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Abstract

Bleeding correlates with disease severity in viral hemorrhagic fevers. We found that the increase
in type | interferon (IFN-1) in mice caused by infection with the Armstrong strain of lymphocytic
choriomeningitis virus (LCMV; an arenavirus) reduced the megakaryocytic expression of genes
encoding enzymes involved in lipid biosynthesis (cyclooxygenase 1 and thromboxane A synthase
1) and a thrombopoietic transcription factor (NF-e2). The decreased expression of these genes
was associated with reduced numbers of circulating platelets and defects in the arachidonic acid
synthetic pathway, thereby suppressing serotonin release from &-granules in platelets. Bleeding
resulted when severe thrombocytopenia and altered platelet function reduced the amount of
platelet-derived serotonin below a critical threshold. Bleeding was facilitated by the absence of
the activity of the kinase Lyn or the administration of aspirin, an inhibitor of arachidonic acid
synthesis. Mouse platelets were not directly affected by IFN-1 because they lack the receptor for
the cytokine (IFNAR1), suggesting that transfusion of normal platelets into LCMV-infected mice
could increase the amount of platelet-released serotonin and help to control hemorrhage.
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INTRODUCTION

Viral hemorrhagic fevers (VHFs) caused by Arenaviridae, Bunyaviridae, Filoviridae, and
Flaviviridae RNA viruses (1, 2) are a symptomatically diverse syndrome in which bleeding
may vary from 82% to only 30% of confirmed cases, such as in Lassa (3) or Ebola virus
infections (4, 5), respectively. The prognostic value of bleeding is debated (6) because only
few patients have been adequately studied (5). In one report, all patients with hemorrhage
died, but bleeding was not always the cause of death (4). Thrombocytopenia with
endothelial, coagulation, and platelet dysfunction have been reported, but the relationship
to bleeding remains undefined (7). The Armstrong (Arm) strain of the lymphocytic
choriomeningitis virus (LCMV) is an arenavirus (8) that causes hemorrhagic anemia in
platelet-depleted mice mediated by the type I interferon (IFN-1) receptor (which is encoded
by /fnarl) (9). LCMV-infected humans are mostly asymptomatic (10), but transplanted
LCMV-infected organs can cause bleeding (11) with clinical manifestations that resemble
Argentine hemorrhagic fever caused by the Junin virus (10, 12). Thus, mouse LCMV
infection may model the pathogenesis of bleeding in humans infected by arenaviruses and
other VHF viruses.

Here, we found that increased IFN-1 production in LCMV-infected mice altered gene
expression in bone marrow (BM) cells, including megakaryocytes (MKSs), and reduced the
amount of two key enzymes of the arachidonic acid (AA) and thromboxane Ay (TxAy)
signaling pathway. Platelets generated by MKSs exposed to IFN-1 had impaired activation-
induced release from storage granules, particularly dense (8) granules, and decreased
serotonin release. LCMV-infected mice bled when total released serotonin dropped below
a critical threshold because of combined thrombocytopenia and reduced platelet activation.
IFN-I concentrations equivalent to the highest measured in blood during LCMYV infection
(13) had no direct effect on platelet function, and hemorrhage could therefore be controlled
by transfusion of normal platelets. Understanding this pathogenic mechanism may help
improve laboratory evaluation and treatment of patients affected by VHF and potentially
other viral infections.

RESULTS

MK stimulation through Ifnarl causes platelet dysfunction and bleeding in mice

Exposure of human platelets to IFN-1 is reported to result in functional impairment (14).
However, human proplatelets and blood platelets lack the IFN-1 receptor IFNARL, which is
found on MKs and progenitors; accordingly, platelets are not affected by exposure to IFN-a
and IFN-p (15). We first confirmed in wild-type (WT) C57BL/6J (B6) mice that IFNAR1

is present on MKs and not on platelets (Fig. 1A) and that mouse IFN-a. (300 ng/ml; 15.5
nM)—a high concentration measured in blood after LCMV infection (13)—did not affect
platelet aggregation but enhanced expression of interferon-stimulated gene 15 (/sg15) in
leukocytes (Fig. 1, B and C).

This evidence must be reconciled with the role of platelets in the pathogenesis of lethal
hemorrhage involving IFNAR1-dependent signaling in LCMV-infected mice (9). To address
the problem, we infected /fnar1~/~ and WT mice cross-transplanted with BM cells of the
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opposite genotype with LCMV in the presence of platelet-depleting antibody (aPLT) (9,
16). In LCMV-infected WT mice, the platelet count decreased to ~200,000/ul by day 3 after
infection, which coincided with the peak of viremia, and then started to recover and returned
to nearly normal values in ~3 weeks (fig. S1, A and B). Hemorrhage and lethality depend
on extreme severity of thrombocytopenia (9). All mice receiving aPLT had blood platelets
<25,000/ul. However, only LCMV-infected and platelet-depleted WT and WTBM/ /fnarl™!
~ chimeras developed skin hemorrhage, positive fecal occult blood (FOB), and markedly
decreased hematocrit (Fig. 2, A to C), and these mice eventually died between 4 and 7 days
after infection (Fig. 2D). All /fnar1™'~ mice, as expected (9), and also all /fnar1™'~ BM/WT
chimeras survived LCMV infection and platelet depletion (Fig. 2, A to D). Thus, these
results suggest that a BM cell type that is responsive to IFN-I stimulation through IFNAR1
contributes to bleeding and lethality after platelet depletion in LCMV-infected mice.

Defective activation and granular secretion in LCMV-infected mouse platelets

The BM cross-transplantation results suggested that MK targeting by IFN-1 stimulation
could lead to generation of functionally abnormal platelets. Three days after LCMV
infection, the aggregation of B6 mouse platelets stimulated by adenosine 5’ -diphosphate
(ADP), collagen, and protease-activated receptor 4 activation peptide (Par4-AP) was reduced
to ~20 to 40% of preinfection values, improving to ~45 to 60% at day 7 and ~80% (not
significantly different from normal) at day 10 (Fig. 3A and fig. S2). In contrast, aggregation
induced by AA was still reduced to <5% of preinfection values at day 7, ~40% at day

10, and 60% at day 15, and returned to preinfection level at day 20 (Fig. 3A and fig. S2).
Compared with noninfected mice, surface translocation of P-selectin from a-granules was
lower 7 days after LCMV infection in WT but not in /fnarZ~/~-stimulated platelets (Fig.

3B). Under the conditions used, AA and Par4-AP induced more P-selectin release than ADP
or collagen, but inhibition after LCMV infection was greater after AA stimulation. Like
P-selectin, serotonin release from &-granules was also decreased in infected B6 platelets, but
not in /fnar1~'~ platelets. All tested agonists induced comparable release and postinfection
inhibition (Fig. 3C). Seven days after LCMV infection, platelet serotonin content was ~50%
(Fig. 3D, left), and strong dual-agonist stimulation by ADP/collagen released fourfold less
than normal (Fig. 3D, right). Accordingly, LCMV-infected platelets contained fewer and less
electron-dense &-granules, consistent with reduced cargo content (Fig. 3, E and F). Thus,
platelets from LCMV-infected mice have impaired a.- and &-granule secretion resulting from
defective function mainly of the AA activation pathway. Because platelets are unresponsive
to IFN-I stimulation, these abnormalities likely originate in MKs, the sole progenitor of
mammalian platelets.

IFN-I alters expression of genes in the AA pathway of platelet activation

In agreement with IFNAR1-mediated MK stimulation causing platelet dysfunction, MKs
from LCMV-infected mice had fewer storage granules mostly in the perinuclear zone,

with an underdeveloped demarcation membrane system (fig. S3). This was consistent with
the platelet phenotype at day 7 after infection (Fig. 3F) when most circulating platelets,
which have a life span of 3 to 5 days in mice (17), were derived from IFN-I-stimulated
MKs. Therefore, defective AA-induced platelet activation (18) and granule secretion (19)
could reflect altered expression of MK genes relevant to TxA, synthesis. BM expression of
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genes encoding enzymes essential for AA metabolism (20-22)—thromboxane A synthase 1
(7bxas) and prostaglandin/endoperoxide synthase 1 (Ptgsl; also known as cyclooxygenase
1 or Cox-I)y—was significantly decreased at day 1 after LCMYV infection and returned to
preinfection level by days 3 to 10 (Fig. 4, A and B). However, Nif-e2 (23)—which encodes
a thrombopoietic transcription factor—was modestly decreased until day 7 and then rapidly
increased approximately twofold above baseline by day 10 (Fig. 4C), which was associated
with increasing platelet count (fig. S1A). Pro-platelet basic protein (Ppbp) and Cox-2,
genes that are not directly involved with platelet production or function, were unchanged or
undetectable, respectively (Fig. 4D).

Aspirin, but not clopidogrel, enhances bleeding in LCMV-infected mice

To further clarify how the AA/TxA, pathway of platelet activation contributes to LCMV-
induced bleeding, we treated mice with acetylsalicylic acid (also known as aspirin) to
acetylate directly and irreversibly Cox-1 in platelets and other cell types. This treatment,
which reduces TXB5 serum levels because of decreased TxA, production (24), completely
inhibited AA-induced aggregation (fig. S4A). Platelets from aspirin-treated mice had
significantly less serotonin release than controls in response to different agonists and
significantly less AA-induced release than with all other agonists (Fig. 5A). In addition

to serotonin, 8-granules release ADP, which enhances platelet activation through P2Y 12
receptors (25, 26). To determine whether this pathway influenced LCMV-induced bleeding,
we treated mice with the P2Y12 antagonist clopidogrel from day -3 to day 7 after infection
to inhibit ADP-induced platelet aggregation (24). Clopidogrel and aspirin did not affect
LCMV replication or LCMV-induced changes in blood leukocyte and platelet counts (fig.
S4, B and C) and therefore did not influence the course of infection. Only aspirin-treated
mice developed bleeding from day 5 after infection and showed a significantly reduced
hematocrit (Fig. 5, B and C), indicating that the P2Y 12 feedback pathway activated by
released ADP is not required to maintain hemostasis during LCMV infection (27).

Bleeding associated with LCMV infection is increased in mice lacking tryptophan
hydroxylase 1 (Tph-1) or the kinase Lyn and reduced by transfusion of normal platelets

We next used 7ph-17/~ mice, which lack peripheral serotonin including the platelet -
granule pool (28). AA-induced platelet serotonin release was significantly lower in LCMV-
infected than in noninfected B6 mice and undetectable in 7pA-17/~ mice (Fig. 6A), which
bled significantly more than WT mice after LCMV infection (Fig. 6B). Transfusion of
functionally viable (fig. S5) B6 platelets (~20% of the total in normal blood) on days 2

and 4 after infection reduced bleeding significantly, but not if platelets were pretreated with
aspirin (Fig. 6C), which inhibits platelet serotonin release (Fig. 5A). These results confirm
that platelets are not affected by IFN-1 in vivo and that released serotonin helps control
hemorrhage during LCMV infection.

Signaling through CLEC-2 (C-type lectin-like receptor 2) and GPVI (glycoprotein VI)

in platelets is important for vascular integrity during infection and inflammation (29—

31). Furthermore, the Src family nonreceptor protein tyrosine kinase Lyn associates with
the GPVIFcRy complex and influences platelet TxA, production, granule secretion, and
aggregation (32, 33). LCMV-infected Ly /"mice, like 7ph-17/-, had increased hemorrhage
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even without platelet depletion (Fig. 7A) and less serotonin release compared with
noninfected £y77/~ mice, but similar serotonin release as infected WT mice (Fig. 7B).
Although serotonin has been reported to influence immune and inflammatory responses
(34), viral replication, thrombocytopenia, and LCMV-specific “T cell” responses were
comparable in LCMV-infected 7ph-17=, Ly~ and WT mice (fig. S6, A to C), indicating
that bleeding tendency differs in mouse strains with similar immune reaction to LCMV
infection. Likewise, agonist-induced platelet aggregation was similar in 7pA-17/~ and WT
mice (fig. S6D), confirming that the absence of peripheral serotonin was not associated with
relevant platelet aggregation defects. Of note, platelet GPVI and CLEC-2 expression was
decreased by ~30 to 50%, respectively, in infected WT mice (Fig. 7C), suggesting a possible
involvement in the pathogenesis of LCMV-induced bleeding.

DISCUSSION

We found that IFN-I targeting of BM cells in LCMV-infected mice decreased the expression
of Ptgs1and Tbxasl required for AA metabolism and generation of TxA,, a key amplifying
signal for platelet activation (20-22). Consequently, circulating platelets, which do not
directly respond to IFN-I stimulation, as confirmed here, displayed defective AA-dependent
activation and &-granule serotonin release, indicating that MKs are IFN-I targets in the

BM and transfer gene expression reprogramming to generated platelets (35). IFN-I can

also increase the expression of indoleamine 2,3-dioxygenase, which would interfere with
serotonin production (36), which could be a cause of low platelet serotonin levels in LCMV-
infected mice and contribute to reducing total released serotonin. Infected WT mice bled
only when platelets were depleted to a count ~10 times lower (<2 x 104/ul) than that induced
by LCMV (9, 37). In contrast, infected 7p/-17~mice lacking peripheral serotonin bleed
without additional depletion, and transfusion of ~6 x 108 viable platelets (one of three of
the total number of platelets in the body) restored hemostasis. These findings agree with

the notion that serotonin supports endothelial junction stability and prevents erythrocyte
extravasation in thrombocytopenic animals (38, 39). Of note, 15 of 17 proteins involved in
platelet degranulation are decreased in SARS-CoV-2 infection, and blood serotonin levels
are 3.31-fold lower in severe COVID-19 cases than in controls (40).

Normal platelets protected LCMV-infected 7pA-27/~ mice from bleeding, which was absent
in 7ph-17'~ mice without infection. Thus, hemorrhage developed when platelet-released
serotonin was below a protective threshold and with the concurrence of other LCMV-
dependent alterations. Inflammation induced by IFN-I (41) enhances vascular leakage
during infection (42), and endothelial activation influences disease progression in patients
with VHF (43, 44). The absence of /fnar1 in all tissues protects LCMV-infected animals
from hemorrhage (9), but BM cross-transplantation did not show protection when /fnari1
was absent in endothelial cells but present in BM-derived cells. Conversely, mice were
protected from hemorrhage if BM cells did not respond to IFN-I. These results indicate
that, in addition to MKs, BM-derived cells involved in the initiation and propagation of
inflammatory responses dependent on IFN-I stimulation (41, 45) are key determinants

of endothelial barrier dysfunction and bleeding during LCMYV infection. In this context,
platelet inhibitors and vasoactive mediators, such as NO and PGI, (46-48), released from
endothelial cells stimulated by IFN-I may contribute to bleeding.
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In the presence of inflammatory stimuli and extreme thrombocytopenia (platelets <5% of
normal), platelet-mediated protection of vascular integrity is independent of aggregation
and thrombus formation, as is the control of intratumor bleeding (49, 50). That platelet
aggregation is not involved in IFNAR1-dependent hemorrhage is shown by the lack of
effect of clopidogrel, a potent aggregation inhibitor in mice and humans (24), on bleeding
in LCMV-infected animals. Two platelet receptors containing the immunoreceptor tyrosine-
based activation motif (ITAM)—GPVI/Fcy complex and CLEC-2—regulate vascular
integrity in inflamed tissues (29). Both were substantially, albeit partially, decreased on
the platelet membrane of LCMV-infected WT mice. Platelet ability to control endothelial
permeability during inflammation is reportedly abolished only when these receptors are
completely absent, but our present data cannot exclude that decreased GPVI and CLEC-2
expression contributes to the impairment of endothelial barrier function in LCMV-infected
mice.

Like 7ph-17"~ mice, LCMV-infected Ly~ and aspirin-treated WT mice also bleed
without platelet depletion, but this happened independently of serotonin release (Figs. 5A
and 7B with Fig. 3C). Thus, Lyn deficiency and aspirin may have effects on vascular
function beyond those on platelet activation and &6-granule release. Lyn deficiency may
directly destabilize endothelial barrier control (51), whereas ASA may cause acetylation of
lysine residues in nitric oxide synthase independently of Cox-1 inhibition (52), resulting
in enhanced NO production and reduced platelet adhesion to endothelial cells (53).
Decreased platelet adhesion to the vessel wall, particularly in areas of inflammation, could
directly decrease barrier function and lower locally released serotonin below the threshold
facilitating bleeding. In addition to these effects—and opposite to anti-inflammatory
properties that may increase resistance to vascular leakage (54)—aspirin can also alter the
gastrointestinal (G1) mucosa causing bleeding (55), although this effect is unlikely at the
dose used in our study.

In addition to the effects on platelet functions, IFN-I affects thrombocytopoiesis. LCMV
replicates in BM stromal cells but infects <20% of mature MKs (56). Similar to human
MKs infected by dengue virus (DENV), IFN-I-dependent up-regulation of IFITM3 could
contribute to limit virus spreading (57) and explain the limited infection. Thus, platelet
count reduction is unlikely to originate solely from lower MK numbers. Accordingly, we
found reduced 7hxasand PtgsI expression in the BM of infected mice, which normalized
within 3 to 7 days after infection in parallel with the platelet count. In animal models,
peripheral mast cell-derived serotonin contributes to DENV-induced thrombocytopenia (58).
The proposed mechanism involves DENV-dependent serotonin discharge from mast cells
and subsequent serotonin-induced platelet activation and removal from the circulation. A
similar pathogenic mechanism could be triggered by circulating 1gG (immunoglobulin G)
immune complexes that activate platelets through the FcyRIIA receptor, leading first to
organ-specific platelet sequestration followed by the return of degranulated platelets to the
blood (59). These additional mechanisms, which potentially affect both platelet count and
function in blood, may be of limited relevance in LCMV infection, because 7pA-17~ mice,
which are devoid of peripheral serotonin, have the same course of thrombocytopenia and
recovery as B6 controls.
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In the mouse LCMV model of arenavirus infection (60, 61), which may reflect mechanisms
in human VHF (62, 63), platelet transfusion can reduce bleeding. This finding agrees

with serum serotonin levels (64) and platelet activation markers (65) predicting bleeding
risk and beneficial effects of platelet transfusion in patients with dengue with platelet

counts <20,000/ul (66), although the latter conclusion is still controversial (67, 68).

Serious adverse effects of platelet transfusions have also been reported in patients with
dengue (69), possibly involving immune complex—mediated activation of the FcyRIIA
receptor leading to enhanced platelet activation, serotonin release, and vascular leakage
(70). The quality of transfused platelets—particularly levels of activation, microparticle
shedding, phosphatidylserine exposure, and ABO blood group matching among other factors
—may affect the outcome of treatment (71-76) and explain contradictory results and
adverse effects. On the basis of experimental evidence and despite inherent difficulties

and limitations, a more controlled and critical evaluation of platelet transfusion to treat
bleeding and endothelial barrier dysfunction during viral infection should be reconsidered.
Moreover, indications for platelet transfusions in the prevention of bleeding and vascular
leakage may vary depending on the virus involved, because direct or indirect viral effects on
platelet activation—as in the case of DENV (77) and SARS-CoV-2 (78)—may contribute to
pathogenic mechanisms involving platelets.

In conclusion, we demonstrated that the AA/TxA, pathway of platelet activation leading

to serotonin release from &-granules protected from bleeding induced by IFN-I stimulation.
These findings may lead to a better understanding of the pathogenic mechanisms that alter
endothelial barrier function during viral infection and other inflammatory conditions (Fig.
7D). By highlighting a quantitative approach to evaluate the role of platelets and platelet
transfusion in the prevention and control of bleeding complications, the present results can
also help improve the diagnosis and treatment of patients with VHF.

MATERIALS AND METHODS
Study design

Mice

Studies were conducted in 8- to 10-week-old male and female WT mice treated with
aspirin and clopidogrel, 7ph-17/~ mice, and Ly~ mice. Sample size to detect significant
differences was calculated with previous data, published literature, and power calculation.
Statistically significant outliers were excluded from evaluation.

C57BL/6J mice were purchased from Charles River Laboratories (Calco, LC, Italy) or

the Jackson Laboratory (Bar Harbor, ME) or were bred at the Scripps Research Institute.
Ifnar1™'~ mice were backcrossed against C57BL/6J mice (79, 80). 7ph-17-(28) and Lyr '~
(81) mice were provided by M. Bader (Max Delbriick Center for Molecular Medicine,
Berlin, Germany) and X. Du (University of Illinois at Chicago, IL, USA), respectively.

BM chimeras were generated in C57BL/6J or /frnar1~/~ mice lethally irradiated with 1300
rads. On the same day, femurs and tibiae were isolated from euthanized donor mice under
sterile conditions, and BM cell suspensions were prepared by centrifugation. Cells (107)
were injected in the tail veins of recipient mice, and reconstitution was allowed to proceed
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for at least 8 weeks before use. In all experiments, mice were age and gender matched.
Husbandry and handling of mice conformed to guidelines set by the Institutional Animal
Care Committees following the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Mice for BM transplantation were kept in pathogen-free rooms.

Viruses and virus titration

We used the LCMV strain Arm 53b, which was propagated and purified as described

(82). Mice were infected by tail vein inoculation of 5 x 10° plaque-forming units

(pfu). LCMV viral titers were measured by extracting viral RNA from serum and

tissues using QlAamp Viral RNA Mini Kit (Qiagen). Complementary DNA (cDNA) was
synthetized using SuperScript cDNA Synthesis Kit (Invitrogen) and used for SYBR Green
quantitative real-time polymerase chain reaction (PCR) using the LCMV-specific primers

5 -CTCCTTTCCCAAGAGAAGACTAAG-3" and 5"-TCCATTTGGTCAGGCAATAAC-3’
(83). A plasmid containing LCMV sequences was used to build a standard curve and viral
titer expressed as genome equivalents.

In vivo platelet depletion and peripheral blood values

A mixture of anti-mouse GPlba rat monoclonal antibodies (aPLT), which depletes platelets
in vivo (16, 84), was purchased from Emfret Analytics (Wirzburg, Germany). Mice were
injected intravenously with aPLT (80 ug per mouse) 3 hours before virus infection. Whole
blood was collected from the retro-orbital sinus, and blood cells were counted with an
automated cell counter (HeCoVet, Seac-Radim, Firenze, Italy, or ProCyte Dx Hematology
Analyzer, Idexx Laboratories, Westbrook, ME, USA).

Fecal occult blood

For rapid detection of fecal blood, we used the Hemoccult 11 SENSA test (Beckman Coulter
Inc., Brea, CA, USA). For quantification, a mixture of fecal pellets and distilled water (30 pg
into 100 ul) was vortexed for 5 min and centrifuged at 1100g for 5 min at room temperature
(RT); the supernatant was collected for analysis. Before the assay, a 4% (w/v) gum guaiac
stock solution in 95% ethanol was diluted 1:10 in glacial acetic acid, and 50 pl was added

to the same volume of fecal sample supernatants dispensed in 96-well plates. The reaction
was started adding 100 pl of H,O, After 5-min incubation at RT, plates were then analyzed
with a photometer at 405-nm wavelength. A calibration curve was obtained by the analysis
of negative fecal samples mixed with known quantities of fresh blood.

Platelet aggregation and flow cytometry

Blood was collected from the retro-orbital sinus into 1/10th volume of citrate phosphate
dextrose (CPD; Sigma-Aldrich, St. Louis, MO) and platelet-rich plasma (PRP) prepared
as described (24). The PRP platelet count was adjusted to the lowest value of the day
using homologous platelet-poor plasma (PPP). Aggregation in stirred PRP at 37°C was
induced by adding the indicated concentrations of ADP, Col, AA (Mascia Brunelli, Milan,
Italy) or the Par4-AP AYPGKF (Primm Biotech, Milan, Italy) and monitored by recording
changes in light transmittance through the PRP suspension using a Chronolog model 490
aggregometer (Chrono-log Corp., Havertown, PA, USA). For fluorescence-activated cell

Sci Signal. Author manuscript; available in PMC 2024 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aiolfi et al.

Page 9

sorting (FACS) analysis, 1 x 10° platelets were incubated for 15 min at RT in 50 pl of
modified Tyrode’s buffer (pH 7.4) containing phycoerythrin-conjugated anti-GPlba (clone
Xia.G5, Emfret Analytics) and fluorescein isothiocyanate—conjugated anti-CD62P (clone
RB40.34; BD Pharmingen, San Jose, CA), after which platelet activation was induced by
agonists added as for aggregation with 10-min incubation at RT. After stopping the reaction
with 300 pl of modified Tyrode’s buffer (pH 6.5), samples were analyzed with a FACSCanto
flow cytometer, and data were processed with FlowJo software (version 10.0.7; FlowJo
LLC, Ashland, OR).

Ex vivo platelet stimulation with IFN-a

After collecting blood in CPD and counting cells, 500 pl of samples was incubated for 2
hours at RT with PBS containing native or heat-inactivated (90°C for 1 hour) 0.1% bovine
serum albumin and recombinant mouse IFN-a (PBL Assay Science, Piscataway, NJ, USA).
Total RNA from peripheral blood mononuclear cells (PBMCs) was extracted using RNeasy
Mini Kit from Qiagen (Hilden, Germany).

Serotonin release

Blood was collected in CPD to prepare PRP with platelet count adjusted to the lowest value
of the day using homologous PPP. Activation was induced by ADP, Col, AA, and Par4-AP
for 5 min at RT. Suspensions were centrifuged at 4500¢ for 5 min at RT, and supernatants
were collected and stored at —80°C. Serotonin was measured by high-performance liquid
chromatography (EUREKA Lab Division Srl, Chiaravalle, AN, Italy).

Leukocyte preparation from blood and intracellular IFN-y staining

Single-cell suspensions were prepared from peripheral blood as described (85).
Anticoagulated blood and spleen single-cell suspensions were incubated with ACK lysis
buffer [0.15 M NH4CI, 1.0 mM KHCO3, and 0.1 mM Na,EDTA (pH 7.2)] and washed twice
with Hanks’ balanced salt solution. Cells were stimulated or not by the immunodominant
H-2DP—restricted LCMV glycoprotein peptide GP 33 to 41 (86) and stained for intracellular
IFN-y with Pacific Blue—conjugated anti-CD8 and allophycocyanin-conjugated anti—IFN-
v (clones 53 to 6.7 and XMG1.2, respectively; BD Pharmingen). LCMV-specific CD8"

T cells were quantified by staining PBMC with Pacific Blue—conjugated anti-CD8

and phycoerythrin-conjugated recombinant soluble dimeric H-2D/1g fusion protein (BD
Pharmingen, CA, USA) complexed with the immunodominant H-2DP—restricted LCMV GP
33 to 41 peptides (87). Samples were analyzed with a FACSCanto flow cytometer, and data
were processed with FlowJo.

Tissue RNA analysis

Total RNA isolated from liver, spleen, and BM of WT mice inoculated with LCMV or
PBS was analyzed at different times after infection by using the Promega kit 26211

and DNAse TURBO Thermo AM1907 following the manufacturer’s recommendation.
The extracted RNA was subsequently retrotranscribed to cDNA as previously described
(88). Quantitative real-time PCR analysis was performed using the ViiA7 Fast Real-Time
PCR System (Applied Biosystems). Glyceraldehyde-3-phosphate dehydrogenase (Gapah),
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1sg15, and Ppbp mRNAs were quantified by quantitative reverse transcription PCR

(89) using the following primers: Gapadh, 5'-TTCACCACCATGGAGAAGGC-3’ and 5’-
GGCATGGACTGTGGTCATGA-3"; Isg15,5 -GGGGGAGAGTCGATCCAG-3" and 5'-
CCCCAGCATCTTCACCTTTA-3"; Pobp, 5'-CGTTGTTCCCTCCTGGCTCT-3” and 5’-
GGACGATGTAGGTCTGAGTC-3’; and Nf-e2, 5'-GCCCTGTTCAATTCATCCAG-3” and
5 -GAAAGGGTAAGTGGCTTTGACA-3". Analysis of Thxasl, Pgsl, Ptgs2, and Gapah
MRNAs was performed using TagMan (gene expression assay nos. Mm00495553_m,
MmO00477214_m1, Mm00478374_m1, and Mm99999915 g1, respectively; Applied
Biosystems, Foster City, CA). Gene expression was determined as the difference between
the threshold cycle (Ct) of the gene of interest and the Ct of Gapadh of the same sample
(ACt). The fold change expression (fold change) of each gene of interest was calculated
over its basal expression in PBS-injected controls of each specific time point by the formula
2-AACt (90).

Transmission electron microscopy

Blood was collected in CPD and PRP prepared as described (24). One milliliter of PRP was
fixed for 15 min at RT by adding one volume of a solution containing 4% paraformaldehyde,
8% glutaraldehyde, and 0.24 M Na cacodylate. After fixation, PRP was centrifuged at
4500¢g for 10 min at RT, and pellets were stored at 4°C in a solution containing 4%
paraformaldehyde, 2% glutaraldehyde, and 0.12 M Na cacodylate until processed. BM
cells were isolated from femurs of 7- to 10-week-old NaCl- or LCMV-infected mice by
centrifugation and stored at 4°C in 4% paraformaldehyde, 2% glutaraldehyde, and 0.12 M
Na cacodylate until processed. For TEM, samples were processed as described (91) and
imaged with a ZEISS Leo 912 AB Omega transmission electron microscope (Carl Zeiss,
Obercochen, Germany) fitted with a 2k x 2k bottom-mounted slow-scan ProScan camera
(ProScan Imaging, Cincinnati, OH) controlled by the Esi VisionPro 3.2 software (Cognex,
Natick, MA).

Statistical analysis

Unless otherwise specified, data are expressed as means + SD, 25th to 75th percentile boxes
with minimum to maximum whiskers and line at the median, or contingency summary

plot. The significance of differences between two groups was assessed with two-tailed
unpaired ttest with Welch’s correction (no assumption of equal variance) or nonparametric
Mann-Whitney test. The significance of differences between three or more groups was
assessed with one- or two-way analysis of variance (ANOVA) followed by Tukey’s, Sidak’s,
Dunnett’s, or Dunnett’s T3 test for paired comparisons or nonparametric Kruskal-Wallis
test followed by Dunn’s test or two-stage linear step-up procedure of Benjamini, Krieger,
and Yekutieli. All statistical analyses were performed with Prism software version 9.3.0
(GraphPad Software Inc., San Diego, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. IFNAR1 isnot expressed on mouse platelets, and | FN-a does not affect platelet function.
(A) Representative flow cytometric analysis of BM cells and platelets from WT and /fnar1™

~ mice (7= 3 mice per group). Red boxes delimit forward scatter (FSC) and side scatter
(SSC) gates analyzed with anti-CD41 (integrin allb) and anti-IFNAR1 (IFN a./p receptor
subunit 1) antibodies. CD41* MKs, but not platelets, are /fnarI* in WT mice; /fnarl™~
MKs and platelets are negative controls. (B) Representative WT mouse platelet aggregation

(n =4 mice per group) induced by ADP (left, 5 uM) or AA (right, 75 uM) after 2-hour
incubation at room temperature (RT) with native (blue) or heat-inactivated (red) mouse

IFN-a. (300 ng/ml) or control diluent (black). (C) Effect of native (N) or heat-inactivated (H)
mouse IFN-a on IFN-stimulated gene 15 (/sg25) mRNA levels in mononuclear cells from
the blood tested in (B). Results (scatterplot with means + SD; 7= 4 mice per group) show
fold induction (f.i.) relative to the housekeeping gene Gapdh. Statistical analysis: Two-tailed
unpaired ¢test with Welch’s correction (no assumption of equal variance; black asterisks,
**** P < 0.0001) and Mann-Whitney test (red asterisk, *P < 0.05).
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Fig. 2. Bleeding in LCM V-infected mice ismediated by IFNAR1 expressed on BM cells.

(A) WT mice (7= 4), /fnarl™~ mice (n=6), /fnarl'~ mice with WT BM (7= 6), and WT
mice with /frarZ™~ BM (n=5) were injected with aPLT followed by 5 x 10°—pfu LCMV.
Controls (WT and /fnarI™~, n= 4 mice per group) received phosphate-buffered saline (PBS)
instead of aPLT. Hematocrit in blood from the retro-orbital venous sinus was measured 4
days after infection. Data are shown as scatterplot with means + SD. (B) Skin bleeding
(white arrowheads) or lack thereof in chimeric mice. (C) Summary of the occurrence of

skin bleeding and FOB. (D) Survival 7 days after infection without/with platelet depletion.
N values for (C) and (D) are the same as in (A). Statistical analysis: (A) one-way analysis

of variance (ANOVA) and Tukey’s posttest (black asterisks) or Kruskal-Wallis with Dunn’s
posttest (red asterisks); (D) XZ analysis with Mantel-Cox log-rank test. ****P < 0.0001; **P
<0.01; *P<0.05.
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Fig. 3. Platelet function in LCM V-infected mice.
(A) Platelet aggregation (means + SD; /7= 10 mice per group) measured in PRP from

LCMV-infected WT mice at the indicated times after infection (day 0). Stimulation by 5 pM
ADP, collagen (Col; 4 ug/ml), 75 uM AA, or 40 UM Par4-AP. (B) Blood (n= 3 to 7 mice per
group) from infected WT and /fnarZ~/~ mice and noninfected WT controls was analyzed by
flow cytometry at day 7 after infection for the percentage of GPlba*/CD62P™ platelets after
stimulation as in (A). NS, nonstimulated WT platelets. (C) PRP (n7=4 to 10 mice per group)
in the blood described in (B) was analyzed at day 7 after infection for serotonin release. (D)
Platelet serotonin content (left) and release after stimulation by ADP and Col (% of total;
right) either in mice (7= 5 mice per group) 7 days after infection (+) or in noninfected mice
(-). Data in (B) to (D) are shown as scatterplots with means + SD. (E) Platelets with 0,

1, or 2 &-granules (% of analyzed) visualized by transmission electron microscopy (TEM)

in 41 to 85 platelet sections from mice in (C). (F) TEM visualization of a- and &-granules
indicated by white and yellow arrowheads, respectively. Scale bars, 500 nm. Statistical
analysis: (A) Repeated-measures two-way ANOVA with the Geisser-Greenhouse correction
for no assumption of sphericity followed by Dunnett’s test for comparisons at different times
after infection compared to before infection for each agonist (asterisks at the top of symbols
are color coded by agonist) or Tukey’s test for comparisons between agonists at each time
after infection (asterisks at the side of symbols are color coded for the agonist with the lower
value); (D) two-tailed Mann-Whitney test; (E) contingency table analysis by Xz test, ****p
< 0.0001; ***P< 0.001; **P< 0.01; *P< 0.05.
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Fig. 4. Expression of platelet-specific genesin LCM V-infected mice.

BM cell mMRNA from WT mice inoculated with LCMV or PBS was analyzed at different
times after infection for expression of Thxasi (A), Prgs1 (also known as Cox-1) (B), Nf-e2
(C), or Pobp (D). Results (means + SD; 1= 3 mice per group) show fold induction

relative to Gapadh. Statistical analysis by repeated-measures two-way ANOVA with the
Geisser-Greenhouse correction for no assumption of sphericity followed by Sidak’s posttest
for multiple paired comparisons at different time points; only significant differences are
shown. *P< 0.05; **P< 0.01.
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Fig. 5. Aspirin, not clopidogrel, exacer bates bleeding in LCM V-infected mice.
(A) Platelet serotonin release in WT mice treated with aspirin (ASA; 10 mg/kg,

intraperitoneally; 7= 4) or PBS control (n = 3) for 3 days. The derived PRPs were not
stimulated (NS) or stimulated with 75 uM AA, 5 uM ADP, Col (4 pug/ml), or 40 uM Par4-AP
(n=31to 4 mice per group). (B) FOB at the indicated days after infection in WT mice treated
daily with ASA as in (A), clopidogrel (60 pg/day in drinking water), or vehicle control
starting 2 days before infection (7= 9 to 16 mice per group). (C) Hematocrit reduction

(% of preinfection value) at 7 days after infection in mice (=15 to 8 mice per group)

treated as in (B). Results are shown as scatterplots with means + SD (A and C) or as

25th to 75th percentile boxes with minimum-maximum whiskers and line at the median

(B). Statistical analysis: (A and C) Brown-Forsythe and Welch ANOVA test with Dunnett’s
T3 multiple comparison test (data with normal distribution by Shapiro-Wilk test; black
asterisks) or Kruskal-Wallis with Dunn’s posttest (red asterisks). (B) Kruskal-Wallis with
Dunn’s posttest. *£< 0.05; **P< 0.01.
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Fig. 6. WT plateletsreduce Gl bleedingin LCM V-infected Tph-l_/_ mice.
(A\) Platelet serotonin release in WT (7= 14) and 7ph-I~ (n= 3) noninfected mice

(-LCMV) or WT (n=7) and Tph-1""- (n= 3) mice 7 days after LCMV infection (+LCMV).
(B) FOB at different postinfection time points in WT (7= 9) and 7pA-1"/~ mice (n=6);
each symbol represents an individual mouse. (C) On days 2 and 4 after infection, 7pA-17/
~ mice intravenously received 5 x 108 to 6 x 108 WT platelets suspended in PBS (+),

PBS alone (-), or aspirin-treated platelets (+/ASA). FOB was measured on day 7 (n=13,
9, and 5 mice per group, respectively). Data are shown as 25th to 75th percentile boxes
with minimum-maximum whiskers and median (A and C) or individual time course values
(B). Statistical analysis: (A and C) Kruskal-Wallis test with multiple paired comparisons
performed with the Dunn’s test (red symbols) or the two-stage linear step-up procedure

of Benjamini, Krieger, and Yekutieli (blue symbols). (B) Two-way ANOVA followed by
Sidak’s posttest for multiple paired comparisons at different time points. *P< 0.05; **P<
0.01; ***P< 0.001.
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Fig. 7. Lyn protects L CM V-infected mice from GI bleeding.
(A) Time course of FOB appearance in WT (7= 9) and Ly~ mice (7= 5) after LCMV

infection; each symbol represents an individual mouse. Statistical analysis with the Kruskal-
Wallis test followed by Dunn’s test for multiple comparisons (red asterisks). (B) Platelet
serotonin release in WT (7= 7) and Ly~ (7= 3) noninfected mice (-LCMV) or WT (n
=14) and Ly~ (n=4) mice 7 days after LCMV infection (+LCMV). Data, shown as

25th to 75th percentile boxes with minimum-maximum whiskers and median, were analyzed
as in (A) (red asterisks) or by one-way ANOVA with Tukey’s posttest (black asterisks).

(C) Platelet GPVI and CLEC-2 expression in uninfected WT mice (/7= 15) or WT mice

7 days after LCMV infection (n=9). Data were analyzed by two-tailed unpaired ftest

with Welch’s correction (black asterisks) and Mann-Whitney test (red asterisks). ***P <
0.001; ****pP < 0.0001. (D) Schematic representation (created with BioRender.com) of the
prohemostatic role of platelets during LCMYV infection. Step 1: Inflammatory stimuli during
LCMV infection induce endothelial cell (EC) activation, thereby promoting the release and
up-regulation of mediators including von Willebrand factor (VWF) and P-selectin. Step 2:
Platelets adhere to VWF on the surface of activated ECs through GPlba and/or integrin
allbp3. These interactions represent the first necessary step for the control of endothelial
barrier function by platelets. Step 3: Activated platelets release serotonin from &-granules;
released serotonin activates a subset of 5-hydroxytryptamine (5HT) receptors potentially
linked to the activation of the Src kinase Lyn. Step 4: Activated Lyn leads to the tightening
of endothelial cell junctions. Platelet-released serotonin can also induce vasoconstriction
through effects on smooth muscle cells, further promoting control of vascular permeability.
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