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Thrombocytopenia is a cardinal symptom of hantavirus-induced diseases including Puumala virus (PUUV)-
induced hemorrhagic fever with renal syndrome (HFRS), which is associated with impaired platelet function,
bleeding manifestations and augmented thrombotic risk. However, the underlying mechanisms causing throm-
bocytopenia and platelet hypo-responsiveness are unknown. Thus, we investigated the direct and indirect impact

Infecti
Ti:;;%zcytopenia of PUUV on platelet production, function and degradation.
Immunothrombosis Analysis of PUUV-HFRS patient blood revealed that platelet hypo-responsiveness in PUUV infection was cell-

intrinsic and accompanied by reduced platelet-leukocyte aggregates (PLAs) and upregulation of monocyte tissue
factor (TF), whereas platelet vasodilator-stimulated phosphoprotein (VASP) phosphorylation was comparable to
healthy controls. Plasma CXCL4 levels followed platelet count dynamics throughout disease course. PUUV
activated both neutrophils and monocytes in vitro, but platelet desialylation, degranulation and GPIIb/Illa
activation as well as PLA formation and endothelial adhesion under flow remained unaltered in the presence of
PUUV. Further, MEG-01 megakaryocytes infected with PUUV displayed unaltered polyploidization, expression of
surface receptors and platelet production. However, infection of endothelial cells with PUUV significantly
increased platelet sequestration.

Our data thus demonstrate that although platelet production, activation or degradation are not directly
modulated, PUUV indirectly fosters thrombocytopenia by sequestration of platelets to infected endothelium.
Upregulation of immunothrombotic processes in PUUV-HFRS may further contribute to platelet dysfunction and
consumption. Given the pathophysiologic similarities of hantavirus infections, our findings thus provide
important insights into the mechanisms underlying thrombocytopenia and highlight immune-mediated coagul-
opathy as potential therapeutic target.

1. Introduction HFRS cases occur in China upon infection with Hantaan virus (HTNV)

[3], whereas Puumala virus (PUUV) is prevalent in Europe [4].

Hantaviruses belong to the Bunyavirales family of enveloped, single-
stranded RNA viruses, which cause viral hemorrhagic fevers [1]. Han-
taviruses are endemic in large parts of the world, circulating in
asymptomatic rodent carriers. Transmission to humans usually occurs
via inhalation of contaminated dust particles or aerosols of rodent
excreta [2].

In the Americas, hantaviruses cause the rare but life-threatening
hantavirus cardiopulmonary syndrome (HCPS) (up to 45 % case fatal-
ity rate (CFR)), while hantaviruses in Europe and Asia cause hemor-
rhagic fever with renal syndrome (HFRS) (0.1-12 % CFR) [2]. Most
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PUUV induces a mild version of HFRS, also called nephropathia
epidemica (0.1-0.4 % CFR) [5,6]. Nevertheless, PUUV shares patho-
physiologic host responses with more pathogenic hantaviruses,
including thrombocytopenia and (non-overt) disseminated intravas-
cular coagulation (DIC), making PUUV a favorable model to study
hantavirus infections [7-11].

Platelets represent the cellular governors of hemostasis, which
maintain physiologic vascular integrity, but also cause pathologic
thrombosis. Due to their wide receptor repertoire and highly sensitive
nature, platelets are also able to recognize and respond to a large variety
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of inflammatory mediators and pathogens, including pathogenic han-
taviruses, which may thereby foster a prothrombotic/procoagulant
microenvironment [12,13]. In addition, activated platelets can also
operate as independent immune cells or interact with leukocytes to
modulate their activation, including microbicidal phagocytosis as well
as procoagulant neutrophil extracellular trap (NET) formation and
monocyte tissue factor (TF) expression [14,15]. Therefore, uncontrolled
systemic induction of hemostatic processes during infection can trigger
DIC, which consumes both platelets and coagulation factors and may
manifest in increased risk for both thrombotic and hemorrhagic com-
plications [16].

Together with acute kidney injury, hemostatic dysfunction including
vascular leakage and thrombocytopenia are key characteristics of
PUUV-induced HFRS [2]. Thrombocytopenia reaches a nadir 4-8 days
after symptom onset, and 11-37 % of patients experience mild or
moderate hemorrhagic manifestations such as petechiae, metrorrhagia,
conjunctival, nasal or gastrointestinal bleeding. At the same time, coa-
gulopathy puts patients at elevated risk for thromboembolic events and
DIC [10,17]. Severe thrombocytopenia, bleeding, thrombosis and DIC
are associated with aggravated disease course [8,10,18,19].

Elucidation of mechanisms underlying hemostatic disturbances in
PUUV-HFRS has proven challenging as functional platelet studies
require analysis of fresh samples in specialized laboratories. Accord-
ingly, only few studies were able to examine platelet function in PUUV-
HFRS patients so far. Similar to an early study on unspecified
hantavirus-induced HFRS, platelet function was found to be impaired in
acute PUUV infection, affecting both platelet activation and aggregation
[20-22]. Importantly, both these processes depend on platelet count
[23,24]. Mechanistic studies are further challenged by the fact that by
the time patients experience symptoms, the body is subject to a systemic
pro-inflammatory state, which may influence platelet function and
obscure insights into early disease mechanisms gained from patient
blood [25-271].

Intravascular platelet activation and exhaustion was previously hy-
pothesized to elicit platelet consumption and hypo-responsiveness in
HFRS [22]. In line, platelets display elevated basal CD62P levels during
acute PUUV-HFRS. However, they retain capacity to secrete adenosine
diphosphate (ADP), arguing against exhaustion [21]. Therefore, the
pathophysiologic processes leading to thrombocytopenia and platelet
dysfunction in HFRS remain unknown.

To date, HFRS and HPS are treated with focus on amelioration of
symptoms. Understanding the cellular and molecular basis of how PUUV
infection leads to disturbed hemostasis may prove important for the
development of tailored therapeutic regimens that are more efficient
than current standard of care. The direct and indirect contributions of
PUUV to platelet dysfunction and thrombocytopenia cannot be distin-
guished in vivo. Thus, using controlled in vitro approaches, we aimed to
investigate how interaction of PUUV with platelets or megakaryocytes
directly modulates prothrombotic and immunomodulatory platelet
functions as well as their generation and degradation.

2. Methods
2.1. Study approval

Collection of blood and umbilical cords from NE patients or healthy
volunteers was approved by the Human Ethics Committee of the Medical
University of Vienna (EK237/2004, EK1259/2018), the Ethics Com-
mittee of the city of Vienna (EK17-245-VK) and the Regional Ethics
Review Board of Umed University (04-113M, 07-162M) in conformity to
all European, national and institutional guidelines, including the
Declaration of Helsinki and the Conventions of the Council of Europe on
Human Rights and Biomedicine. Written informed consent was obtained
before sampling.
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2.2. Patient samples

Patients were diagnosed with PUUV infection at the Infection Clinic
of the University Hospital of Umed, Sweden. Samples were drawn at
initial hospital contact and throughout disease course as part of clinical
monitoring as well as upon convalescence at follow-up at least 42 days
after symptom onset. Fresh blood was analyzed in four consecutive
patients, plasma and clinical data were analyzed in 42 patients with
thrombocytopenia upon study entry. Plasma was generated by centri-
fugation at 1500g for 20 min and stored at —80 °C until analysis. Clinical
data and serum viral load were obtained from patient case report forms.

2.3. Blood collection

Blood was obtained by antecubital venipuncture using a 21G needle
and anticoagulated with 3.2 % sodium citrate (flow cytometry) or so-
dium heparin (ELISA). Healthy volunteers, including both females and
males aged 20-40 years, were devoid of any medication for at least 10
days before sampling.

2.4. Puumala virus (PUUV)

PUUV strain Kazan was propagated in Vero E6 cells (ATCC, CRL-
1586). Supernatant was purified by sucrose cushion ultracentrifuga-
tion (28,000 rpm, 2 h, 4 °C) and virus particles were resuspended in
DMEM medium and stored at —80 °C. Virus titer was determined by
gqPCR of PUUV S-segment as described previously [28].

2.5. Isolation and stimulation of platelets and leukocyte

Platelet-rich plasma (PRP) and leukocyte-enriched buffy coat were
prepared from citrated blood by centrifugation (120 g, 20 min). Washed
platelets (PLT) were generated by centrifugation of PRP (90s, 1,000 g,
0.1 pg/mL PGI5) and resusupension of platelets in PBS or citrated patient
plasma. For stimulation, buffy coat, PRP or PLT were incubated with
PUUV (10 min) and stimulated in duplicate for 15 min with ADP,
thrombin receptor activating peptide (TRAP-6) or convulxin (CVX) or
with a combination of collagen and TRAP-6.

2.6. Flow cytometry

Cells were labelled with antibodies or stained with fluorescent dyes
(listed in Sup. Table 1) for 20 min and fixed in 1 % formaldehyde (10
min). Buffy coat was diluted 1:10-1:20 with erythrocyte lysis buffer
(150 mM NH4Cl, 10 mM KHCOg3, 0.1 mM NayEDTA, pH 7.4; 10 min),
pelleted (600 g, 5 min) and resuspended in 1 % formaldehyde. Cells
were analyzed on a BD LSR II flow cytometer (BD Biosciences) and
FlowJo software version 10 (Tree Star) or CytoFLEX flow cytometer and
CytExpert 2.3 software (Beckman Coulter). Gating strategies for platelet
and leukocyte analyses are provided in the online supplement (Sup.
Fig. 1A-C and Sup. Fig. 2).

2.7. Determination of vasodilator-stimulated phosphoprotein (VASP)
phosphorylation

VASP phosphorylation was determined in PRP using VASPFix kit
(Platelet solutions) according to the manufacturer’s instructions. Mean
fluorescence intensity (MFI) was normalized to an internal control with
maximal VASP-P level, obtained by stimulating PRP with adenosine
(100 pM, 3 min) (Sup. Fig. 1D).

2.8. Enzyme-linked immunosorbent assay (ELISA)
Plasma platelet factor 4 (PF4/CXCL4) was quantified using a

commercially available ELISA kit (R&D Systems) according to manu-
facturer’s instruction.
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2.9. Platelet adhesion to endothelial cells

Human umbilical vein endothelial cells (HUVECs) were isolated and
cultured as previously described [29,30]. HUVECs in passages 0-2 were
seeded in p-slides vI%# (ibidi) and infected with PUUV as indicated
(multiplicity of infection (MOI) 30, 48 h). PRP was obtained as described
above, stimulated with PUUV (1.5 x 10° copies/mL; 10 min) or control
and perfused over confluent HUVECs for 5 min at 0.4 mL/min (0.5 dyne/
cm?). Slides were washed once with PBS and adherent cells harvested in
TriFast (Peqlab) or fixed in 1 % formaldehyde (10 min) and stored in
PBS.

2.10. Immunofluorescence staining

Fixed slides were quenched (PBS with 50 mM NH4Cl and 20 mM
glycine; 4 min), permeabilized (0.2 % Triton-X100; 2 min) and blocked
with blocking solution (2%FCS, 2 % BSA, 0.2 % gelatine in PBS; 1 h).
Slides were incubated with a-PUUV nucleocapsid (overnight), followed
by a-mouse-AF647 (4 h). Platelets and HUVECs were directly labelled
(overnight) with a-CD41-AF488 and a-CD144-AF564 (listed in Sup.
Table 2), respectively, before cells were counterstained with
Hoechst33342 (5 pg/mL, 10 min; Invitrogen) and mounted in 85 %
Glycerol. Images were taken with a confocal laser scanning microscope
(Nikon Al plus Ti) at 20x magnification (Plan Apo A 20x) to visualize
whole channel width (7 mm x 4 mm) for quantification of platelets
(CD41-positive area) and nuclei using Image J 1.52p (details provided in
Supplemental methods). Representative detailed images were taken at
60x magnification (Plan Apo VC 60x Oil DIC N2).

2.11. Quantitative real-time PCR (qPCR)

RNA was isolated from cells harvested in TriFast (Peqlab) and 500 ng
were transcribed into cDNA using High-Capacity cDNA Reverse Tran-
scription Kit (Fisher Scientific) according to manufacturers’ instructions.
gPCR was performed with SsoAdvanced Universal SYBR Green Super-
mix (BioRad) and samples analyzed in duplicate by StepOne Plus
Realtime PCR System with StepOne Software v2.3 (both Applied Bio-
systems). Genes of interest were normalized to HPRT and to untreated
control (unless otherwise indicated) using the AACt method. A list of
primers (0.25 pM; biomers.net) is provided in Sup. Table 3.

2.12. Megakaryocyte maturation and ploidy

The megakaryocytic cell line MEG-01 was obtained from the German
Collection of Microorganisms and Cell Cultures GmbH (Leibniz Institute,
DSMZ) and maintained in RPMI supplemented with 10 % FCS and 1 %
penicillin/streptomycin/fungizone. Passages 1-10 were used for ex-
periments. MEG-01 were seeded at 3 x 10° cells/mL, infected with
PUUV and stimulated with DMSO or phorbol-myristate-acetate (PMA, 5
nM) for 48 h or 72 h. Adherent MEG-01 were detached by versene
(Lonza) and pooled with non-adherent cells for analysis by flow
cytometry (Sup. Fig. 3).

2.12.1. Platelet production

An aliquot of cells was fixed in 1 % formaldehyde and MEG-01 cells
and platelets counted by flow cytometry using the calibrated flow rate of
the cytometer.

2.12.2. Surface receptor expression and ploidy

Cells were pelleted in the presence of 0.1 pg/mL PGI, (200 g, 5 min),
resuspended in PBS and labelled for 20 min with a-CD41, a-CD61 and
a-CD42b. Cells were fixed in 1 % formaldehyde, diluted in FxCycle (1
pg/mL, 30 min) and platelets and MEG-01 receptor expression as well as
MEG-01 ploidy were evaluated by flow cytometry.
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Fig. 1. Puumala virus-induced hemorrhagic fever with renal syndrome (HFRS)
is associated with platelet dysfunction in impaired platelet-leukocyte interac-
tion. (A) Experimental setup: Four consecutive patients with acute PUUV-HFRS
that presented to University Hospital of Umed, Sweden, were prospectively
compared to healthy donors (HD) regarding platelet activation, platelet-
leukocyte aggregate (PLA) formation and innate leukocyte activation. (B)
Platelet VASP phosphorylation (VASP-P) was quantified as % of maximal VASP-
P induced by adenosine. (C) Platelet-rich plasma was stimulated with 5 yM ADP
(15 min) before assessing expression of CD62P (left), CD63 (middle) and GPIIb/
IIla activation (PAC-1 binding; right). (D-F) Buffy coat was analyzed for basal
levels of (D) PLA formation with different leukocyte subtypes, (E) CD11b
activation on neutrophils and monocytes and (F) monocyte tissue factor (TF)
expression. n = 4. *p < 0.05, **p < 0.01. MFI: mean fluorescence intensity,
VASP: vasodilator-stimulated phosphoprotein.

2.13. Quantification and statistical analysis

Statistical analysis was performed using GraphPad Prism 9.5.0.
Gaussian distribution was tested by Shapiro-Wilk test. Differences be-
tween two groups were evaluated accordingly by unpaired two-tailed t-
test, Mann-Whitney test or by Wilcoxon matched pairs signed rank test.
Differences between three groups were tested accordingly by one-way
ANOVA with Fisher’s LSD test for multiple comparisons or by Fried-
man test with uncorrected Dunn’s test for multiple comparisons. Data
with multiple predicting factors were evaluated by two-way ANOVA
with uncorrected Fisher’s LSD test for multiple comparisons. Sphericity
was not assumed and paired analyses were used where applicable. Fold-
control values were tested by one-sample t-test. Chi-square test was used
to compare classification frequencies of laboratory parameters. Bar and
line graphs represent mean =+ SD, box plots span minimum to maximum
with horizontal lines indicating the median. Time course data of patients
are given as spaghetti plot showing individual patient kinetics and
rolling average (Oth order, 3 neighbors) of daily medians. Biological
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Table 1
Demographic data of prospectively analyzed PUUV-HFRS patients.
Parameter Missing data (n)  All (n = 4)
n (%)
Median
(range)
Sex -
Female 3 (75.0)
Male 1(25.0)
Age (years) - 61 (55-71)
Symptoms
Bleeding manifestation - 0(0.0)
Thrombotic event - 0(0.0)
Medication
Anti-platelet therapy (ASA/P2Y; blocker) - 0 (0.0)
Anticoagulation therapy - 0(0.0)
Disease course” -
Mild 3 (75.0)
Severe 1(25.0)
Fatal 0(0.0)
Clinical Characteristics
Peak viremia (copies/mL) 4 n.d.
Time from first symptom to hospital contact — — 7 (5-7)
Hospitalization - 2 (50.0)
Hospitalization time (days) if hospitalized - 6 (5-7)

? Classification as severe based on respiratory problems and hypotension:
need for oxygen and intravenous fluids; ASA: acetylsalicylic acid; n.d.: not
determined.

replicates, representing number of blood donors, are indicated in the
figure legends as n. A p-value p < 0.05 was considered significant.
Different p-values p < 0.05, p < 0.01, p < 0.001 and p < 0.0001 are

* ek Kk

indicated as *, **, *** or **** respectively.
3. Results

3.1. PUUV-induced HFRS is associated with platelet dysfunction in
impaired platelet-leukocyte interaction

In order to investigate the impact of PUUV infection on hemostatic
and immunomodulatory platelet function, we prospectively compared
platelet responsiveness and platelet-leukocyte aggregate (PLA) forma-
tion in four consecutive HFRS patients seeking medical care at the
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University hospital of Umed relative to healthy donors (Fig. 1A). De-
mographic data and laboratory parameters are given in Table 1 and
Table 2. Analysis of VASP phosphorylation as marker for cAMP-
mediated intrinsic platelet inhibition revealed no difference to con-
trols (Fig. 1B). However, patients displayed reduced platelet reactivity
during acute HFRS, affecting both degranulation and activation of the
fibrinogen receptor GPIIb/IlIa (Fig. 1C).

In line with platelet hypo-responsiveness, PUUV-HFRS patients also
showed impaired PLA formation with neutrophils, T cells and B cells in
the circulation (Fig. 1D), which may limit the immunomodulatory ca-
pacity of platelets. Of note, while CD11b activation of neutrophils was
not altered in HFRS, monocytes showed a trend to higher CD11b acti-
vation and expressed significantly more TF than healthy controls
(Fig. 1E-F), which may contribute to the procoagulant microenviron-
ment in HFRS.

3.2. Thrombocytopenia in PUUV-HFRS is not associated with soluble
markers of platelet activation

Next, we wanted to elucidate if thrombocytopenia in HFRS was
associated with latent platelet activation and subsequent sequestration
and exhaustion. Thus, we retrospectively analyzed the association of
platelets, viral load and CXCL4 over time in a cohort of PUUV-HFRS
patients that suffered from thrombocytopenia during acute disease
(Fig. 2A, Table 3, Table 4). Platelet nadir around study entry (median
day 5 after disease onset) was followed by a compensatory phase of
elevated platelet count before stabilizing after about 3 weeks (Fig. 2B).
Although viremia was common at admission (86.1 %), it rarely persisted
longer than 14 days (Fig. 2C) and was only weakly associated with
platelet count (Sup. Fig. 4A). We further quantified plasma CXCL4 as
highly sensitive indirect marker of latent platelet activation [31].
Overall, CXCL4 dynamics resembled platelet count with lower levels
during the acute phase compared to recovery (Fig. 1D). CXCL4 weakly
correlated with platelet count and upon normalization to platelet count,
CXCL4 levels showed little variation throughout disease course (Sup.
Fig. 4B-C). These observations oppose the idea of latent platelet acti-
vation as mechanism for thrombocytopenia and platelet dysfunction in
PUUV-HEFRS.

We further tested for the presence of an inhibitory plasma factor in
acute HFRS by analyzing responsiveness of naive platelets suspended in
patient plasma (Fig. 2E). However, platelet activation was similar in

Table 2
Laboratory parameters of prospectively analyzed PUUV-HFRS patients.
Laboratory parameters (reference range) Admission (n = 4) Recovery (n = 4) p-Value*
Missing data (n) n (%) Missing data (n) n (%)
Median (range) Median (range)
Hemoglobin - ?11.7 (11.1-12.0) - Q14.0 (14.0-14.4) 2 0.2500
(9 11.7-15.3 g/dL, & 13.4-17.0 g/dL) 315.4 314.4 3
Platelet count (145-348 x 10°/L) - 231 (94-378) - 259 (203-295) 0.6250
Leukocyte count (3.5-8.8 x 109/L) - 7.2 (6.6-8.4) - 4.8 (4.6-4.9) 0.1250
Lymphocyte count (1.0-3.5 x 10°/L) - 1.6 (1.0-2.5) - 1.8 (1.4-2.0) 0.8750
Neutrophil count (1.8-6.3 x 10°/L) - 4.4 (0.4-4.8) - 3.4 (2.3-3.9) 0.8750
Monocyte count (0.3-1.2 x 109/L) — 0.8 (0.4-1.3) — 0.5 (0.4-0.5) 0.2500
Activated partial thromboplastin time (24.0-36.0 s) - 28.3 (25.8-29.2) - 26.9 (25.3-29.7) 0.3750
C-reactive protein (<3 mg/L) - 29 (1-42) - (<3-7) 0.2500
C-reactive protein classification ” - - 0.0695
Normal (<3 mg/L) 1(25.0) 2 (50.0))
Minor elevation (3-10 mg/L) 0 (0.0) 2 (50.0))
Moderate elevation (>10-100 mg/L) 3 (75.0) 0 (0.0)
Marked elevation (>100 mg/L) 0 (0.0) 0 (0.0)
D-dimer (<0.20 mg/L) - 0.29 (0.16-0.40) 2 #(<0.05-0.06) -
D-dimer classification - 2 0.0833
Normal (<0.20 mg/L) 1 (25.0) 2 (100.0))
Elevated (<0.20 mg/L) 3 (75.0) 0 (0.0)

" Wilcoxon matched-pairs signed rank test (cannot be performed on n < 3) or Chi-square test.
# Low n-count or non-parametric data quality does not allow quantification of a p-value or median, respectively;

b Classification according to [82];

44



W.C. Schrottmaier et al.

A
Onset  Study entry Recovery S HD
Day 0 Day 5 Day 242 % f?Acute 'W
i\/ Recovery %
09 =
\ &% < /
°
Platelet count (n=42)
Viral load (n=36) Platelet activation
Plasma CXCL4 (n=33) (n=4)
B C
600+
o
=
S 4001
x|
2]
Q
< 200
(_“'u’ ......
& 242 )
0 T T T T T 1 T
0 7 14 21 28 35 42 0 7 14 21 28
Days after disease onset Days after disease onset
D E
1507 m Acute
[ Recovery
< 100
o
N
[{}
o 50 é
O

C T T
0o 7
Days after disease onset

T T T T T
14 21 28 35 42 ADP

PBS

Fig. 2. Thrombocytopenia in Puumala virus (PUUV)-induced hemorrhagic
fever with renal syndrome (HFRS) is not associated with latent platelet acti-
vation. (A) Experimental setup: Patients with PUUV-induced HFRS that pre-
sented to University Hospital of Umed, Sweden, and suffered from
thrombocytopenia upon study entry were clinically monitored and serum and
plasma prepared throughout disease and at recovery (>42 days after symptom
onset). (B-D) Changes throughout the disease course of (B) platelet count (n =
42), (C) serum viral load (n = 36) and (D) plasma CXCL4 (n = 33) were
retrospectively analyzed. Graphs show individual patient kinetics (grey) and
rolling average (Oth order, 3 neighbors) of daily medians (violet). Reference
platelet range indicated in grey. n = 33-42 patients, 2-6 (B, D) or 1-4 (C)
timepoints per patient. (E) Healthy donor platelets in citrate plasma from
PUUV-HFRS patients, obtained during acute disease (day 4) and recovery, were
stimulated with 5 pM ADP (15 min) and platelet activation assessed by surface
CD62P expression. n = 4 platelet donors in 1-4 plasma donors each. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

plasma obtained at day 4 after onset or during recovery, indicating that
platelet hypo-responsiveness in acute PUUV-HFRS is due to cell-intrinsic
properties.

3.3. PUUV activates innate leukocytes

As data obtained from blood of PUUV-infected patients may reflect a
plethora of indirect and delayed effects, we aimed to elucidate the direct
impact of PUUV on hemostatic and immunomodulatory responses. To
that goal, we incubated blood of naive donors with PUUV in vitro before
examining platelet and leukocyte activation as well as their interaction
(Fig. 3A).

Peak viral load in PUUV-HFRS patients reached around 10° copies/
mL (Sup. Fig. 4D). Short-term incubation of innate leukocytes with
PUUV at physiologically relevant concentrations had little effect on
basal monocyte TF expression, and only slightly enhanced TF levels
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Table 3
Demographic data of retrospectively analyzed PUUV-HFRS patients.
Parameter Missing data All (n = 42)
™ n (%)
Median (IQR)
Sex -

Female 23 (54.8)
Male 19 (45.2)
Age (years) - 49 (42-63)

Symptoms
Bleeding manifestation * - 4(9.5)
Thrombotic event - 0(0.0)
Medication
Anti-platelet therapy (ASA/P2Y;, - 7 (16.7)
blocker) °
Anticoagulation therapy - 1(2.4)
Disease course © -
Mild 38 (90.5)
Severe 4(9.5)
Fatal 0(0.0)
Clinical Characteristics
Peak viremia (copies/mL) 6 25,582 (3,458-
83,580)
Time from first symptom to hospital - 5 (4-6)
contact
Hospitalization - 27 (64.3)
Hospitalization time (days) if - 4 (3-7)

hospitalized

®

observed manifestations: 4/4 epistaxis;
recorded anti-platelet therapy: 1/7 clopidogrel, 6/7 ASA;

¢ Classification as severe based on respiratory problems and hypotension:
need for oxygen and intravenous fluids; ASA: acetylsalicylic acid; IQR: inter-
quartile range.

b

upon stimulation with ADP, TRAP-6 or CVX (Fig. 3B-C). Monocyte TF
expression remained unaffected by PUUV presence even after 6 h (Sup.
Fig. 5), suggesting that PUUV confers neither non-transcriptional nor
genomic effects on TF expression directly. In contrast, PUUV signifi-
cantly increased both basal and platelet-mediated CD11b activation of
neutrophils (Fig. 3D-E) and monocytes (Fig. 3F-G), demonstrating direct
stimulation of innate leukocytes by PUUV in vitro.

3.4. PUUV does not regulate platelet activation directly

We next aimed to investigate if direct interaction with PUUV also
modulates platelet function. Using the same setup as before, we first
tested the effect of PUUV on platelet degranulation and integrin acti-
vation in whole blood (Fig. 3A).

However, PUUV had no effect on basal or agonist-induced CD62P or
CD63 expression nor on GPIIb/Illa activation (Fig. 4A). We obtained
similar results when performing the experiment in PRP or washed
platelets with no relevant changes in platelet activation and respon-
siveness (Fig. 4B). Similarly, PUUV also did not directly regulate for-
mation of procoagulant platelets, as neither overall phosphatidylserine
(PS) exposure nor formation of so-called coated platelets, which display
impaired aggregating capacity [32], were altered upon incubation with
PUUV (Sup. Fig. 6). These data suggest that platelet dysfunction in acute
HFRS is not directly caused by PUUV.

Platelets depend on secondary feedback signals ADP and throm-
boxane A; to become fully activated and form stable aggregates. Thus,
we examined how HFRS-associated thrombocytopenia impacts platelet
function by diluting PRP with plasma to platelet counts typically
observed in acute HFRS and beyond (Sup. Fig. 7A) and assessing platelet
responsiveness to various agonists. CD62P upregulation in response to
weak or moderate stimulation was slightly but significantly reduced at
HFRS-associated platelet counts, whereas GPIIb/Illa activation was in-
dependent of platelet count (Sup. Fig. 7B). Thus, although PUUV itself
may not affect platelet responsiveness, PUUV-induced thrombocyto-
penia may at least contribute to platelet hypo-responsiveness.
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Table 4
Laboratory parameters of retrospectively analyzed PUUV-HFRS patients.
Laboratory parameters (reference range) Admission (n = 42) Recovery (n = 42) p-Value*
Missing data (n) n (%) Missing data (n) n (%)
Median (IQR) Median (IQR)
Hemoglobin - ?13.0 (12.2-13.8) - ?12.8 (11.8-13.9) Q0.1224
(2 11.7-15.3 g/dL, 8 13.4-17.0 g/dL) 3 15.1 (13.8-15.9) 3 13.8(13.4-14.8) 3 0.0068
Platelet count (145-348 x 109/L) - 88 (65-109) - 254 (223-287) <0.0001
Leukocyte count (3.5-8.8 x 10°/L) - 6.5 (4.9-8.5) - 6.6 (5.6-7.8) 0.6190
Lymphocyte count (1.0-3.5 x 10°/L) - 1.4 (1.1-1.7) - 2.1 (1.7-2.5) <0.0001
Neutrophil count (1.8-6.3 x 109/L) 3.9 (3.2-5.7) 3.3(2.8-4.5) 0.0104
Monocyte count (0.3-1.2 x 10%/L) 0.6 (0.4-0.9) - 0.5 (0.3-0.6) 0.0009
Activated partial thromboplastin time (24.0-36.0 s) 30.7 (28.9-33.0) 7 28.5 (26.9-29.7) 0.0010
C-reactive protein (<3 mg/L) 62 (28-131) 3.1 (<3-5) <0.0001
C-reactive protein classification * - - <0.0001
Normal (<3 mg/L) 1(2.4) 16 (38.1)
Minor elevation (3-10 mg/L) 4 (9.5) 25 (59.5)
Moderate elevation (>10-100 mg/L) 25 (59.5) 124
Marked elevation (>100 mg/L) 12 (28.6) 0 (0.0)
D-dimer (<0.20 mg/L) 9 0.54 (0.35-1.00) 6 0.11 (0.06-0.16) <0.0001
D-dimer classification 9 6 <0.0001
Normal (<0.20 mg/L) 1(3.0) 29 (80.6)
Elevated (<0.20 mg/L) 32 (97.0) 7 (19.4)

* Wilcoxon matched-pairs signed rank test or Chi-square test; significant p-values are highlighted as bold;

@ Classification according to [82]; IQR: interquartile range.
3.5. PUUV does not regulate platelet-leukocyte interaction directl

Platelet-leukocyte interactions fine-tune inflammatory and procoa-
gulant leukocyte effector functions, such as monocyte release of TF-
bearing extracellular vesicles (TF+ EVs) and NET formation, which
have been observed in PUUV-infected patients [33-35]. We therefore
analyzed the effect of PUUV on PLA formation in vitro (Fig. 3A).

Although PUUV activated leukocytes, basal platelet-neutrophil
aggregate (PNA) and platelet-monocyte aggregate (PMoA) formation
as well as platelet-lymphocyte aggregates with T cells or B cells
remained unaltered (Fig. 5A). Also upon activation of platelets no dif-
ferences in PLA formation (Fig. 5B-C) in the presence or absence of
PUUV could be observed. Thus, reduced PLA formation observed in
acute HFRS is likely subject to multifactorial regulation and does not
derive from direct PUUV-blood cell interactions.

3.6. PUUV fosters platelet sequestration to the endothelium

Next, we investigated how PUUV contributes to the development of
HFRS-associated thrombocytopenia by exploring platelet degradation
and sequestration. We quantified the effect of PUUV on platelet desia-
lylation, which mediates hepatic platelet clearance [36], but found no
difference between control and PUUV-treated platelets (Sup. Fig. 8).

We further tested the impact of PUUV on platelet sequestration by
perfusing platelets over an endothelial monolayer at capillary shear
stress and examined how pretreatment of either platelets or HUVECs
with PUUV affected platelet adhesion (Fig. 6A). Platelet priming with
PUUV did not affect endothelial adhesion, whereas HUVECs with
established PUUV infection bound significantly more naive platelets
(Fig. 6B-C, Sup. Fig. 9A). Infection of HUVECs with PUUV upregulated
ICAM1 expression (Fig. 6D), a key receptor for platelet adhesion by
binding GPIIb/IIla via bridging fibrinogen [37]. Interestingly, although
PUUV infection is associated with profuse nitric oxide (NO) production
[38], which may help curtail platelet activation in vivo, neither expres-
sion of endothelial NO synthase (NOS3), nor of other endothelial acti-
vation markers, like CD40 or CXCL8, were elevated (Sup. Fig. 9B). Our
results thus indicate that neither platelet desialylation, resulting in
subsequent degradation, nor endothelial adhesion are directly modu-
lated by PUUV. However, PUUV likely fosters thrombocytopenia indi-
rectly via platelet sequestration at infected endothelial cells, which may
also contribute to thrombotic risk in HFRS.
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3.7. PUUV does not affect megakaryocyte maturation or differentiation

Thrombocytopenia may also arise from impaired thrombopoiesis
upon viral infection of megakaryocytes [39]. Using the mega-
karyoblastic cell line MEG-01, we analyzed the effect of PUUV on
megakaryocyte maturation and differentiation in vitro (Fig. 7A). As
MEG-01 show only little spontaneous maturation in culture, we stimu-
lated MEG-01 with PMA, which induced polyploidization (Sup.
Fig. 10A) and enhanced surface expression of CD41 (GPIIb), CD61
(GPIIla) and CD42b (GPIba) on both MEG-01 and MEG-01-derived
platelets (Sup. Fig. 10B), as characteristic for megakaryocyte matura-
tion and differentiation [40,41]. However, neither MEG-01 ploidy
(Fig. 7B) nor numbers of MEG-01 or produced platelets (Fig. 7C) were
affected by presence of PUUV. Although CD61 levels on PMA-induced
platelets were slightly decreased upon PUUV addition, overall PUUV
did not alter receptor expression of MEG-01 cells or their derived
platelets (Fig. 7D). Taken together, these data indicate that infection
with PUUV does not affect megakaryocyte maturation and
thrombopoiesis.

4. Discussion

Hantavirus infections represent a global health burden with up to
35,000 diagnosed cases each year and likely a multiple thereof in un-
diagnosed or subclinical cases [2]. While PUUV does not carry the high
fatality risk associated with other hantaviruses, they share pathophysi-
ologic host responses including thrombocytopenia and (non-overt) DIC,
making PUUV a favorable model to study hantavirus infections [7-10].
Thrombocytopenia is pivotally involved not only in hemorrhagic man-
ifestations, but it also serves as prognostic parameter for disease severity
and renal failure in PUUV-HFRS [42-44].

While thrombocytopenia is a key symptom of VHFs including
hantavirus infections, it is also common in other viral infections such as
influenza and hepatitis C. The underlying mechanisms are often multi-
factorial and depend on the specific virus [12]. In general, virus-induced
thrombocytopenia can be caused by decreased platelet production e.g.
upon infection of hematopoietic stem cells or MKs, or by enhanced
platelet destruction or consumption upon activation [39]. Direct and
indirect platelet activation during systemic infection may induce
microthrombosis or platelet sequestration in capillary-rich organs such
as the lungs and kidneys, which compromises vascular integrity and
leads to concurrently increased risks for hemorrhagic complications and
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thrombotic events of arterial and venous origin [17,45-47]. At the same
time, previously activated and sequestered platelets may re-enter cir-
culation as so-called exhausted platelets with reduced potential to
respond to further stimuli.

Previously, latent platelet activation and subsequent consumption
and exhaustion were hypothesized to cause HFRS-associated thrombo-
cytopenia and platelet hypofunction [22]. Analysis of PUUV-HFRS pa-
tient platelets could since provide evidence of low-grade platelet
activation but not exhaustion in acute disease [21], suggesting the
involvement of further yet unknown direct and/or indirect mechanisms.

In this study, we therefore aimed to elucidate how PUUV infection
causes thrombocytopenia and platelet hypo-responsiveness by investi-
gating direct effects of PUUV on platelet production, function and
degradation.

We found that simulation of PUUV-HFRS-like thrombocytopenia in
vitro had only minor effects on platelet CD62P expression and none on
GPIIb/Illa activation, indicating that thrombocytopenia itself is not
sufficient to explain the degree of platelet hypo-responsiveness previ-
ously described in acute PUUV-HFRS [21].

In line with previous observations on normal aggregation of naive
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platelets in HFRS plasma [22], our data further substantiate that platelet
hypo-responsiveness in acute PUUV-HFRS is not mediated by plasma
factors, pointing towards a platelet-intrinsic functional deficiency.
Intriguingly, platelet VASP phosphorylation, which downregulates
integrin activation and can thus be regarded as indicator of their
inhibitory state, was comparable in PUUV-HFRS patients and healthy
donors, suggesting that any intrinsic platelet hypo-responsiveness does
not involve cAMP-dependent kinases [48].

Both HPS- and HFRS-inducing hantaviruses including PUUV were
previously shown to bind integrin complexes containing GPIIIa (integrin
B3, CD61), which is highly expressed on endothelial cells and platelets as
part of a,B3 or GPIIb/IIla (oyypP3), respectively [49,50]. Thereby, PUUV
is able to directly bind to platelets [51]. This interaction is independent
of the receptor’s typical RGDS binding motif [49], indicating that
hantavirus-GPIIIa interaction does not require integrin activation and
suggesting that PUUV is able to bind quiescent platelets. Furthering that
notion, platelets as well as primary megakaryocytes and megakaryocytic
cell lines also constitutively express known hantavirus receptors DAF
(CD55), gClgR and GPIIa (integrin f1, CD29) [52-55], providing a
multitude of options for PUUV to potentially modulate platelet and
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megakaryocyte functions.

As binding of pathogenic hantaviruses to inactive ayp3 on endothelial
cells prevents subsequent fs-dependent cell migration, hantavirus-
GPIIb/Illa interaction has been hypothesized to also contribute to
platelet dysfunction in HFRS [56-58]. However, our data revealed that
PUUV modulated neither expression of platelet degranulation markers
CD62P or CD63 nor activation of GPIIb/Illa nor formation of procoa-
gulant platelet subsets. Notably, in line with these in vitro data and in

contrast to a previous study comprising a small cohort of 5-6 patients
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[20], we also found no evidence of latent platelet activation in vivo, as
plasma CXCL4 levels were proportionate with platelet counts
throughout course of disease. Our data demonstrate that PUUV has no
direct regulatory effect on platelet activation and thus preclude direct
PUUV-mediated platelet exhaustion as underlying mechanisms for
platelet hypo-responsiveness in PUUV-HFRS.

Pathogenic HTNV but not non-pathogenic hantaviruses are able to
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cell aggregates.

infect and replicate in megakaryocytes [55,59]. However, similar to
HTNV-infected megakaryocytic cells [55], PUUV failed to directly
modulate maturation and differentiation of MEG-01 cells, affecting
neither ploidy nor surface receptor expression. This indicates that
thrombocytopenia in PUUV infection is not due to disrupted platelet
production. Whereas HTNV-infected megakaryocytes may be prone to
clearance by cytotoxic T-cells due to upregulation of HLA class I mole-
cules [55], megakaryocyte numbers appear normal in HCPS [9] and also
PUUV-HFRS is characterized by functional megakaryocyte differentia-
tion [60]. During acute disease thrombopoiesis may even be elevated,
potentially as compensatory response to thrombocytopenia, as demon-
strated by increased mean platelet volume, elevated immature platelet
fraction and augmented plasma levels of thrombopoietin [20,21,61].
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6. PBcA: platelet-B cell aggregates, PMoA: platelet-monocyte aggregates, PNA: platelet-neutrophil aggregates, PTcA: platelet-T

Megakaryocyte resistance to pathogenic effects of PUUV infection may
be assisted by intrinsic antiviral capacity via releasing interferons that
limit infection of bystander megakaryocytes as shown for dengue virus,
which also causes viral hemorrhagic fever [62].

Recently, thrombocytopenia in dengue fever was shown to involve
clearance of desialylated platelets, a process shared by other bacterial
and viral infections including influenza [63-65]. However, our experi-
ments revealed no effect of PUUV on sialic acid levels of platelets in vitro.
Of note, mechanisms of virus-induced desialylation are variable: The
influenza viral envelope contains neuraminidase, enabling direct
removal of sialic acids by the virion. In contrast, platelet desialylation in
dengue fever occurs secondary to excessive von Willebrand factor (vWF)
binding and subsequent surface translocation of platelet neuraminidase
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[63,65]. Plasma levels and activity of vWF are almost 3-fold higher in
acute PUUV-HFRS compared to convalescence [21,66], particularly in
patients with severe disease [67], suggesting that excessive vVWF-platelet
binding und subsequent desialylation could also occur in PUUV infec-
tion in vivo. However, vVWF levels were not found to correlate with
platelet count in PUUV-HFRS [21].

Therefore, although PUUV does not directly regulate platelet pro-
duction, activation or degradation, PUUV may indirectly foster throm-
bocytopenia and platelet hypo-responsiveness in PUUV-HFRS. In line
with previous findings obtained under static conditions [51], we found
that infection of endothelial cells with PUUV augmented adhesion of
naive platelets under capillary shear, potentially involving upregulation
of ICAM-1, which binds activated platelet GPIIb/IIla via fibrinogen
bridging [37]. However, quiescent platelets may also attach via inactive
GPIIb/Illa to endothelial cells infected with HCPS- and HFRS-
pathogenic hantaviruses that expose virus proteins on their surface
[50]. In line with the lack of effect of PUUV on platelet activation,
platelet pre-incubation with PUUV did not affect their endothelial
adhesion, strengthening the hypothesis that PUUV infection fosters
thrombocytopenia in vivo primarily through indirect mechanisms,
including sequestration of platelets to infected endothelium.

Currently, the molecular mechanisms mediating platelet binding to
infected endothelial cells remain unknown. In both PUUV- and HTNV-
HFRS soluble ICAM-1 (SICAM-1) is increased throughout disease,
peaking at disease onset when platelet counts are lowest [68,69], though

50

SsICAM-1 does not correlate with platelet count and is not associated with
disease severity or severe thrombocytopenia in PUUV-HFRS [68,70].
However, plasma fibrinogen, which is required to bridge platelet GPIIb/
IIIa and endothelial ICAM-1 in order to mediate platelet adhesion [37],
is also increased during acute PUUV-HFRS and negatively correlates
with platelet count [66].

Given the profound dysregulation of adhesion molecules in PUUV-
HFRS [68], platelet adhesion is likely to involve binding partners
beyond ICAM-1 or virus proteins. Increased vVWF levels and activity in
acute PUUV-HFRS have made vWF an attractive candidate suggested to
contribute to platelet consumption [66]. Intriguingly, neither PUUV-
nor HTNV-infected HUVECs upregulate vVWF production or release in
vitro [51,71], suggesting that the elevated vVWF levels observed in vivo
may derive from other sources such as MKs, which represent the second
major vVWF-producing cell [72]. In line, although plasma vWF does not
correlate with platelet counts in PUUV-HFRS, platelet count overall
seems to follow vWF kinetics with a delay of several days [21].

Invitro PUUV activated both neutrophils and monocytes, but had no
effect on PLA formation, which primarily depends on platelet activation
[73,74]. Contrarily, platelet interaction with neutrophils and lympho-
cytes but not monocytes was reduced in acute PUUV-HFRS, potentially
reflecting in vivo platelet hypo-responsiveness. These cellular de-
ficiencies resemble dengue fever, which is also characterized by
thrombocytopenia, platelet hypo-responsiveness and impaired PLA
formation [75]. Although dengue virus can directly activate platelets,
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Fig. 7. Puumala virus (PUUV) does not affect megakaryocyte maturation or differentiation. (A) Experimental setup: MEG-01 cells were seeded, primed with PUUV
and cultured in the presence of 5 nM phorphol-myristate-acetate (PMA) for 48 h or 72 h before determining maturation and differentiation of MEG-01 cells and
produced platelets (PLT). (B) MEG-01 ploidy was determined by flow cytometric quantification of relative DNA content. (C) MEG-01 and platelet count within the
culture were monitored by flow cytometry. (D) Surface receptor expression of CD41 (GPIIb, left), CD61 (GPIIla, middle) and CD42b (GPIba, right) of MEG-01 and

platelets was quantified by flow cytometry. n = 3. Data show mean + SD (B).

these symptomatic similarities still hint at some degree of mechanistic
overlap [76].

Direct or indirect platelet-monocyte crosstalk can foster monocyte TF
expression, which is upregulated in viral infections including Ebola viral
hemorrhagic fever and COVID-19 [33,77,78]. While PMoA levels were
not increased in PUUV-HFRS, monocyte TF levels were upregulated,
which likely contributes to the procoagulant/prothrombotic microen-
vironment in PUUV infection either directly or upon shedding of TF+
EVs. In line, circulating TF+ EV, which mostly derive from monocytes or
endothelial cells [79], are increased in both PUUV-HFRS and Sin
Nombre virus-induced HCPS and associate with DIC and venous
thromboembolism in PUUV-HFRS [34,80]. However, in vitro PUUV did
not stimulate monocyte TF expression, suggesting that elevated TF
levels in PUUV-HFRS patients are primarily induced by indirect mech-
anisms. In light of previous studies demonstrating NET formation and
endothelial TF induction during infection with PUUV or HTNV
[35,51,81], our data thus further underline the role of immuno-
thrombosis in PUUV-HFRS, which may represent another indirect
mechanism contributing to platelet dysfunction and consumption.

In summary, we provide evidence that direct interaction of PUUV
with platelets or megakaryocytes in vitro modulates neither platelet
production, activation or desialylation, nor PLA formation. However, via

infection of endothelial cells PUUV indirectly enhances platelet
sequestration under flow. Platelet hypo-responsiveness in PUUV-HFRS
is independent of plasma components, and evaluation of platelet VASP
phosphorylation and plasma CXCL4 preclude cAMP-mediated inhibition
and platelet exhaustion as underlying cause. Monocyte TF is upregulated
in acute PUUV-HFRS, but not by PUUV in vitro, suggesting indirect in-
duction of immunothrombosis in vivo, which may also contribute to
platelet dysfunction and consumption. Given the pathophysiologic
similarities of hantavirus infections, our findings provide important in-
sights into the mechanisms underlying thrombocytopenia in HFRS and
HCPS and highlight immune-mediated coagulopathy as potential ther-
apeutic target.

4.1. Limitations of the study

Of note our study has certain limitations; as our prospective cohort
only included 4 patients, the observed effects should be validated in
independent and larger cohorts including patients with thrombocyto-
penia, which was only observed in one of four prospectively analyzed
patients, potentially due to the relatively late study entry (median day 7
post symptom onset). In particular, higher sample numbers are required
to determine possible confounding effects of altered leukocyte and
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platelet blood counts, as e.g. severe thrombocytopenia could influence
platelet activation and PLA formation [24].

Moreover, as we aimed to elucidate the direct impact of PUUV on
platelet function and lifespan, aspects of endothelial dysfunctions upon
PUUV infection were not investigated in depth. Our data underline the
crucial role of the infected endothelium in PUUV-HFRS, which certainly
merits extensive future studies. The use of primary endothelial cells
derived from umbilical cords as in vitro model for platelet-endothelial
interactions does not fully represent the in vivo situation. For example,
glycocalyx degradation may play an important part in platelet seques-
tration and hemostatic complications in PUUV-HFRS, but HUVECs do
not form a proper glycocalyx in culture. Future studies focusing on the
impact of PUUV on different types of endothelial e.g. of renal origin may
thus provide essential knowledge on the importance of endothelial
dysfunction for hemostatic and immunothrombotic disturbances but
also renal complications in PUUV-induced HFRS.

Sources of funding

Financial support was provided by funds from the Oesterreichischen
Nationalbank (Austrian Central Bank, Anniversary Fund, project num-
ber: OENB18450) to WCS; from Region Vasterbotten County Council
Central-ALF to AMFC (RV-967545); from the Austrian Science Fund
(FWF) to AA (P32064, P34783); from Region Vasterbotten and Umea
University (RV-734361) and the Swedish Heart Lung Foundation
(20170334) to CA; from the Swedish Research Council (Consolidator
grant 2020-06235) and Kempestiftelserna (SMK-1560) to MNEF. Sam-
pling of PUUV-infected patients was supported by NIAID of the NIH
under award number U19AI142777 (Centers of Excellence in Trans-
lational Research). The authors declare no competing financial interests.

CRediT authorship contribution statement

Conceptualization: WCS, CA, MNEF; Investigation: WCS, AS; Patient
recruitment, treatment and data provision: TT, JWB, AMFC, CA; Re-
sources: WCS, AA, MNEF; Writing — Original draft: WCS; Writing — Re-
view & Editing: all authors; Visualization: WCS; Funding Acquisition:
WCS, AMFC, AA, CA, MNEF.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

We thank Dr. Ellen Krautkramer, University Hospital Heidelberg,
Germany, for sharing her protocol on immunofluorescence staining of
PUUV nucleocapsid protein.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.thromres.2023.11.017.

References

[1] L.D. Racsa, C.S. Kraft, G.G. Olinger, L.E. Hensley, Viral hemorrhagic fever
diagnostics, Clin. Infect. Dis. 62 (2016) 214-219, https://doi.org/10.1093/cid/
civ792.

P.A. Vial, M. Ferres, C. Vial, J. Klingstrom, C. Ahlm, R. Lopez, et al., Hantavirus in
humans: a review of clinical aspects and management, Lancet Infect. Dis. (2023),
https://doi.org/10.1016,/51473-3099(23)00128-7.

Q. Wang, M. Yue, P. Yao, C. Zhu, L. Ai, D. Hu, et al., Epidemic trend and molecular
evolution of HV family in the main hantavirus epidemic areas from 2004 to 2016,
in P.R. China, Front Cell Infect Microbiol. 10 (2020), https://doi.org/10.3389/
fcimb.2020.584814, 584814.

[2]

[3]

52

[4]

[5]

[6]

[71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Thrombosis Research 233 (2024) 41-54

European Centre for Disease Prevention and Control, Hantavirus Infection. ECDC
Annual Epidemiological Report for 2020, Stockkholm: ECDC, 2023. Available
from: https://www.ecdc.europa.eu/en/publications-data/hantavirus-infection-
annual-epidemiological-report-2020.

M. Hjertqvist, S.L. Klein, C. Ahlm, J. Klingstrom, Mortality rate patterns for
hemorrhagic fever with renal syndrome caused by Puumala virus, Emerg. Infect.
Dis. 16 (2010) 1584-1586, https://doi.org/10.3201/eid1610.100242.

P. Makary, M. Kanerva, J. Ollgren, M.J. Virtanen, O. Vapalahti, O. Lyytikainen,
Disease burden of Puumala virus infections, 1995-2008, Epidemiol. Infect. 138
(2010) 1484-1492, https://doi.org/10.1017/50950268810000087.

L.T. Figueiredo, W.M. Souza, M. Ferres, D.A. Enria, Hantaviruses and
cardiopulmonary syndrome in South America, Virus Res. 187 (2014) 43-54,
https://doi.org/10.1016/j.virusres.2014.01.015.

J. Latus, D. Kitterer, S. Segerer, F. Artunc, M.D. Alscher, N. Braun, Severe
thrombocytopenia in hantavirus-induced nephropathia epidemica, Infection 43
(2015) 83-87, https://doi.org/10.1007/5s15010-014-0699-9.

S.R. Zaki, P.W. Greer, L.M. Coffield, C.S. Goldsmith, K.B. Nolte, K. Foucar, et al.,
Hantavirus pulmonary syndrome. Pathogenesis of an emerging infectious disease,
Am. J. Pathol. 146 (1995) 552-579.

E. Sundberg, J. Hultdin, S. Nilsson, C. Ahlm, Evidence of disseminated
intravascular coagulation in a hemorrhagic fever with renal syndrome-scoring
models and severe illness, PloS One 6 (2011), e21134, https://doi.org/10.1371/
journal.pone.0021134.

O. Vapalahti, J. Mustonen, A. Lundkvist, H. Henttonen, A. Plyusnin, A. Vaheri,
Hantavirus infections in Europe, Lancet Infect. Dis. 3 (2003) 653-661, https://doi.
org/10.1016/s1473-3099(03)00774-6.

W.C. Schrottmaier, A. Schmuckenschlager, A. Pirabe, A. Assinger, Platelets in viral
infections - brave soldiers or Trojan horses, Front. Immunol. 13 (2022), 856713,
https://doi.org/10.3389/fimmu.2022.856713.

A. Assinger, W.C. Schrottmaier, M. Salzmann, J. Rayes, Platelets in Sepsis: an
update on experimental models and clinical data, Front. Immunol. 10 (2019) 1687,
https://doi.org/10.3389/fimmu.2019.01687.

W.C. Schrottmaier, J.B. Kral, S. Badrnya, A. Assinger, Aspirin and P2Y12 inhibitors
in platelet-mediated activation of neutrophils and monocytes, Thromb. Haemost.
114 (2015) 478-489, https://doi.org/10.1160/TH14-11-0943.

M.R. Yeaman, Platelets: at the nexus of antimicrobial defence, Nat. Rev. Microbiol.
12 (2014) 426-437, https://doi.org/10.1038/nrmicro3269.

R.A. Costello, S.M. Nehring, Disseminated Intravascular Coagulation. StatPearls.
Treasure Island (FL) Ineligible Companies. Disclosure: Sara Nehring Declares No
Relevant Financial Relationships with Ineligible Companies, 2023.

A.M. Connolly-Andersen, H. Whitaker, J. Klingstrom, C. Ahlm, Risk of venous
thromboembolism following hemorrhagic fever with renal syndrome: a self-
controlled case series study, Clin. Infect. Dis. 66 (2018) 268-273, https://doi.org/
10.1093/cid/cix777.

B. Settergren, P. Juto, B. Trollfors, G. Wadell, S.R. Norrby, Clinical characteristics
of nephropathia epidemica in Sweden: prospective study of 74 cases, Rev. Infect.
Dis. 11 (1989) 921-927, https://doi.org/10.1093/clinids/11.6.921.

0. Laine, S. Makela, J. Mustonen, H. Huhtala, T. Szanto, A. Vaheri, et al., Enhanced
thrombin formation and fibrinolysis during acute Puumala hantavirus infection,
Thromb. Res. 126 (2010) 154-158, https://doi.org/10.1016/j.
thromres.2010.05.025.

0. Laine, L. Joutsi-Korhonen, R. Lassila, T. Koski, H. Huhtala, A. Vaheri, et al.,
Hantavirus infection-induced thrombocytopenia triggers increased production but
associates with impaired aggregation of platelets except for collagen, Thromb. Res.
136 (2015) 1126-1132, https://doi.org/10.1016/j.thromres.2015.10.003.

A.M. Connolly-Andersen, E. Sundberg, C. Ahlm, J. Hultdin, M. Baudin, J. Larsson,
et al., Increased Thrombopoiesis and platelet activation in hantavirus-infected
patients, J Infect Dis 212 (2015) 1061-1069, https://doi.org/10.1093/infdis/
jivi6l.

T.M. Cosgriff, HW. Lee, A.F. See, D.B. Parrish, J.S. Moon, D.J. Kim, et al., Platelet
dysfunction contributes to the haemostatic defect in haemorrhagic fever with renal
syndrome, Trans. R. Soc. Trop. Med. Hyg. 85 (1991) 660-663, https://doi.org/
10.1016/0035-9203(91)90386-d.

N. Boknas, A.S. Macwan, A.L. Sodergren, S. Ramstrom, Platelet function testing at
low platelet counts: when can you trust your analysis? Res Pract Thromb Haemost.
3 (2019) 285-290, https://doi.org/10.1002/rth2.12193.

A. Schmuckenschlager, A. Pirabe, A. Assinger, W.C. Schrottmaier, Platelet count,
temperature and pH value differentially affect hemostatic and immunomodulatory
functions of platelets, Thromb. Res. 223 (2023) 111-122, https://doi.org/
10.1016/j.thromres.2023.01.026.

T.K. Outinen, S.M. Makela, 1.0. Ala-Houhala, H.S. Huhtala, M. Hurme, A.

S. Paakkala, et al., The severity of Puumala hantavirus induced nephropathia
epidemica can be better evaluated using plasma interleukin-6 than C-reactive
protein determinations, BMC Infect. Dis. 10 (2010) 132, https://doi.org/10.1186/
1471-2334-10-132.

M. Sadeghi, I. Eckerle, V. Daniel, U. Burkhardt, G. Opelz, P. Schnitzler, Cytokine
expression during early and late phase of acute Puumala hantavirus infection, BMC
Immunol. 12 (2011) 65, https://doi.org/10.1186/1471-2172-12-65.

A.A. Baigildina, S.F. Khaiboullina, E.V. Martynova, V.A. Anokhin, V.C. Lombardi,
A.A. Rizvanov, Inflammatory cytokines kinetics define the severity and phase of
nephropathia epidemica, Biomark. Med. 9 (2015) 99-107, https://doi.org/
10.2217/bmm.14.88.

J. Wigren Bystrom, J. Naslund, F. Trulsson, M. Evander, O. Wesula Lwande,

C. Ahlm, et al., Quantification and kinetics of viral RNA transcripts produced in
Orthohantavirus infected cells, Virol. J. 15 (2018) 18, https://doi.org/10.1186/
512985-018-0932-8.


https://doi.org/10.1016/j.thromres.2023.11.017
https://doi.org/10.1016/j.thromres.2023.11.017
https://doi.org/10.1093/cid/civ792
https://doi.org/10.1093/cid/civ792
https://doi.org/10.1016/S1473-3099(23)00128-7
https://doi.org/10.3389/fcimb.2020.584814
https://doi.org/10.3389/fcimb.2020.584814
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0020
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0020
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0020
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0020
https://doi.org/10.3201/eid1610.100242
https://doi.org/10.1017/S0950268810000087
https://doi.org/10.1016/j.virusres.2014.01.015
https://doi.org/10.1007/s15010-014-0699-9
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0045
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0045
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0045
https://doi.org/10.1371/journal.pone.0021134
https://doi.org/10.1371/journal.pone.0021134
https://doi.org/10.1016/s1473-3099(03)00774-6
https://doi.org/10.1016/s1473-3099(03)00774-6
https://doi.org/10.3389/fimmu.2022.856713
https://doi.org/10.3389/fimmu.2019.01687
https://doi.org/10.1160/TH14-11-0943
https://doi.org/10.1038/nrmicro3269
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0080
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0080
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0080
https://doi.org/10.1093/cid/cix777
https://doi.org/10.1093/cid/cix777
https://doi.org/10.1093/clinids/11.6.921
https://doi.org/10.1016/j.thromres.2010.05.025
https://doi.org/10.1016/j.thromres.2010.05.025
https://doi.org/10.1016/j.thromres.2015.10.003
https://doi.org/10.1093/infdis/jiv161
https://doi.org/10.1093/infdis/jiv161
https://doi.org/10.1016/0035-9203(91)90386-d
https://doi.org/10.1016/0035-9203(91)90386-d
https://doi.org/10.1002/rth2.12193
https://doi.org/10.1016/j.thromres.2023.01.026
https://doi.org/10.1016/j.thromres.2023.01.026
https://doi.org/10.1186/1471-2334-10-132
https://doi.org/10.1186/1471-2334-10-132
https://doi.org/10.1186/1471-2172-12-65
https://doi.org/10.2217/bmm.14.88
https://doi.org/10.2217/bmm.14.88
https://doi.org/10.1186/s12985-018-0932-8
https://doi.org/10.1186/s12985-018-0932-8

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

. Schrottmaier et al.

S. Badrnya, W.C. Schrottmaier, J.B. Kral, K.C. Yaiw, I. Volf, G. Schabbauer, et al.,
Platelets mediate oxidized low-density lipoprotein-induced monocyte
extravasation and foam cell formation, Arterioscler. Thromb. Vasc. Biol. 34 (2014)
571-580, https://doi.org/10.1161/ATVBAHA.113.302919.

W.C. Schrottmaier, J.B. Kral-Pointner, M. Salzmann, M. Mussbacher,

A. Schmuckenschlager, A. Pirabe, et al., Platelet p110beta mediates platelet-
leukocyte interaction and curtails bacterial dissemination in pneumococcal
pneumonia, Cell Rep. 41 (2022), 111614, https://doi.org/10.1016/j.
celrep.2022.111614.

W.C. Schrottmaier, J.B. Kral, M. Zeitlinger, M. Salzmann, B. Jilma, A. Assinger,
Platelet activation at the onset of human endotoxemia is undetectable in vivo,
Platelets 27 (2016) 479-483, https://doi.org/10.3109/09537104.2015.1119814.
L. Veuthey, A. Aliotta, D. Bertaggia Calderara, C. Pereira Portela, L. Alberio,
Mechanisms underlying dichotomous procoagulant COAT platelet generation-a
conceptual review summarizing current knowledge, Int. J. Mol. Sci. (2022) 23,
https://doi.org/10.3390/ijms23052536.

W.C. Schrottmaier, M. Mussbacher, M. Salzmann, A. Assinger, Platelet-leukocyte
interplay during vascular disease, Atherosclerosis 307 (2020) 109-120, https://
doi.org/10.1016/j.atherosclerosis.2020.04.018.

C.M. Schmedes, S.P. Grover, Y.M. Hisada, M. Goeijenbier, J. Hultdin, S. Nilsson, et
al., Circulating extracellular vesicle tissue factor activity during Orthohantavirus
infection is associated with intravascular coagulation, J Infect Dis 222 (2020)
1392-1399, https://doi.org/10.1093/infdis/jiz597.

M.J. Raftery, P. Lalwani, E. Krautkramer, T. Peters, K. Scharffetter-Kochanek,

R. Kruger, et al., beta2 integrin mediates hantavirus-induced release of neutrophil
extracellular traps, J. Exp. Med. 211 (2014) 1485-1497, https://doi.org/10.1084/
jem.20131092.

K.M. Hoffmeister, The role of lectins and glycans in platelet clearance, J. Thromb.
Haemost. 9 (Suppl. 1) (2011) 35-43, https://doi.org/10.1111/j.1538-
7836.2011.04276.x.

T. Bombeli, B.R. Schwartz, J.M. Harlan, Adhesion of activated platelets to
endothelial cells: evidence for a GPIIbIIla-dependent bridging mechanism and
novel roles for endothelial intercellular adhesion molecule 1 (ICAM-1),
alphavbeta3 integrin, and GPIbalpha, J. Exp. Med. 187 (1998) 329-339, https://
doi.org/10.1084/jem.187.3.329.

P.H. Groeneveld, P. Colson, K.M. Kwappenberg, J. Clement, Increased production
of nitric oxide in patients infected with the European variant of hantavirus, Scand.
J. Infect. Dis. 27 (1995) 453-456, https://doi.org/10.3109/00365549509047045.
A. Assinger, Platelets and infection - an emerging role of platelets in viral infection,
Front. Immunol. 5 (2014) 649, https://doi.org/10.3389/fimmu.2014.00649.

S. Sun, W. Wang, Y. Latchman, D. Gao, B. Aronow, J.A. Reems, Expression of
plasma membrane receptor genes during megakaryocyte development, Physiol.
Genomics 45 (2013) 217-227, https://doi.org/10.1152/
physiolgenomics.00056.2012.

A. Dhenge, R. Kuhikar, V. Kale, L. Limaye, Regulation of differentiation of MEGO1
to megakaryocytes and platelet-like particles by Valproic acid through Notch3
mediated actin polymerization, Platelets 30 (2019) 780-795, https://doi.org/
10.1080/09537104.2018.1528344.

F.M. Rasche, B. Uhel, D.H. Kruger, W. Karges, D. Czock, W. Hampl, et al.,
Thrombocytopenia and acute renal failure in Puumala hantavirus infections,
Emerg. Infect. Dis. 10 (2004) 1420-1425, https://doi.org/10.3201/
€id1008.031069.

M. Hentzien, S. Mestrallet, P. Halin, L.A. Pannet, D. Lebrun, M. Drame, et al.,
Bioclinical test to predict Nephropathia Epidemica severity at hospital admission,
Emerg. Infect. Dis. 24 (2018) 1045-1054, https://doi.org/10.3201/
€id2406.172160.

T.K. Outinen, O.K. Laine, S. Makela, 1. Porsti, H. Huhtala, A. Vaheri, et al.,
Thrombocytopenia associates with the severity of inflammation and variables
reflecting capillary leakage in Puumala hantavirus infection, an analysis of 546
Finnish patients, Infect Dis (Lond). 48 (2016) 682-687, https://doi.org/10.1080/
23744235.2016.1192719.

M. Levi, H. Ten Cate, Disseminated intravascular coagulation, N. Engl. J. Med. 341
(1999) 586-592, https://doi.org/10.1056/NEJM199908193410807.

M. Levi, E.C. Lowenberg, Thrombocytopenia in critically ill patients, Semin.
Thromb. Hemost. 34 (2008) 417-424, https://doi.org/10.1055/5-0028-1092871.
A.M. Connolly-Andersen, E. Hammargren, H. Whitaker, M. Eliasson, L. Holmgren,
J. Klingstrom, et al., Increased risk of acute myocardial infarction and stroke
during hemorrhagic fever with renal syndrome: a self-controlled case series study,
Circulation 129 (2014) 1295-1302, https://doi.org/10.1161/
CIRCULATIONAHA.113.001870.

A. Aszodi, A. Pfeifer, M. Ahmad, M. Glauner, X.H. Zhou, L. Ny, et al., The
vasodilator-stimulated phosphoprotein (VASP) is involved in cGMP- and cAMP-
mediated inhibition of agonist-induced platelet aggregation, but is dispensable for
smooth muscle function, EMBO J. 18 (1999) 37-48, https://doi.org/10.1093/
emboj/18.1.37.

LN. Gavrilovskaya, E.J. Brown, M.H. Ginsberg, E.R. Mackow, Cellular entry of
hantaviruses which cause hemorrhagic fever with renal syndrome is mediated by
beta3 integrins, J. Virol. 73 (1999) 3951-3959.

L.N. Gavrilovskaya, E.E. Gorbunova, E.R. Mackow, Pathogenic hantaviruses direct
the adherence of quiescent platelets to infected endothelial cells, J. Virol. 84
(2010) 4832-4839, https://doi.org/10.1128/JV1.02405-09.

M. Goeijenbier, J.C. Meijers, F. Anfasa, J.M. Roose, C.A. van de Weg, K. Bakhtiari,
et al., Effect of Puumala hantavirus infection on human umbilical vein endothelial
cell hemostatic function: platelet interactions, increased tissue factor expression
and fibrinolysis regulator release, Front. Microbiol. 6 (2015) 220, https://doi.org/
10.3389/fmicb.2015.00220.

53

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Thrombosis Research 233 (2024) 41-54

J.P. Maciejewski, N.S. Young, M. Yu, S.M. Anderson, E.M. Sloand, Analysis of the
expression of glycosylphosphatidylinositol anchored proteins on platelets from
patients with paroxysmal nocturnal hemoglobinuria, Thromb. Res. 83 (1996)
433-447, https://doi.org/10.1016,/0049-3848(96)00153-3.

E.I. Peerschke, B. Ghebrehiwet, Human blood platelet gC1qR/p33, Immunol. Rev.
180 (2001) 56-64, https://doi.org/10.1034/j.1600-065x.2001.1800105.x.

E. Mittler, M.E. Dieterle, L.M. Kleinfelter, M.M. Slough, K. Chandran, R.K. Jangra,
Hantavirus entry: perspectives and recent advances, Adv. Virus Res. 104 (2019)
185-224, https://doi.org/10.1016/bs.aivir.2019.07.002.

N. Lutteke, M.J. Raftery, P. Lalwani, M.H. Lee, T. Giese, S. Voigt, et al., Switch to
high-level virus replication and HLA class I upregulation in differentiating
megakaryocytic cells after infection with pathogenic hantavirus, Virology 405
(2010) 70-80, https://doi.org/10.1016/j.virol.2010.05.028.

LN. Gavrilovskaya, T. Peresleni, E. Geimonen, E.R. Mackow, Pathogenic
hantaviruses selectively inhibit beta3 integrin directed endothelial cell migration,
Arch. Virol. 147 (2002) 1913-1931, https://doi.org/10.1007/s00705-002-0852-0.
E.R. Mackow, LN. Gavrilovskaya, Hantavirus regulation of endothelial cell
functions, Thromb. Haemost. 102 (2009) 1030-1041, https://doi.org/10.1160/
TH09-09-0640.

E.R. Mackow, E.E. Gorbunova, I.N. Gavrilovskaya, Endothelial cell dysfunction in
viral hemorrhage and edema, Front. Microbiol. 5 (2014) 733, https://doi.org/
10.3389/fmicb.2014.00733.

K.S. Liang, L.J. Peng, C.B. Yin, J.L. Zhang, C.G. Xu, X.D. Liu, et al., Cellular
ultrastructural changes of bone marrow of patients with hemorrhagic fever with
renal syndrome, Zhonghua Shi Yan He Lin Chuang Bing Du Xue Za Zhi 18 (2004)
165-167.

R. Dunst, T. Mettang, U. Kuhlmann, Severe thrombocytopenia and response to
corticosteroids in a case of nephropathia epidemica, Am. J. Kidney Dis. 31 (1998)
116-120, https://doi.org/10.1053/ajkd.1998.v31.pm9428461.

O. Laine, L. Joutsi-Korhonen, R. Lassila, H. Huhtala, A. Vaheri, S. Makela, et al.,
Elevated thrombopoietin and platelet indices confirm active thrombopoiesis but
fail to predict clinical severity of puumala hantavirus infection, Medicine
(Baltimore) 95 (2016), e5689, https://doi.org/10.1097/MD.0000000000005689.
R.A. Campbell, H. Schwertz, E.D. Hottz, J.W. Rowley, B.K. Manne, A.

V. Washington, et al., Human megakaryocytes possess intrinsic antiviral immunity
through regulated induction of IFITM3, Blood 133 (2019) 2013-2026, https://doi.
org/10.1182/blood-2018-09-873984.

A.J.G. Jansen, T. Spaan, H.Z. Low, D. Di Iorio, J. van den Brand, M. Tieke, et al.,
Influenza-induced thrombocytopenia is dependent on the subtype and sialoglycan
receptor and increases with virus pathogenicity, Blood Adv. 4 (2020) 2967-2978,
https://doi.org/10.1182/bloodadvances.2020001640.

V. Kullaya, M.I. de Jonge, J.D. Langereis, C.E. van der Gaast-de Jongh, C. Bull, G.
J. Adema, et al., Desialylation of platelets by pneumococcal neuraminidase a
induces ADP-dependent platelet Hyperreactivity, Infect. Immun. (2018) 86,
https://doi.org/10.1128/1A1.00213-18.

S.F. Riswari, R.N. Tunjungputri, V. Kullaya, F.M. Garishah, G.S.R. Utari,

N. Farhanah, et al., Desialylation of platelets induced by Von Willebrand factor is a
novel mechanism of platelet clearance in dengue, PLoS Pathog. 15 (2019),
1007500, https://doi.org/10.1371/journal.ppat.1007500.

0. Laine, S. Makela, J. Mustonen, M. Helminen, A. Vaheri, R. Lassila, et al., Platelet
ligands and ADAMTS13 during Puumala hantavirus infection and associated
thrombocytopenia, Blood Coagul. Fibrinolysis 22 (2011) 468-472, https://doi.org/
10.1097/MBC.0b013e328346a420.

M. Korva, K.R. Rus, M. Pavletic, A. Saksida, N. Knap, M. Jelovsek, et al.,
Characterization of biomarker levels in Crimean-Congo hemorrhagic fever and
hantavirus fever with renal syndrome, Viruses (2019) 11, https://doi.org/
10.3390/v11080686.

A.M. Connolly-Andersen, T. Thunberg, C. Ahlm, Endothelial activation and repair
during hantavirus infection: association with disease outcome, Open Forum Infect.
Dis. 1 (2014), https://doi.org/10.1093/0fid/ofu027 ofu027.

Q. Han, L. Zhang, Z. Liu, W. Kang, S. Lou, J. Qiu, et al., Elevated sSICAM-1 levels in
patients with hemorrhagic fever with renal syndrome caused by Hantaan virus,
Eur. J. Clin. Microbiol. Infect. Dis. 29 (2010) 1507-1511, https://doi.org/
10.1007/s10096-010-1032-x.

D. Noack, M. Travar, V. Mrdjen, J.J.C. Voermans, D. van de Vijver, R. Molenkamp,
et al., Serum markers associated with disease severity in a Bosnian hemorrhagic
fever with renal syndrome cohort, Viruses (2022) 14, https://doi.org/10.3390/
v14071377.

M.-R. Cho, J.-Y. Hwang, H.-S. Park, Hantaan virus reduces the von Willebrand
factor in human umbilical vein endothelial cells, JBV 37 (2007) 225-230, https://
doi.org/10.4167/jbv.2007.37.4.225.

P.J. Lenting, O.D. Christophe, C.V. Denis, von Willebrand factor biosynthesis,
secretion, and clearance: connecting the far ends, Blood 125 (2015) 2019-2028,
https://doi.org/10.1182/blood-2014-06-528406.

H.M. Rinder, J.L. Bonan, C.S. Rinder, K.A. Ault, B.R. Smith, Dynamics of leukocyte-
platelet adhesion in whole blood, Blood 78 (1991) 1730-1737.

N. Li, H. Hu, M. Lindqvist, E. Wikstrom-Jonsson, A.H. Goodall, P. Hjemdahl,
Platelet-leukocyte cross talk in whole blood, Arterioscler. Thromb. Vasc. Biol. 20
(2000) 2702-2708, https://doi.org/10.1161/01.atv.20.12.2702.

M. Michels, B. Alisjahbana, P.G. De Groot, A.R. Indrati, R. Fijnheer, M. Puspita, et
al., Platelet function alterations in dengue are associated with plasma leakage,
Thromb. Haemost. 112 (2014) 352-362, https://doi.org/10.1160/TH14-01-0056.
C.H. Chao, W.C. Wu, Y.C. Lai, P.J. Tsai, G.C. Perng, Y.S. Lin, et al., Dengue virus
nonstructural protein 1 activates platelets via toll-like receptor 4, leading to
thrombocytopenia and hemorrhage, PLoS Pathog. 15 (2019), e1007625, https://
doi.org/10.1371/journal.ppat.1007625.


https://doi.org/10.1161/ATVBAHA.113.302919
https://doi.org/10.1016/j.celrep.2022.111614
https://doi.org/10.1016/j.celrep.2022.111614
https://doi.org/10.3109/09537104.2015.1119814
https://doi.org/10.3390/ijms23052536
https://doi.org/10.1016/j.atherosclerosis.2020.04.018
https://doi.org/10.1016/j.atherosclerosis.2020.04.018
https://doi.org/10.1093/infdis/jiz597
https://doi.org/10.1084/jem.20131092
https://doi.org/10.1084/jem.20131092
https://doi.org/10.1111/j.1538-7836.2011.04276.x
https://doi.org/10.1111/j.1538-7836.2011.04276.x
https://doi.org/10.1084/jem.187.3.329
https://doi.org/10.1084/jem.187.3.329
https://doi.org/10.3109/00365549509047045
https://doi.org/10.3389/fimmu.2014.00649
https://doi.org/10.1152/physiolgenomics.00056.2012
https://doi.org/10.1152/physiolgenomics.00056.2012
https://doi.org/10.1080/09537104.2018.1528344
https://doi.org/10.1080/09537104.2018.1528344
https://doi.org/10.3201/eid1008.031069
https://doi.org/10.3201/eid1008.031069
https://doi.org/10.3201/eid2406.172160
https://doi.org/10.3201/eid2406.172160
https://doi.org/10.1080/23744235.2016.1192719
https://doi.org/10.1080/23744235.2016.1192719
https://doi.org/10.1056/NEJM199908193410807
https://doi.org/10.1055/s-0028-1092871
https://doi.org/10.1161/CIRCULATIONAHA.113.001870
https://doi.org/10.1161/CIRCULATIONAHA.113.001870
https://doi.org/10.1093/emboj/18.1.37
https://doi.org/10.1093/emboj/18.1.37
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0245
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0245
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0245
https://doi.org/10.1128/JVI.02405-09
https://doi.org/10.3389/fmicb.2015.00220
https://doi.org/10.3389/fmicb.2015.00220
https://doi.org/10.1016/0049-3848(96)00153-3
https://doi.org/10.1034/j.1600-065x.2001.1800105.x
https://doi.org/10.1016/bs.aivir.2019.07.002
https://doi.org/10.1016/j.virol.2010.05.028
https://doi.org/10.1007/s00705-002-0852-0
https://doi.org/10.1160/TH09-09-0640
https://doi.org/10.1160/TH09-09-0640
https://doi.org/10.3389/fmicb.2014.00733
https://doi.org/10.3389/fmicb.2014.00733
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0295
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0295
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0295
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0295
https://doi.org/10.1053/ajkd.1998.v31.pm9428461
https://doi.org/10.1097/MD.0000000000005689
https://doi.org/10.1182/blood-2018-09-873984
https://doi.org/10.1182/blood-2018-09-873984
https://doi.org/10.1182/bloodadvances.2020001640
https://doi.org/10.1128/IAI.00213-18
https://doi.org/10.1371/journal.ppat.1007500
https://doi.org/10.1097/MBC.0b013e328346a420
https://doi.org/10.1097/MBC.0b013e328346a420
https://doi.org/10.3390/v11080686
https://doi.org/10.3390/v11080686
https://doi.org/10.1093/ofid/ofu027
https://doi.org/10.1007/s10096-010-1032-x
https://doi.org/10.1007/s10096-010-1032-x
https://doi.org/10.3390/v14071377
https://doi.org/10.3390/v14071377
https://doi.org/10.4167/jbv.2007.37.4.225
https://doi.org/10.4167/jbv.2007.37.4.225
https://doi.org/10.1182/blood-2014-06-528406
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0365
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0365
https://doi.org/10.1161/01.atv.20.12.2702
https://doi.org/10.1160/TH14-01-0056
https://doi.org/10.1371/journal.ppat.1007625
https://doi.org/10.1371/journal.ppat.1007625

[771

[78]

[79]

[80]

. Schrottmaier et al.

T.W. Geisbert, H.A. Young, P.B. Jahrling, K.J. Davis, E. Kagan, L.E. Hensley,
Mechanisms underlying coagulation abnormalities in ebola hemorrhagic fever:
overexpression of tissue factor in primate monocytes/macrophages is a key event,
J Infect Dis 188 (2003) 1618-1629, https://doi.org/10.1086/379724.

E.D. Hottz, L.G. Azevedo-Quintanilha, L. Palhinha, L. Teixeira, E.A. Barreto, C.R.
R. Pao, et al., Platelet activation and platelet-monocyte aggregate formation trigger
tissue factor expression in patients with severe COVID-19, Blood 136 (2020)
1330-1341, https://doi.org/10.1182/blood.2020007252.

Y. Hisada, A.T.A. Sachetto, N. Mackman, Circulating tissue factor-positive
extracellular vesicles and their association with thrombosis in different diseases,
Immunol. Rev. 312 (2022) 61-75, https://doi.org/10.1111/imr.13106.

K. Tatsumi, Y. Hisada, A.F. Connolly, T. Buranda, N. Mackman, Patients with
severe orthohantavirus cardiopulmonary syndrome due to sin Nombre virus

54

[81]

[82]

Thrombosis Research 233 (2024) 41-54

infection have increased circulating extracellular vesicle tissue factor and an
activated coagulation system, Thromb. Res. 179 (2019) 31-33, https://doi.org/
10.1016/j.thromres.2019.04.032.

T. Strandin, S. Makela, J. Mustonen, A. Vaheri, Neutrophil activation in acute
hemorrhagic fever with renal syndrome is mediated by hantavirus-infected
microvascular endothelial cells, Front. Inmunol. 9 (2018) 2098, https://doi.org/
10.3389/fimmu.2018.02098.

S.M. Nehring, A. Goyal, B.C. Patel, C Reactive Protein. StatPearls. Treasure Island
(FL) Ineligible Companies. Disclosure: Amandeep Goyal Declares No Relevant
Financial Relationships with Ineligible Companies. Disclosure: Bhupendra Patel
Declares No Relevant Financial Relationships with Ineligible Companies, 2023.


https://doi.org/10.1086/379724
https://doi.org/10.1182/blood.2020007252
https://doi.org/10.1111/imr.13106
https://doi.org/10.1016/j.thromres.2019.04.032
https://doi.org/10.1016/j.thromres.2019.04.032
https://doi.org/10.3389/fimmu.2018.02098
https://doi.org/10.3389/fimmu.2018.02098
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0410
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0410
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0410
http://refhub.elsevier.com/S0049-3848(23)00323-7/rf0410

	Direct and indirect effects of Puumala hantavirus on platelet function
	1 Introduction
	2 Methods
	2.1 Study approval
	2.2 Patient samples
	2.3 Blood collection
	2.4 Puumala virus (PUUV)
	2.5 Isolation and stimulation of platelets and leukocyte
	2.6 Flow cytometry
	2.7 Determination of vasodilator-stimulated phosphoprotein (VASP) phosphorylation
	2.8 Enzyme-linked immunosorbent assay (ELISA)
	2.9 Platelet adhesion to endothelial cells
	2.10 Immunofluorescence staining
	2.11 Quantitative real-time PCR (qPCR)
	2.12 Megakaryocyte maturation and ploidy
	2.12.1 Platelet production
	2.12.2 Surface receptor expression and ploidy

	2.13 Quantification and statistical analysis

	3 Results
	3.1 PUUV-induced HFRS is associated with platelet dysfunction in impaired platelet-leukocyte interaction
	3.2 Thrombocytopenia in PUUV-HFRS is not associated with soluble markers of platelet activation
	3.3 PUUV activates innate leukocytes
	3.4 PUUV does not regulate platelet activation directly
	3.5 PUUV does not regulate platelet-leukocyte interaction directl
	3.6 PUUV fosters platelet sequestration to the endothelium
	3.7 PUUV does not affect megakaryocyte maturation or differentiation

	4 Discussion
	4.1 Limitations of the study

	Sources of funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	References


