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A B S T R A C T   

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 
of PUUV on platelet production, function and degradation. 

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/IIIa 
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 

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 

HFRS cases occur in China upon infection with Hantaan virus (HTNV) 
[3], whereas Puumala virus (PUUV) is prevalent in Europe [4]. 

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 [25–27]. 

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 Umeå 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. 

2.2. Patient samples 

Patients were diagnosed with PUUV infection at the Infection Clinic 
of the University Hospital of Umeå, 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 
qPCR 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 μg/mL PGI2) 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 KHCO3, 0.1 mM Na2EDTA, 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 μM, 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 μ-slides VI0.4 (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 × 106 copies/mL; 10 min) or control 
and perfused over confluent HUVECs for 5 min at 0.4 mL/min (0.5 dyne/ 
cm2). 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 α-PUUV nucleocapsid (overnight), followed 
by α-mouse-AF647 (4 h). Platelets and HUVECs were directly labelled 
(overnight) with α-CD41-AF488 and α-CD144-AF564 (listed in Sup. 
Table 2), respectively, before cells were counterstained with 
Hoechst33342 (5 μg/mL, 10 min; Invitrogen) and mounted in 85 % 
Glycerol. Images were taken with a confocal laser scanning microscope 
(Nikon A1 plus Ti) at 20× magnification (Plan Apo λ 20×) to visualize 
whole channel width (7 mm × 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 
60× magnification (Plan Apo VC 60× 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. 
qPCR 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 ΔΔCt method. A list of 
primers (0.25 μM; 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 × 105 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 μg/mL PGI2 (200 g, 5 min), 

resuspended in PBS and labelled for 20 min with α-CD41, α-CD61 and 
α-CD42b. Cells were fixed in 1 % formaldehyde, diluted in FxCycle (1 
μg/mL, 30 min) and platelets and MEG-01 receptor expression as well as 
MEG-01 ploidy were evaluated by flow cytometry. 

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 (0th order, 3 neighbors) of daily medians. Biological 

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 Umeå, 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 μM ADP 
(15 min) before assessing expression of CD62P (left), CD63 (middle) and GPIIb/ 
IIIa 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. 
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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 
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 

University hospital of Umeå 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/IIIa (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-HFRS. 

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

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/P2Y12 blocker) – 0 (0.0) 
Anticoagulation therapy – 0 (0.0) 

Disease coursea –  
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)  

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

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 (%) 
Median (range) 

Missing data (n) n (%) 
Median (range) 

Hemoglobin 
(♀ 11.7–15.3 g/dL, ♂ 13.4–17.0 g/dL) 

– ♀ 11.7 (11.1–12.0) 
♂ 15.4 

– ♀ 14.0 (14.0–14.4) 
♂ 14.4 

♀ 0.2500 
♂ a 

Platelet count (145–348 × 109/L) – 231 (94–378) – 259 (203–295) 0.6250 
Leukocyte count (3.5–8.8 × 109/L) – 7.2 (6.6–8.4) – 4.8 (4.6–4.9) 0.1250 
Lymphocyte count (1.0–3.5 × 109/L) – 1.6 (1.0–2.5) – 1.8 (1.4–2.0) 0.8750 
Neutrophil count (1.8–6.3 × 109/L) – 4.4 (0.4–4.8) – 3.4 (2.3–3.9) 0.8750 
Monocyte count (0.3–1.2 × 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) – a (<3–7) 0.2500 
C-reactive protein classification b –  –  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 a (<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. 
a Low n-count or non-parametric data quality does not allow quantification of a p-value or median, respectively; 
b Classification according to [82]; 
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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 naïve 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 106 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 

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/IIIa 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 A2 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/IIIa 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. 

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 Umeå, 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 (0th 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 μM 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.) 

Table 3 
Demographic data of retrospectively analyzed PUUV-HFRS patients.  

Parameter Missing data 
(n) 

All (n = 42) 

n (%) 
Median (IQR) 

Sex –  
Female  23 (54.8) 
Male  19 (45.2) 

Age (years) – 49 (42–63) 
Symptoms   

Bleeding manifestation a – 4 (9.5) 
Thrombotic event – 0 (0.0) 

Medication   
Anti-platelet therapy (ASA/P2Y12 

blocker) b 
– 7 (16.7) 

Anticoagulation therapy – 1 (2.4) 
Disease course c –  

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 
contact 

– 5 (4–6) 

Hospitalization – 27 (64.3) 
Hospitalization time (days) if 
hospitalized 

– 4 (3–7)  

a observed manifestations: 4/4 epistaxis; 
b recorded anti-platelet therapy: 1/7 clopidogrel, 6/7 ASA; 
c Classification as severe based on respiratory problems and hypotension: 

need for oxygen and intravenous fluids; ASA: acetylsalicylic acid; IQR: inter
quartile range. 
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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 naïve 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/IIIa 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. 

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 
(GPIIIa) and CD42b (GPIbα) 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 

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 (%) 
Median (IQR) 

Missing data (n) n (%) 
Median (IQR) 

Hemoglobin 
(♀ 11.7–15.3 g/dL, ♂ 13.4–17.0 g/dL) 

– ♀ 13.0 (12.2–13.8) 
♂ 15.1 (13.8–15.9) 

– ♀ 12.8 (11.8–13.9) 
♂ 13.8 (13.4–14.8) 

♀ 0.1224 
♂ 0.0068 

Platelet count (145–348 × 109/L) – 88 (65–109) – 254 (223–287) <0.0001 
Leukocyte count (3.5–8.8 × 109/L) – 6.5 (4.9–8.5) – 6.6 (5.6–7.8) 0.6190 
Lymphocyte count (1.0–3.5 × 109/L) – 1.4 (1.1–1.7) – 2.1 (1.7–2.5) <0.0001 
Neutrophil count (1.8–6.3 × 109/L) – 3.9 (3.2–5.7) – 3.3 (2.8–4.5) 0.0104 
Monocyte count (0.3–1.2 × 109/L) – 0.6 (0.4–0.9) – 0.5 (0.3–0.6) 0.0009 
Activated partial thromboplastin time (24.0–36.0 s) 6 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 a –  –  <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)  1 (2.4)  
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; 
a Classification according to [82]; IQR: interquartile range. 
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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/IIIa 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 naïve 

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 
β3, CD61), which is highly expressed on endothelial cells and platelets as 
part of αvβ3 or GPIIb/IIIa (αIIbβ3), 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), gC1qR and GPIIa (integrin β1, CD29) [52–55], providing a 
multitude of options for PUUV to potentially modulate platelet and 

Fig. 3. Puumala virus (PUUV) activates innate leukocytes. (A) Experimental setup: Leukocyte-enriched buffy coat of naïve healthy donors was primed with indicated 
concentrations of PUUV (10 min) and stimulated with 2.5 μM ADP, 7.5 μM TRAP-6 or 3 ng/mL CVX (15 min) before determining activation of innate leukocyte 
activation. (B-C) Monocyte tissue factor (TF) expression, (D-E) monocyte CD11b activation and (F-G) neutrophil CD11b activation induced directly by PUUV (B, D, F; 
representative histograms given) or upon additional platelet activation (C, E, G). n = 6. *p < 0.05, **p < 0.01, ***p < 0.001. ADP: adenosine-diphosphate, CVX: 
convulxin, TRAP-6: Thrombin receptor activator peptide 6. 
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megakaryocyte functions. 
As binding of pathogenic hantaviruses to inactive αvβ3 on endothelial 

cells prevents subsequent β3-dependent cell migration, hantavirus- 
GPIIb/IIIa 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/IIIa 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 
[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 

Fig. 4. Puumala virus (PUUV) does not regulate platelet activation directly. Whole blood, platelet-rich plasma and washed platelets (PLTs) were primed with PUUV 
and stimulated with 2.5 μM ADP (PLTs: 5 μM), 7.5 μM TRAP-6 (PLTs: 15 μM) or 3 ng/mL CVX (PLTs: 6 ng/mL) as described in Fig. 3A before determining platelet 
degranulation and integrin activation. (A) Platelet responsiveness in whole blood was assessed by quantifying degranulation markers CD62P (left) and CD63 (middle) 
as well as activation of GPIIb/IIIa (right). n = 6. Representative flow cytometry plots given. (B) Platelet expression of CD62P (left), CD63 (right) and GPIIb/IIIa 
activation (right) was determined upon priming and stimulation of platelet-rich plasma (upper panel) and washed platelets (lower panel). n = 6. *p < 0.05. 
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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]. 

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 

Fig. 5. Puumala virus (PUUV) does not regulate platelet-leukocyte interaction directly. Buffy coat was primed with PUUV and stimulated with 2.5 μM ADP, 7.5 μM 
TRAP-6 or 3 ng/mL CVX as described in Fig. 3A before assessing PLA formation with different leukocyte subsets. (A) Platelet binding to neutrophils, monocytes, T- 
cells and B-cells upon direct exposure to clinically relevant PUUV concentrations. n = 6. (B-C) PLA formation with neutrophils (B) and monocytes (C) upon PUUV 
priming and platelet stimulation. n = 6. Representative flow cytometry plots given. (D) PLA formation with T cells (left) and B cells (right) upon PUUV priming and 
platelet stimulation. n = 6. PBcA: platelet-B cell aggregates, PMoA: platelet-monocyte aggregates, PNA: platelet-neutrophil aggregates, PTcA: platelet-T 
cell aggregates. 
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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 vWF-platelet 
binding und subsequent desialylation could also occur in PUUV infec
tion in vivo. However, vWF 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 
naïve platelets under capillary shear, potentially involving upregulation 
of ICAM-1, which binds activated platelet GPIIb/IIIa via fibrinogen 
bridging [37]. However, quiescent platelets may also attach via inactive 
GPIIb/IIIa 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 

sICAM-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 vWF 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 vWF production or release in 
vitro [51,71], suggesting that the elevated vWF levels observed in vivo 
may derive from other sources such as MKs, which represent the second 
major vWF-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]. 

In vitro 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, 

Fig. 6. Puumala virus (PUUV) fosters platelet sequestration to the endothelium. (A) Experimental setup: Platelets (PLT) of healthy donors were optionally primed 
with 1.5 × 106 copies/mL PUUV (10 min) and perfused for 5 min at capillary shear (0.4 mL/min resulting in 0.5 dyne/cm2) over confluent HUVECs that were 
optionally infected with PUUV at MOI 30 (48 h). (B) Platelet adhesion to endothelium was quantified by immunofluorescence as CD41-positive area per nucleus. n =
6. (C) Representative images given as individual and merged channels. Arrow shows infected endothelial cell with detectable PUUV load. Scale bar: 50 μM. (D) 
HUVEC mRNA expression of intercellular cell adhesion molecule 1 (ICAM1) relative to HPRT and normalized to control. n = 6. *p < 0.05. AU: arbitrary units, EC: 
endothelial cell, HPRT: hypoxanthine phosphoribosyltransferase 1, HUVEC: human umbilical vein endothelial cell, MOI: multiplicity of infection. 
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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 

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 (GPIIIa, middle) and CD42b (GPIbα, right) of MEG-01 and 
platelets was quantified by flow cytometry. n = 3. Data show mean ± SD (B). 
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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. 
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