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Abstract Background Deep vein thrombosis (DVT) is a common condition associated with
significant mortality due to pulmonary embolism. Despite advanced prevention and
anticoagulation therapy, the incidence of venous thromboembolism remains un-
changed. Individuals with elevated hematocrit and/or excessively high erythropoietin
(EPO) serum levels are particularly susceptible to DVT formation. We investigated the
influence of short-term EPO administration compared to chronic EPO overproduction
on DVT development. Additionally, we examined the role of the spleen in this context
and assessed its impact on thrombus composition.

Methods We induced ligation of the caudal vena cava (VCC) in EPO-overproducing Tg
(EPO) mice as well as wildtype mice treated with EPO for two weeks, both with and
without splenectomy. The effect on platelet circulation time was evaluated through
FACS analysis, and thrombus composition was analyzed using immunohistology.

Results We present evidence for an elevated thrombogenic phenotype resulting from
chronic EPO overproduction, achieved by combining an EPO-overexpressing mouse
model with experimental DVT induction. This increased thrombotic state is largely

Keywords independent of traditional contributors to DVT, such as neutrophils and platelets.
= deep vein thrombosis Notably, the pronounced prothrombotic effect of red blood cells (RBCs) only manifests
= red blood cells during chronic EPO overproduction and is not influenced by splenic RBC clearance, as
= spleen demonstrated by splenectomy. In contrast, short-term EPO treatment does not induce
= erythropoietin thrombogenesis in mice. Consequently, our findings support the existence of a
= sterile inflammation  differential thrombogenic effect between chronic enhanced erythropoiesis and exog-
= fibrin enous EPO administration.
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Visual summary. In the case of a sustained reduction in blood flow in the vein of a wildtype mouse, thrombus formation
occurs (line 1). When the animals are treated with subcutaneously injected EPO, a significant increase in red blood cell
concentration in the blood is observed after two weeks (line 2). At the same time, a thinning of the fibrin strands within the
thrombus is observed, but in terms of its extent and frequency, it does not differ from the untreated control group (see line 1).
When observing thrombus formation in a chronically EPO-overproducing mouse model with a comparable red blood cell
concentration, significantly more pronounced thrombus formation is seen in the vein (see line 3). Here, too, a thinner fibrin
structure is observed within the thrombus.

Conclusion Chronic EPO overproduction significantly increases the risk of DVT, while
short-term EPO treatment does not. These findings underscore the importance of
considering EPO-related factors in DVT risk assessment and potential therapeutic
strategies.

Introduction trations in the blood can cause severe oxygen deficiency,

leading to ischemia in organs and tissues. At the same time,
Red blood cells (RBCs) are the primary carriers oxygen and numerous clinical observations identified elevated hemo-
carbon dioxide in all mammals. Low hemoglobin concen-  globin levels as an independent risk factor for deep vein
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thrombosis (DVT) formation. This applies to overproduction
of RBCs due to erythropoietin (EPO) administration, as well
as foreign blood transfusions.'”” This is also evident in
illnesses which exhibit an excessive RBC production such
as polycythemia vera or Chuvash polycythemia where a
significant increase in thromboembolic complications has
been reported.®? In such cases, oral or parenteral antico-
agulants are effective preventive measures. However, their
use entails significant drawbacks in the form of elevated
bleeding risks, which can lead to severe complications.'®
Therefore, it is crucial to identify patients at risk and to
expand our understanding of the pathophysiology to enable
a more targeted prevention and treatment of DVT.

The mechanism of RBCG-mediated DVT formation so far is
not fully understood. Essentially, DVT formation is triggered
by sterile inflammation."" Neutrophils and monocytes
deliver tissue factor (TF) to the site of thrombus formation
creating a procoagulant environment.!' However, the con-
tribution of leukocytes to DVT formation may vary depend-
ing on the underlying disease and a leukocyte-recruiting
property of RBCs in DVT has not been conclusively proven.

In this project we used a transgenic mouse model over-
expressing the human EPO gene in an oxygen-independent
manner. In these mice the hematocrit is chronically elevated,
which leads to several changes. RBCs represent, volumetri-
cally, the largest cellular component in the peripheral blood,
thus influencing the viscosity of the blood, fostering cardio-
vascular events like stroke or ischemic heart disease.'”> RBCs
from Tg(EPO) mice show increased flexibility which in turn
reduces the viscosity, and protects from thrombus forma-
tion.”* Additionally, excessive NO production has been de-
scribed. In Tg(EPO) mice, the vasodilative effect of extensive
NO release is partly compensated by endothelin.'* A reduced
lifespan of RBCs was also identified in this mouse strain."

The spleen is responsible for RBC clearance, which acts as
gatekeeper of the state, age, and number of RBCs.'® The loss
of function of the spleen, due to removal, leads to changes in
the blood count, the most striking of which is the transient
thrombocytosis observed after splenectomy.'’ Even though
the platelet count normalizes within weeks, the risk of
thromboembolism remains persistently high; however, the
mechanism behind this prothrombotic state is unclear.'-2°
Previous studies reveal an increase in platelet- and (to a
lesser extent) RBC-derived microvesicles in splenectomized
patients, which could indicate changes in their life cycle or
activation state.?’ At the same time, the levels of negatively
charged prothrombotic phospholipids, like phosphatidylser-
ine, in pulmonary embolism increase after splenectomy.?~24
Among others, RBCs can contribute to phosphatidylserine
exposure.” Old, rigid RBCs with modified phospholipid
exposure promote thrombus formation; however, their rel-
evance for DVT in vivo remains unclear.?%-2>-26

In this study, we investigated the effects of short-term EPO
administration compared to chronic intrinsic EPO overproduc-
tion and the interference with RBC clearance on experimental
venous thrombosis. We found that chronic intrinsic EPO
overproduction resulted in excessive venous thrombosis. In
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this setting, platelets and leukocytes were reduced in thrombi,
while RBC accumulation was markedly increased. In contrast,
short-term EPO administration had no effect on DVT. Interfer-
ence with RBC clearance by splenectomy had no effect on DVT,
either in cases of chronic EPO overproduction or in wild-type
(WT) mice. In summary, our data indicate that only long-term
and excessively increased EPO levels affect DVT formation in
mice, independent of splenic clearance of RBCs.

Methods

Mouse Model

C57BL/6 mice were obtained from Jackson Laboratory. Hu-
man EPO-overexpressing mice were generated as previously
described.'* TgN(PDGFBEPO)321Zbz consists of a transgenic
mouse line, TgN(PDGFBEPO)321Zbz, expresses human EPO
c¢DNA, and was initially reported by Ruschitzka et al,'
subsequently named Tg(EPO). The expression is regulated
by the platelet-derived growth factor promotor. We used the
corresponding WT littermate controls named as WT.%’ Sex-
and age-matched groups were used for the experiments with
an age limit ranging between 12 and 29 weeks. The mice
were housed in a specific-pathogen-free environment in our
animal facility. General anesthesia was induced using a
mixture of inhaled isoflurane, intravenous fentanyl, mede-
tomidine, and midazolam. All procedures performed on mice
were conducted in accordance with local legislation for the
protection of animals (Regierung von Oberbayern, Munich)
and were authorized accordingly.

Stenosis of the Inferior Vena Cava

The operation was carried out under general anesthesia. The
procedure involved median laparotomy to access the inferior
vena cava (IVC). A suture was placed around the IVC and
ligated below the renal vein. To prevent complete stasis, a
placeholder with a diameter of about 0.5 mm was inserted
into the loop and subsequently removed after tightening.
Side branches of the IVC were not ligated. As result, intravas-
cular flow reduction occurred, ultimately leading to throm-
bus formation. Thrombus quantification was conducted by
removing the IVC (segment between the renal vein and the
confluence of the common iliac veins). The incidence and
weight of the thrombus were documented.

Acute and Chronic EPO Experiments

To analyze the effect of short-term EPO administration on
DVT formation, we subcutaneously (s.c.) injected 300IU
(101U/uL) EPO (Epoetin alfa HEXAL) three times a week
into the gluteal region of C57BI/6] mice purchased from
the Jackson Laboratory. The injections were carried out for
a duration of 2 weeks resulting in a total of six EPO treat-
ments. After the completion of the 2-week EPO administra-
tion, there was a gap of 2 days before ligating the IVC. The
ligation procedure was performed when the mice were
18 weeks old. The control group consisted of age- and sex-
matched mice that received the same volume (30 uL) of a 0.9%
NacCl solution per dosage.

Thrombosis and Haemostasis © 2023. The Author(s).
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Ultrasound Analyses of Myocardial Performance

The cardiac ultrasound analysis was conducted using a Vevo
2100 Imaging System (Visualsonics). To ensure sufficient toler-
ance during the investigation, short-term inhalation anesthesia
(Isofluran CP, cp pharma) was administered during the investi-
gation. Subsequently, the mice were then positioned on their
back, and transthoracic echocardiography was performed.

Intracardial Blood Withdrawal

Blood was collected from adequately anesthesized mice
through cardiac puncture using a syringe containing citrate
as an anticoagulant.

Blood Cell Counts
Blood cell counts were determined in citrated blood using an
automated cell counter (ABX Micros ES60, Horiba ABX).

Splenectomy

To remove the spleen, the mice were anesthetized as previ-
ously described. A lateral subcostal incision was made,
followed by ligation and cutting of the splenic vessels.
Subsequently, the spleen was removed and the surgical
wound was closed with sutures. The organ removal proce-
dure was performed 5 weeks prior to subsequent experi-
ments, such as ligation of the IVC.

Immunofluorescence Staining of Frozen Sections
After harvesting thrombi, the organic material was embed-
ded in OCT, rapidly frozen in liquid nitrogen, and stored at
—80°C. Subsequently, 5pum slides were sectioned using a
cryotome (CryoStar NX70 Kryostat, Thermo Fisher Scientif-
ic). The staining procedure began with a fixation step using
4% ethanol-free formaldehyde (Thermo Fisher; #28908),
followed by blocking with goat serum (Thermo Fisher;
#50062Z). The following antibodies were used: CD41 (clone:
MWReg30, BD Bioscience; #12-0411-83; isotype: rat IgG1),
Fibrin(-ogen) (clone: polyclonal; DAKO; #A0080; isotype:
rabbit IgG), Ly6G (clone: 1A8, Thermo Fisher; #12-9668-82;
isotype: ratIgG2a), MPO (polyclonal, Dako; #A0398; isotype:
rabbit IgG), TER119 (clone: TER-119; Thermo Fisher; #12-
5921-83; isotype: rat IgG2b). Alexa-labeled secondary anti-
bodies were used to induce fluorescence (Invitrogen;
#A11007; #A11034). Nuclei were marked using Hoechst
(ThermoFisher; #H3570). Image acquisition was performed
on an Axiolmager M2 (Carl Zeiss Microscopy) using corre-
sponding AxioVision SE65 software. Near-field analysis of
fibrin fibers was captured on an inverted Zeiss LSM 880
confocal microscope in AiryScan Super Resolution (SR) Mode
(magnification, x63 objective, with 5 to 6 random images
acquired per thrombus). Further structural analysis of the
fibrin fibers was conducted using Imaris (Oxford instru-
ments). To quantify neutrophil extracellular traps, we iden-
tified DNA protrusions (Hoechst-positive) originating from
Ly6G-positive cells and covered by MPO.

Statistics
Statistical analysis was conducted using GraphPad Prism 5,

employing a t-test. Based on clinical observations strongly
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suggesting an increase in thrombus formation in EPO over-
producing mice, a one-sided t-test was performed.®® The
normal distribution of the data was confirmed using D’Agostino
and Pearson omnibus normality testing. Thrombus incidences
between groups were compared using the chi-square test.

Results

Chronic EPO Overproduction Leads to Increased DVT in
Mice

To investigate the impact of chronic erythrocyte overpro-
duction on DVT in mice, we analyzed EPO-overexpressing
transgenic Tg(EPO) mice. As expected, this mouse strain
exhibited a substantial increase in RBC count (=Fig. 1A).
Additionally, the RBC width coefficient and reticulocyte
count were elevated, indicating enhanced RBC production
(=Supplementary Fig. S1A, B [available in the online ver-
sion]). In addition to influencing the RBC lineage, our
analyses revealed a significant increase in white blood
cell (WBC) count, primarily driven by elevated lymphocyte
count (=Supplementary Fig. S1C, E [available in the online
version]). However, neutrophils known as major contrib-
utors to venous thrombosis showed no significant changes
in EPO transgenic mice, while platelet counts were signifi-
cantly reduced (=Fig. 1B and =Supplementary Fig. S1D
[available in the online version]). Furthermore, autopsies
of the animals confirmed the presence of splenomegaly
(=Supplementary Fig. S1F [available in the online
version]).28-2%

Based on clinical observations indicating a correlation
between high EPO levels and increased incidence of DVT, we
utilized an IVC stenosis model to evaluate venous thrombosis
in EPO-overexpressing mice.®’ Our findings revealed a signifi-
cantelevation in both the incidence and thrombus weight in Tg
(EPO) mice compared to their WT littermates (~Fig. 1C, D). To
determine whether chronic EPO overproduction in transgenic
mice affected cardiac function, we assessed parameters such as
the left ventricular ejection fraction, fractional shortening, and
heart rate, ruling out any alternations (=Supplementary
Fig. S1G, H, ] [available in the online version]), which aligns
with previous publications.3® Additionally, morphological
parameters including left ventricular mass, left ventricular
internal diameter end diastole, and inner ventricular end
diastolic septum diameter were similar between Tg(EPO)
and WT mice (=Supplementary Fig. S1l, K, L [available in
the online version]).

High RBC Count Leads to a Decrease in Platelet
Accumulation in Venous Thrombosis

Having observed a correlation between high EPO and hemat-
ocrit levels with increased thrombus formation, our aim was
to investigate the factors involved in triggering thrombus
development through histologic analysis of thrombus com-
position. In Tg(EPO) mice, the elevated hematocrit levels led
to enhanced RBC accumulation within the thrombus, as
indicated by the Ter119-covered area measurement
(=Fig. 2A). Given the interaction between RBCs and platelets,
which can initiate coagulation activation, we examined the
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Fig. 1 EPO-overexpressing mice experience an increased incidence of DVT formation. (A) Comparison of RBC count between EPO-over-
expressing Tg(EPO) mice (n=12) and control (WT) mice (n =13). (B) Comparison of platelet count between EPO-overexpressing Tg(EPO) (n =7)
mice and control (WT) mice (n=5). (C) Comparison of thrombus weight between Tg(EPO) mice (n=9) and WT (n=10); mean age in the
Tg(EPO) group: 19.8 weeks; mean age in the WT group: 20.1 weeks. (D) Comparison of thrombus incidence between Tg(EPO) mice (n=9) and
WT mice (n=10); NS =nonsignificant, “p <0.05, *p <0.01, **p <0.001. DVT, deep vein thrombosis; EPO, erythropoietin; RBC, red blood cell;

WT, wild type.

distribution of fibrinogen in relation to RBCs and platelets
within the thrombi.?! Our findings revealed a close associa-
tion between the fibrinogen signal and RBCs, as well as
between the platelet signal and RBCs, indicating interactions
among these three factors (~Fig. 2E, F). However, we ob-
served significantly lower fibrinogen coverage in thrombi
from EPO transgenic mice (=Fig. 2B). Furthermore, the
structure of the fibrin meshwork exhibited an overall “loos-
er” morphology with significantly thinner fibrin fibers
(~Fig. 3A-C).

To quantify platelet accumulation in thrombi, we ana-
lyzed the CD41-covered area in thrombi of both mouse
strains. Consistent with the reduced platelet count in pe-
ripheral blood, platelet accumulation was also decreased in
thrombi from EPO transgenic mice (~Fig. 2C).

As mentioned previously, inflammation plays a funda-
mental role in DVT formation. Therefore, we conducted an
analysis to quantify the presence of leukocytes in the throm-
bus material. Our investigation focused specifically on neu-
trophils, as they represent the predominant leukocyte
population in peripheral blood. Despite observing normal
neutrophil counts, we identified a significant reduction in
neutrophil recruitment within thrombi from EPO transgenic
mice (=Fig. 2D). In summary, our findings indicate an
isolated increase in the number of RBCs within venous
thrombi of EPO transgenic mice, while the levels of fibrino-
gen and platelets were decreased.

Short-Term Administration of EPO Does Not Foster
DVT

Due to the significant impact of chronic EPO overproduc-
tion in Tg(EPO) mice on peripheral blood count and its
detrimental consequences on DVT formation, we pro-
ceeded to analyze the effects of 2-week periodic EPO
injections on blood count and subsequent DVT formation
in WT mice. Within just 2 weeks, a significant increase of
RBC and reticulocyte count in peripheral blood was ob-
served (=Fig. 4A and =Supplementary Fig. S2A [available
in the online version]). Conversely, platelet count exhib-
ited a notable decrease in EPO-treated mice (~Fig. 4B).
Unlike EPO-overexpressing mice, the leukocyte counts and
their differentiation into granulocytes, lymphocytes, and
monocytes showed no differences between EPO-treated
and nontreated mice (=Supplementary Fig. S2B-E [avail-
able in the online version]). Autopsy analyses further
revealed a significant enlargement and weight increase
of the spleen in EPO-treated mice (=Supplementary
Fig. S2F, G [available in the online version]).

To further investigate the underlying cause of thrombo-
cytopenia in EPO-treated mice, we examined the bone
marrow composition. Previous studies by Shibata et al dem-
onstrated a reduction in megakaryocytes in Tg(EPO) mice.3?
Therefore, we analyzed the bone marrow composition after
2 weeks of EPO treatment. However, we found no difference
in the TER119-covered area, indicating no significant

Thrombosis and Haemostasis © 2023. The Author(s).
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Fig. 2 Chronic overproduction of EPO in mice leads to a decrease in the accumulation of classical drivers of DVT formation, including platelets,
neutrophils, and fibrinogen. (A) The proportion of RBGcovered area in the thrombi of EPO-overexpressing Tg(EPO) mice (n =4) was compared to
control (WT) (n=3) by immunofluorescence staining of cross-sections of the IVC 48 hours after flow reduction. (B) The proportion of fibrinogen-
covered area in the thrombi of EPO- overexpressing Tg(EPO) mice (n=3) was compared to control (WT) (n=3) using immunofluorescence
staining of cross-sections of the IVC 48 hours after flow reduction. (C) The proportion of platelet-covered area in the thrombi of EPO-
overexpressing Tg(EPO) mice (n = 3) was compared to control (WT) (n =3) by immunofluorescence staining of cross-sections of the IVC 48 hours
after flow reduction. (D) Quantification of neutrophils was performed by immunofluorescence staining of cross-sections of the IVC 48 hours after
flow reduction in EPO-overexpressing Tg(EPO) mice (n = 3) compared to control (WT) (n = 3). (E) Immunofluorescence staining of cross-sections
of the IVC 48 hours after flow reduction from EPO-overexpressing Tg(EPO) mice (top) was compared to control (WT) (bottom) for TER119 in red
(RBC), CD42bin green (platelets), and Hoechst in blue (DNA). The merged image is on the left, and the single channel image is on the right. Scale
bar: 50 um. (F) Immunofluorescence staining of cross-sections of the IVC 48 hours after flow reduction from EPO-overexpressing Tg(EPO) mice
(top) was compared to control (WT) (bottom) for TER119 in red (RBC), fibrinogen in green, and Hoechst in blue (DNA); the merged image is on
the left, and single-channel images are on the right. Scale bar: 50 um.; NS = nonsignificant, *p <0.05, *p < 0.01, **p <0.001. DVT, deep vein
thrombosis; EPO, erythropoietin; IVC, inferior vena cava; RBC, red blood cell; WT, wild type.
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Fig. 3 The interaction of RBC with fibrinogen leads to the formation
of a branched fibrin structure. (A) Immunofluorescence staining of
cross-sections of the IVC 48 hours after flow reduction from EPO-
overexpressing Tg(EPO) mice (left) was compared to control (WT) for
fibrinogen (green). Scare bar: 50 um. (B) High-resolution confocal
images of immunofluorescence staining of cross-sections of the IVC
48 hours after flow reduction from EPO-overexpressing Tg(EPO) mice
(left) compared to control (WT) for fibrinogen (green), RBC (red), and
DNA (blue). Scale bar: 2 pm. (C) The mean diameter of 2,141 fibrin
fibers was measured in cross-sections of thrombi from Tg(EPO) mice
(left), and compared to 5,238 fibrin fibers of WT thrombi. (D) The
mean diameter of 3,797 fibrin fibers was measured in two cross-
sections of thrombi from 2-week EPO-injected mice (left), and com-
pared to 10,920 fibrin fibers of three cross-sections from control
(2-week NaCl-injected mice). (E) High-resolution confocal images of
immunofluorescence staining of two cross-sections of the IVC

48 hours after flow reduction from 2-week EPO-injected mice (left)
were compared to control (2 week NaCl-injected mice) for fibrinogen
(green), RBC (red), and DNA (blue). Scale bar: 2 ym. EPO, erythro-
poietin; IVC, inferior vena cava; RBC, red blood cell; WT, wild type.

alternation (~Fig. 4C, D). Similarly, the megakaryocyte count
in the bone marrow showed no changes compared to the
control group (~Fig. 4E, F,). In terms of platelet morphology,
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we observed an increased platelet large cell ratio in the EPO-
treated group (=Fig. 4G). This suggests an elevated produc-
tion potential of megakaryocytes, as immature platelets tend
to have larger cell volumes compared to mature platelets.
These findings indicate that our EPO administration protocol
enhanced the synthesis capacity of bone marrow stem cells,
resulting in augmented erythropoiesis. However, the cellular
composition of the bone marrow remained unchanged after
2 weeks of treatment.

To analyze the impact of 2-week EPO treatment on DVT
formation, we utilized the IVC stenosis model. Despite simi-
lar changes in blood count in Tg(EPO) mice or WT mice
after EPO administration, we observed comparable venous
thrombus formation between mice treated with EPO for
2 weeks and the control group treated with NaCl (=Fig. 4H,
1). Since we previously observed that only long-term
elevation of EPO levels with supraphysiologic hematocrit
leads to increased thrombus formation, our focus shifted
toward identifying the factors triggering thrombus forma-
tion. Therefore, we conducted a histological analysis of
thrombus composition. Given the significantly thinner
fibrin fibers observed in thrombi from Tg(EPO) mice, we
investigated whether similar morphological changes oc-
curred in mice treated with EPO for 2 weeks. Interestingly,
the histological examination of the thrombi revealed a
comparable thinning of fibrin fibers following EPO treat-
ment (=Fig. 3D, E).

In contrast to chronic EPO overproduction in Tg(EPO)
mice, short-term administration of EPO does not increase
the incidence of DVT, despite similar changes in blood cell
counts. Therefore, the quantitative changes in blood count
alone cannot explain the increased thrombosis observed in
the presence of EPO overexpression in Tg(EPO) mice.

Splenectomy Does Not Affect Venous Thrombus
Formation

As the data suggested a qualitative change in RBCs in the
context of EPO overproduction, we investigated whether
splenic clearance of aged RBCs plays a critical role in the
increased formation of DVT. In the spleen, aged and damaged
RBCs are eliminated, ensuring the presence of young and
flexible RBCs.'® We examined the immediate impact of EPO
on spleen morphology. Even a single injection of 300IU
EPO s.c. in mice resulted in a significant increase in spleen
weight, despite no difference in blood count compared to the
control group (~Supplementary Fig. S2F-H [available in the
online version]). This striking phenotype was also observed
in mice with chronic EPO overexpression (=Supplementary
Fig. STF [available in the online version])."

To investigate the role of splenic RBC clearance in DVT, we
performed splenectomy 5 weeks prior to conducting the IVC
stenosis model. Firstly, we analyzed the impact of splenec-
tomy on blood cell counts in WT mice 5 weeks postsurgery.
We observed an increase in granulocytes and lymphocytes
after splenectomy (=Fig. 5A and = Supplementary Fig. S3A, B
[available in the online version]). Next, we examined the
distribution of blood cells in response to DVT development.
Similar to nonsplenectomized mice, we observed an increase

Thrombosis and Haemostasis © 2023. The Author(s).
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Fig. 4 Two-week EPO injection leads to thrombocytopenia without an impact on the bone marrow. (A) RBC count in peripheral blood after
6 x 300U EPO treatment of C57BI/6] mice (n=10) was compared to control (6 x 30 pL NaCl injection) (n=9). (B) Platelet count in peripheral
blood after 6 x 300U EPO treatment of C57BI/6]) mice (n=10) was compared to control (6 x 30 uL NaCl injection) (n=10). (C) Area of RBG
positive area in the bone marrow of 6 x 300 IU EPO-treated C57BI/6) mice (n=4) was compared to control (6 x 30 pL NaCl injection) (n=4).
(D) Immunofluorescence staining of cross-sections of the bone marrow after 2-week EPO injection (top) was compared to NaCl injection
(bottom) stained for TER119 (violet) and Hoechst (white). Scale bar: 100 um. (E) Number of megakaryocyte count in the bone marrow of

6 x 300 IU EPO-treated C57BI/6) mice (n=4) was compared to control (6 x 30 pL NaCl injection) (n=4). (F) Immunofluorescence staining of
cross-sections of the bone marrow after 2-week EPO injection (top) compared to NaCl injection (bottom) stained for CD41 (violet) and Hoechst
(white). Scale bar: 100 um. (G) Platelet large cell ratio in peripheral blood of 6 x 300 IU EPO-treated C57BI/6] mice (n=10) compared to control
(6 x 30 yL NaClinjection) (n =9). (H) Thrombus weight of 6 x 300 IU EPO-treated C57BI/6) mice (n=10) and NaCl-injected control mice (n=10).
(I) Thrombus incidence of 6 x 300 IU EPO-treated C57BI/6) mice (n =10) and NaCl-injected control mice (n =10). NS = nonsignificant, “p < 0.05,

“p<0.01, **p <0.001. EPO, erythropoietin; RBC, red blood cell.
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Fig. 5 Splenectomy does not affect the blood count as well as DVT formation. (A) WBC count in C57BI/6] mice without treatment (n=5),
48 hours after induction of DVT (n=7), 5 weeks after splenectomy (n = 3), and 5 weeks after splenectomy with an additional 48-hour induction
of DVT (n=29). (B) Platelet count in C57BI/6) mice without treatment (n =6), 48 hours after induction of DVT (n =6), 5 weeks after splenectomy
(n=3), and 5 weeks after splenectomy with an additional 48-hour induction of DVT (n=9). (C) RBC count in C57BI/6) mice without treatment
(n=6), 48 hours after induction of DVT (n=6), 5 weeks after splenectomy (n=3), and 5 weeks after splenectomy with an additional
48-hour induction of DVT (n =9). (D) Thrombus weight in C57BI6 wild-type mice without splenectomy (n =6) and with splenectomy (n=6) (E)
Thrombus incidence in C57BI/6] wild-type mice without splenectomy (n=6) and with splenectomy (n=6). (F) Thrombus weight in EPO-
overexpressing Tg(EPO) mice without splenectomy (n=9) and with splenectomy (n=6) compared to control WT mice without splenectomy
(n=10) and with splenectomy (n=11). (G) Thrombus incidence in EPO-overexpressing Tg(EPO) mice without splenectomy (n=9) and with
splenectomy (n =6) compared to control WT mice without splenectomy (n =10) and with splenectomy (n=11). NS =nonsignificant, *p < 0.05,
“p<0.01, "p <0.001. DVT, deep vein thrombosis; RBC, red blood cell; WT, wild type.
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in WBC count in the peripheral blood (~Fig. 5A). Additional-
ly, we noted a significant decrease in platelet count in
splenectomized mice in response to thrombus development
(=Fig. 5B), which is consistent with the results obtained
from nonsplenectomized mice.

Finally, we analyzed the impact of splenectomy on DVT
formation in both WT mice and Tg(EPO) mice. Despite
changes in blood cell counts and the effects on platelet
removal, there was no difference in the incidence and
thrombus weight in C57Bl/6 mice (~Fig. 5D, E). Next, we
examined EPO-overexpressing mice, which have been shown
to have an increased risk of DVT formation. Despite signifi-
cant splenomegaly, the incidence of DVT formation remained
statistically unchanged after spleen removal (~Fig. 5F, G).
Therefore, splenectomy does not affect thrombus formation
in the context of enhanced or normal erythropoiesis.

Discussion

Here, we present evidence for a differential thrombotic effect
of chronic EPO overproduction and short-term external EPO
administration. Consistent with clinical observations, chron-
ic overproduction of EPO is associated with an increased risk
of DVT formation. This is similar to Chuvash polycythemia
where the von-Hippel-Lindau mutation leads to chronic
overproduction of hypoxia-induced factors and high EPO
levels.>* In addition to genetically altered EPO production,
factors such as residence at high altitudes and naturally
increasing EPO secretion also represent risk factors for
venous thrombosis and pulmonary thromboembolism.3*3°
These conditions can be mimicked in a mouse model through
chronic hypoxia.>’

Therefore, it is highly probable that EPO and RBC play
significant roles in DVT formation. In fact, our data suggest
that qualitative changes in RBC, rather than solely quantita-
tive changes, are responsible for the increased occurrence of
venous thrombus formation.

In our analyses, we observed that short-term administra-
tion of EPO does not increase the risk of DVT, in contrast to
chronic overproduction of EPO. However, changes in periph-
eral blood count in response to EPO occur relatively quickly,
within 2 weeks of initiating therapy in mice. These changes
include elevated levels of hemoglobin and thrombocytope-
nia, which are consistent with previous studies.!’-2%38-4% |n
the model of transgenic overexpressing EPO mice, there was
an age-dependent progressive decrease in megakaryocyte
count in the bone marrow.3? A similar phenomenon can be
observed in mice exposed to chronic hypoxia.*® It is believed
that competition between erythroid and platelet precursors
in the stem cell population is responsible for this phenome-
non.>® Despite a similar decrease of peripheral platelet
counts, we observed normal megakaryocyte counts in the
bone marrow of mice injected with EPO for 2 weeks. We
speculate that morphological changes in the bone marrow
are long-term consequences of EPO administration. In pe-
ripheral blood, we observed a significant increase in the
platelet large cell ratio in mice treated with EPO for 2 weeks.
This is likely due to an elevated count of reticulated platelets,
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which has been previously observed in response to EPO
treatment.*’ The presence of high levels of reticulated pla-
telets indicates a high synthetic potential of megakaryocytes.
Indeed, megakaryocytes possess high-affinity binding sites
for EPO resulting in an increase in size, ploidy, and number of
megakaryocytes in vitro.*®4° Young, reticulated platelets are
known risk factors for thrombosis, which may counterbal-
ance the overall low platelet count in terms of thromboge-
nicity.>>> However, the significant increase in DVT
observed in chronic EPO-overexpressing mice is likely attrib-
uted to qualitative changes in RBCs. There are several ways in
which RBCs can interact with platelets and fibrin. The FAS-L-
FAS-R interplay between RBCs and platelets has been shown
to enhance DVT formation.3! Additionally, interactions such
as I[CAM-4-a1bp3 integrin and adhesion between RBCs and
platelets mediated by GPIb and CD36 have been de-
scribed.”>°* As demonstrated in this study, the pronounced
prothrombotic effect of RBCs only manifests after several
weeks to months of EPO overproduction. Thus, we propose
that RBC aging plays a role in this phenomenon. This is
supported by the finding that RBCs in our Tg(EPO) mouse
model exhibit characteristics of accelerated aging including
decreased CD47 expression, leading to a 70% reduction in
lifespan.'”

During the ageing process, RBCs not only display increas-
ing amounts of procoagulant phosphatidylserine on their
surface but also exhibit heightened osmotic and mechanical
fragility, which is also observed in Tg(EPO) mice.3>>° Fragile
RBCs are prone to hemolysis, resulting in the release of ADP
and free hemoglobin. Furthermore, hemoglobin directly or
indirectly contributes to increased platelet activity, for
instance, by forming complexes with nitric oxide
(NO).>%7>8 NO is essential for the survival of Tg(EPO) mice
but dispensable for WT mice.'* Consistent with this, patients
with polycythemia vera exhibit platelet hypersensitivity
despite normal platelet counts, while plasma haptoglobin
concentration, a marker for hemolysis, is decreased.’®=6°
Similarly, chronic subcutaneous EPO administration in he-
modialysis patients leads to a prothrombotic phenotype
similar to that of polycythemia vera patients.®®~7% Notably,
concentrated RBC transfusions result in the rapid clearance
of up to 30% of transfused erythrocytes within 24 hours due
to their age, thus increasing the risk of DVT formation.>’’

Clearance of RBCs primarily occurs in the spleen, where
tissue-resident macrophages screen for surface markers such
as CD47.”% Subsequently, RBCs are phagocytosed before
reaching day 120 of their lifespan.”> The spleen plays a
crucial role in maintaining the shape and membrane resil-
ience of RBCs, acting as a guardian in this regard.74 However,
shortly after splenectomy, the loss of the organ significantly
increases the risk of DVT formation.2? In the long-term basis,
we observed no difference in DVT formation after splenec-
tomy, neither in WT mice nor in chronic EPO-overexpressing
mice, despite the dramatic increase in macrophage-mediat-
ed RBC clearance in these mice.'® Since RBC clearance occurs
primarily in the spleen and liver in mice, we hypothesize that
the liver is capable of adequately compensating for the
absence of the spleen after removal.'”
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Besides their activating effect on platelets, RBCs also direct-
ly impact the coagulation system. Previous data demonstrate
that following TF activation, RBCs contribute to thrombin
generation to a similar extent to platelets.”> Furthermore,
RBCs expose phosphatidylserine, which activates the contact
pathway.31 Notably, the coagulation system in Tg(EPO) mice
exhibits normal activity in whole blood adjusted to a physio-
logical hematocrit.>? Additionally, RBCs express a receptor
with properties similar to the ogpB3 integrin enabling their
interaction with fibrin.”® This interaction contributes to the
formation of a dense fibrin meshwork consisting of thin
fibers.”” Such a structure hinders clot dissolution, leading to
slower lysis.”” In our histological analysis of thrombi, we
confirm morphological changes in the fibrin meshwork,
resulting in a thinner appearance in both EPO-overexpressing
mice and mice subjected to short-term EPO injection.

In summary, our data suggest that chronic EPO overpro-
duction, leading to elevated hematocrit levels, is associated
with an increased incidence of venous thrombosis. This is
likely attributed to qualitative changes in RBCs that promote
a thrombogenic environment. On the other hand, short-term
EPO administration does not pose an increased risk of venous
thrombosis. Furthermore, splenic clearance of altered RBCs
does not play a significant role in DVT formation. Therefore,
conditions involving chronically elevated RBC production
should be closely monitored due to the heightened risk of
venous thrombosis.

What is known about this topic?

» Patients with high hematocrit and/or excessively
increased erythropoietin (EPO) serum concentrations
are particularly prone to deep vein thrombus (DVT)
formation.

» The spleen is an important organ in RBC and platelet
clearance. Splenectomy leads to an increased risk of
thromboembolic events.

What does this paper add?

« Chronic but not short-term EPO administration/over-
pro-duction drives DVT formation in mice.

» EPO-mediated DVT is mostly independent of conven-
tional players of DVT (neutrophils, platelets) and
splenic erythrocyte clearance.
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