the combination of both, using 0.5 pM TF to initiate clotting. (B) Quantification of TEG parameters including reaction time (R),
clotting angle, maximum amplitude (MA), and clot lysis time (CLT). (C) Quantification of TEG parameters in the presence of anti-FVIII/FIX
antibodies. Z-DON significantly reduced reaction time compared with controls, both alone and with antibody treatment, indicating faster clot
initiation. (D) Whole blood thrombin generation in the absence of anti-FVIII/FIX antibodies, showing enhanced thrombin generation with Z-
DON. (E) Whole blood thrombin generation curve in the presence of anti-FVIII/FIX antibodies demonstrate that Z-DON retains its
procoagulant effect under reduced intrinsic pathway amplification. (F) Quantification of whole blood thrombin generation parameters:
endogenous thrombin potential (ETP), thrombin peak (nM), lag time, and velocity index (VI, nM/min) from D). (G) Quantification of whole

blood thrombin generation parameters in the presence of anti-FVIII/FIX from panel (D). Data represent n = 6 for TEG and n = 4 for TGA.

hours of clot incubation across all conditions. This loss of staining is both conditions, showing no dye diffusion. Furthermore, following

not due to photobleaching or a direct effect of Z-DON, as confirmed thrombus dissolution, a higher count of so-called ghost RBCs (RBCs

by imaging whole blood without clot formation and without tPA in devoid of hemoglobin due to membrane rupture) was detected in
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FIGURE 7 Effect of red blood cell
(RBC)-derived EVs on clot formation. (A)
Confocal images of whole blood clots
supplemented with or without RBC-
derived EVs and with or without Z-DON. A
commercial phospholipid mix was
evaluated. Both fibrin and RBCs were
stained with Fbg-Alexa488 and DiD,
respectively. (B) Fibrin quantification of the
confocal images was performed using Fiji.
A significant increase in fibrin density was
observed upon phospholipid addition in Z-
DON-treated clots, while no significant
effect was observed in control clots. (C)
Confocal images of whole blood treated
with or without Z-DON and in the
presence of RBC-derived EVs. Images were
acquired with a Leica SP8 confocal
microscope using a 63x oil objective and a
standard Z-step size of 1 pm. (D, E) RBC-
derived EVs were measured by
microparticle flow cytometry (Apogee).
RBCs were labeled with streptavidin-
Alexabé47 before ionomycin stimulation.
Annexin V staining was performed to
determine the phosphatidylserine (PS)
exposure on EVs and RBCs. Data were
collected from 6 donors. (F) Annexin V
binding to PS on cultured RBCs and
cultured transglutaminase (TG)2 KO RBCs
after ionomycin incubation (15 minutes).
The percentage of annexin V-positive cells
is shown in the upper graph, and the mean
fluorescent intensity (MFI) is shown in the
lower graph. EGTA is used as a negative
control for the annexin V staining. Data
were collected from 5 donors.
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FIGURE 7 (continued).

samples treated with Z-DON, with these accounting for an average of
71% of the total RBC population observed, as shown in Figure 8. This,
therefore, suggests that TG2 has a crucial function in preserving the

integrity of the RBC cell membrane during clot lysis.

4 | DISCUSSION

Our study identifies a novel role for RBC-derived TG2 in clot for-
mation, moving beyond the traditional view of RBCs as passive par-
ticipants in coagulation. Several recent studies have challenged this
outdated view, highlighting RBCs as active contributors to throm-
bosis through interactions with fibrin, platelet aggregates, and
thrombin generation pathways [12,15,32,33]. The similarity in enzy-
matic activity between TG2 and FXIII provided the foundation for our
investigations. While TG2 shares enzymatic properties with FXIII
[23,34], our findings demonstrate that TG2 influences coagulation
through mechanisms distinct from FXIII, particularly by modulating
RBC membrane properties and vesiculation [23].

Using both pharmacological inhibition and genetic knockout of
TG2, we demonstrated that RBC-derived TG2 significantly impacts
fibrin architecture. Specifically, TG2-deficient clots exhibit fewer and
thinner fibrin fibers at the exterior, accompanied by an internal
redistribution of fibrin.

A key innovation of our study is the use of cultured RBCs from
TG2 knockout progenitors to isolate the role of RBC-derived TG2,
independent of other blood cell types. This approach enabled for-
mation of small, well-controlled clots suitable for high-resolution
analysis.

Mechanistically, our data suggest that TG2 indirectly regulates
clot structure by modulating RBC-derived EV formation. In our ex-
periments, TG2 inhibition increased vesiculation and PS exposure.
These changes are expected to provide catalytic surfaces for
thrombin generation, consistent with previous work showing that
RBC-derived vesicles enhance coagulation [35,36] and that PS
exposure provides catalytic surfaces for assembly of coagulation
complexes [37]. Under stress conditions, TG2 becomes activated by
intracellular

elevated calcium and promotes crosslinking of
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FIGURE 8 (A) Detection of ghost red
blood cells (RBCs) after tPA-induced clot
lysis by cytospin images. Cytospins were
stained with May-Griinwald-Giemsa at an
original magnification of 400x. Numerous \
ghost RBCs (indicated by black arrows)
were evident on the cytospin. A dim
staining was observed for the ghosts,
indicating a loss of hemoglobin. (B)
Quantification of ghost RBCs reveals 71%
ghost RBCs in Z-DON-treated samples
compared with those in controls,
demonstrating a significant effect of Z-DON
on RBC membrane integrity after clot lysis
(P < .0001). Data are from 4 independent
donors. Statistical significance: P < .0001.
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cytoskeletal proteins such as spectrin and band 3, thereby stabilizing
the membrane and suppressing PS externalization [23]. When TG2 is
inhibited or absent, this regulatory mechanism is lost, resulting in
increased PS exposure and EV release. These PS-positive RBCs and
EVs act as procoagulant surfaces, supporting the assembly of tenase
and prothrombinase complexes and thereby accelerating thrombin
generation [15,33].

These findings are in line with evidence from sickle cell disease,
where PS-positive RBCs correlate with thrombin generation markers
such as prothrombin fragment 1.2 and D-dimers [16,35,38]. The
procoagulant role of PS is attributed to its negative charge, which
facilitates assembly of clotting factors [39]. Moreover, RBC-derived
EVs in sickle cell disease promote thrombin generation through
FXI-dependent mechanisms, supporting a PS-driven contribution to

coagulation independent of tissue factor [35,40].

T
tPA

In line with this, whole blood TGA and TEG revealed accelerated
thrombin generation and clot initiation upon TG2 inhibition using Z-
DON. Z-DON accelerated coagulation even in the presence of anti-
FVIII and anti-FIX neutralizing antibodies, indicating that TG2 acts
independently or downstream of intrinsic pathway amplification
loops. This supports a model where enhanced vesiculation compen-
sates for reduced feedback activation in the coagulation cascade
[15,36].

Providing further evidence for this mechanism, the addition of
purified RBC-derived EVs or exogenous phospholipids partially
restored fibrin density in Z-DON-treated clots, demonstrating that
vesicles contribute functionally to clot structure. Conversely, re-
combinant TG2 added to whole blood did not alter thrombin gen-
eration, and we found no evidence that TG2 is released from RBCs

during clot formation. These findings underscore that TG2’s function
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is intracellular and mediated via vesicle regulation, rather than
through direct extracellular enzymatic activity.

TG2's effects are further amplified by platelet-driven mechanical
forces. TG2 inhibition only altered fibrin structure in the presence of
platelets, suggesting that platelets exacerbate the structural conse-
quences of TG2 loss by intensifying membrane stress during clot
contraction.

This interpretation is supported by studies showing that acti-
vated platelets compress RBCs into polyhedrocytes, increasing me-
chanical strain on the membrane [41,42]. This platelet-driven
compression during clot contraction increases stress on RBC mem-
branes, which makes TG2-mediated cytoskeletal crosslinking crucial
for preserving membrane stability under these conditions.

These mechanical forces likely lead to uneven fibrin redistribu-
tion when TG2 is inhibited, as the loss of cytoskeletal anchoring
disrupts fibrin organization. This is supported by our observation that
in the absence of platelets, fibrin redistribution does not seem to
occur. However, we found no evidence for TG2 release into the
extracellular space under mechanical or enzymatic stress, reinforcing
its role as an intracellular modulator.

Finally, we showed that TG2 contributes to RBC membrane
stability during thrombolysis. Z-DON-treated clots exhibited
increased ghost cell formation and rapid DiD diffusion from the RBC
membranes, both indicative of membrane destabilization. These
findings point to a role for TG2 in reinforcing the RBC membrane
under lytic conditions, where its absence promotes vesiculation and
potential clot fragility.

Taken together, our results reveal that RBC-derived TG2 regu-
lates thrombus formation by stabilizing the RBC membrane, limiting
vesiculation, and thereby influencing fibrin architecture and thrombin
generation. In the absence of TG2, excessive EV formation and PS
exposure provide catalytic surfaces that accelerate coagulation and
alter clot structure. These findings position TG2 as a novel intracel-
lular regulator of thrombosis and a potential therapeutic target in
disorders characterized by aberrant clot formation.
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