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Fig. 9 TLR7 stimulation in vivo leads to DNA release from Ly6G positive cells. WT and TLR7 KO mice were injected intraperitoneally with a TLR7 agonist,
or were intranasally infected with influenza (PR8 strain, 40,000 pfu in 30 ). Blood was collected by cardiac puncture at 24 h and immediately fixed (red
blood cells were lysed at the same time); Ly6G is predominantly expressed by murine neutrophils. a Representative images of DNA release from Ly6G-
positive cells (at 24 h post-Loxo stimulation) resolved by confocal microscopy. b Quantitation of DNA release from Ly6G-positive cells in blood of mice (n
=4/group) at 24 h after agonist stimulation (p = 0.016, df = 6). ¢ Representative images of DNA release (at 24 h post influenza infection) resolved by
confocal microscopy. Pictures showing Ly6G-highly positive origin of the released DNA are included in Supplementary Fig. 11. d Quantitation of the DNA
release from Ly6G-positive cells in blood of mice (n = 4/group) at 24 h post-infection (p < 0.001, df = 6). In all cases, the bar represents 10 pm and values
in the bar graphs represent the average + SD; star symbol (*) indicates p < 0.05. Significance was assessed by unpaired t-test (two-tail value). Source data

are provided as a Source Data file

The complement system is an important component of the
innate immune response involving pathogen opsonization, che-
motaxis of inflammatory cells, and lysis of infected cells, ultimately
removing immune complexes, apoptotic cells, and cell debris.
Complement activation is increasingly recognized as a major con-
tributor to cardiovascular disease and intravascular inflammation®0.
Human platelets contain C3, complement C4 (C4) precursor, and
complement Cl inhibitor in their alpha granules®. Human neu-
trophils, on the other hand, do not contain complement compo-
nents but have one positive regulator of complement activation
(properdin)3®. Interestingly, C3 (and C4) deposition on the viral
envelope of influenza virus (WSN/33) is known to activate the
complement system and leads to viral neutralization**. Here, we
report a novel mechanism by which platelets cross-communicate

with neutrophils to mediate the initial intravascular response to
influenza infection through C3. As the infection progresses
increased presence of C3 in plasma, coming from the liver
or from dysregulated platelets, may overwhelm its beneficial
effect. C3-mediated circulating aggregates could explain the
increased risk of cardiovascular events in select patients. During
intravascular bacterial infection, platelets are necessary for building
proper antimicrobial immunity utilizing GP1b and C310. Interest-
ingly, during sepsis, C3 proteolysis is predictive of the severity of
infection and sepsis can result in MI*>. Perhaps circulating
neutrophil-DNA-platelet aggregates, although necessary for viral
(or bacterial) removal and adaptive immunity during infection, may
become pathological throughout the course of infection with
increased vascular damage and possible MI burden.
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Fig. 10 Platelets contribute to C3 and Ly6G-DNA release in vivo. Platelets were eliminated from male mice with antiplatelet antibody CD42 (aPIt) and
compared to control IgG. At 24 h post elimination, mice were infected with the PR8 strain of influenza (as in Fig. 8). a Confocal microscopy of blood
showing DNA release in murine blood 3-4 days post-infection. Images are representative of n =4 mice/group. b Quantitation of the confocal images in
(a). Graph is a representative of 4 mice/group (p =0.0003, F=14.26, df = 3). ¢ C3 levels in murine plasma at the same time as in (a). The graph
represents the average levels £ SD, n =4 mice/group, with the exception of IgG+sal, where n =3 mice were used (p =0.0415, F=4.733, df =3).
Significance was measured by ANOVA followed by Bonferroni follow-up test; in all cases star symbol (*) indicates p < 0.05. d Gene expression levels of
influenza RNA in isolated murine platelets 12 days post-infection (n =4 of 1gG+flu; n =4 of aPlt+flu). The graph represents average expression = SD;
significance was calculated by two-tailed unpaired t-test, p = 0.0715, df = 6. Of note, Mann-Whitney non-parametric t-test gave p = 0.0286. Source data
are provided as a Source Data file. Abbreviations: IgG—control antibody; aPlt—antiplatelet CD42b antibody; Sal—phosphate buffered saline: e Proposed
mechanism of platelet-mediated neutrophil-DNA release during influenza infection. During influenza infection, virions cross into the circulation and
become engulfed by platelets. Influenza virions lead to the release of complement C3 from platelets in a platelet-TLR7-dependent manner. C3 in turn
activates neutrophils to release their DNA and leads to the formation of platelet-neutrophil aggregates that can circulate freely in blood. Aggregates of this
nature can increase the risk for thrombosis and potentially lead to unstable coronary syndrome when there is vessel stenosis or inflamed endothelium

Neutrophil extracellular traps (NETs) can cause host tissue
damage and neutrophils with increased netting potential are seen
in inflammatory or autoimmune diseases such as diabetes, sys-
temic lupus erythematosus, and rheumatoid arthritis*’=>0. Pla-
telets have been associated with organ NETosis in vivo, but this
has been thought to be mostly a reactive process!®20->1, Here, we
report that platelet-TLR7 solely mediates the release of DNA
from neutrophils directly in the circulation without the require-
ment of attachment. These observations, in addition to the lack of

TLR7-protein in human neutrophils, suggest that platelets are
important contributors to neutrophil activation during certain
viral infections. We also observed that activation of platelet-TLR7
also leads to feedback signaling from neutrophils that conse-
quently initiates GM-CSF release from platelets. GM-CSF, in
turn, is known to have anti-apoptotic potential and extends
neutrophil survival®0. Differential secretion of GM-CSF with
TLR7 agonists but not with TLR2 agonists suggests a sophisti-
cated platelet-neutrophil cross-communication mechanism that
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controls the intensity of neutrophil-DNA release in blood
depending on the type of pathogen (viral or bacterial). We pos-
tulate that during influenza infection, platelets are not only able to
initiate DNA release from unattached neutrophils but can control
the amount of released DNA by secreting GM-CSF and possibly
by providing a physical barrier between neutrophils. This parti-
cular function may be necessary to capture substances circulating
in blood, activate the immune system but may lead to unwanted
MI risk.

In addition to the pro-inflammatory and autoimmune con-
tribution, a pathological outcome of NETosis is thrombosis. In
vitro studies treating purified neutrophils with PMA have shown
that NETosis and thrombosis may be concordant®?. Histones
released during NETosis may increase plasma thrombin genera-
tion in a platelet-TLR2, TLR4-dependent manner>34. In fact,
extracellular histones during sepsis are a major contributor to
death, and infusion of histones in mice leads to the formation of
platelet-rich microthrombi and consequent thrombocytopenia®.
In our in vitro cell mixing experiments, we were unable to detect
free citrullinated histones after stimulation with TLR7 agonist for
30 min. This is not surprising given reports of cases in which
histone citrullination is not a marker of NETosis!%33. Of note, the
observed neutrophil-DNA release in this study was surrounded
by platelets, a process that may impair the detection of histones,
nucleosomes, or free DNA. Additionally, the result of this DNA-
release is the formation of large platelet-DNA aggregates that in
most cases showed traditional markers of NETosis; however, in
the influenza-infected patients we cannot exclude the contribu-
tion of other cells to this process. It is important to mention that
NETosis during influenza infection differs from suicidal-NETosis
(PMA-mediated) as it is PAD4-independent and negative for
citrullinated histone H3°°. Regardless of the process, the uncon-
trolled formation of platelet-DNA aggregates ultimately becomes
problematic for influenza patients in the first 7 days post infection
and increases the risk for MI Elucidating the mechanisms of
platelet-neutrophil interactions in the initial stages of infection is
critical in understanding the processes that may contribute to
uncontrolled immune response or thrombosis. Additionally,
understanding initiation and mediation of neutrophil-DNA
release directly in blood is particularly important since this
neutrophil function relates to cardiovascular disease and NETSs
are presumed to be highly prothrombotic®”>8, are found in deep
vein thrombosis and are associated with atherosclerosis®”>>%:60,

In this study, we focused on understanding how influenza
infection in humans may lead to an increased risk for acute MI.
Murine models utilized herein provided controlled in vivo tools
for assessing specificity and contribution of platelets to
neutrophil-DNA release and complement secretion in a time-
specific manner. Although, we conclude unequivocally that pla-
telets are important in both species, unstable coronary syndromes
do not occur in non-genetically manipulated mice and mice are
not naturally infected by influenza. Also, with respect to the two
species and influenza infection, the bronchial-epithelial response
is markedly different the proportions of platelets to neutrophils in
blood that increases from 50:1 in humans to at least 500:1 in
mice, and the most prevalent leukocyte in human blood is the
neutrophil, whereas in mice, it is the lymphocyte. Murine studies
have shown that elimination of platelets from mice before
infection with influenza leads to increased survival due to a
profound thrombotic response in lungs®!. Thrombocytopenia
severity in humans however predicts mortality during influenza
infection. Differences between mouse and human platelets have
been described previously®2. The observations in human patients
suggest that, during influenza infection, platelets may play an
important role in human blood that may not be fully predicted by
the behavior of murine platelets.

Future studies may focus on understanding the contribution of
other infections to platelet activation and neutrophil-DNA release
and generality of this mechanism. It will also be necessary to
understand C3 regulation as a function of non-pathogenic
inflammation and to evaluate if regulation of C3 by inhibitors
such as compstatin could attenuate cardiothrombotic events and
reduce the risk of influenza-mediated MI.

Our study demonstrates that, during influenza infection, pla-
telets internalize influenza and coordinate a distinct, multi-
factorial response as a function of their TLR7-mediated C3
release. Platelets appear to be major contributors to the initial
response to pathogens by bridging the TLR and complement
systems through C3 secretion and by mediating MPO secretion
and release of DNA from neutrophils. TLR7-activated platelets
also secrete GM-CSF but only when neutrophils are present. GM-
CSF, which is known to promote neutrophil survival, in turn,
reduces the amount of released DNA. Our findings suggest that
the initial immune response to influenza infection requires
intravascular communication between platelets and neutrophils.
Dysregulation of this response and dysfunctional platelets may
act as a double-edged sword and may lead to increased MI risk in
select individuals.

Methods

Pharmacological compounds. This study used the following compounds: loxor-
ibine (InvivoGen, CA, USA, cat# tlrl-lox), Pam;CSK, (InvivoGen, CA, USA, cat#
tlrl-pms), human thrombin (Enzyme Research Laboratories, IN, USA, cat# HIla),
prostaglandin E1 (PGE1, Millipore, MA, USA, cat# 538903-1MG), complement C3
(Millipore, cat #204885); GM-CSF (Stemcell Technologies, MA, USA, cat
#78015.1), and compstatin (Tocris, MN, USA, cat# 2585). Thrombin and
Pam;CSK, were dissolved in water and blood or isolated cells were treated with 10
pg/mL of Pam3CSK, or 0.05 U/mL of thrombin. Pam3;CSK, concentration is based
on previously known mediation of platelet-neutrophil aggregates®; low con-
centration of thrombin was used in order to activate platelets without making them
form a thrombus. Platelets do not tolerate DMSO at concentrations higher than
0.05%, thus, loxoribine was dissolved in 700 uL. DMSO, and 770 pL water. Cells
were treated with 1 mM loxoribine; complement C3 and compstatin were dissolved
in HEPES-modified Tyrode’s buffer.

In vitro experimental conditions. All in vitro experiments in this study were
performed at 37 °C and constant rotation of 1000 rpm in a PAP8 Platelet Aggre-
gation Profiler (Bio/Data Corp, PA, USA) aggregometer for the indicated time.

Mouse models. All procedures were approved by the University of Massachusetts
Institutional Animal Care and Use Committee (protocol # 2324) and conducted
accordingly. TLR7 KO mice were originally obtained from S. Akira and then
backcrossed to C57BL/6] (WT) for at least 10 generations32. C57BL/6] mice were
purchased from the Jackson Laboratory (ME, USA, cat# 000664). These studies
used sex- and (12-16 weeks) age-matched mice. In the antiplatelet experiment,
age-matched cages of WT mice (12 weeks) were randomly assigned to each group.
No blinding was used in the analysis of the experimental effect in the models.

TLR7 specificity. The TLR7 agonist loxoribine was dissolved in DMSOy, diluted in
phosphate-buffered saline, and then injected intraperitoneally at 2.5 pg/g of body
weight®. Saline control contained an equivalent amount of DMSO,. A second set of
mice was inoculated intranasally with 40,000 pfu of influenza A virus (PR8 strain,
Charles River, Wilmington, MA, USA) in 30 pL of PBS. Mice were euthanized by
carbon dioxide (CO,) asphyxiation at 24 h post-treatment and blood was collected
by cardiac puncture. An aliquot of blood was fixed with BD FACS Lysing Solution
(BD Biosciences, NJ, USA, cat# 349202) for microscopy. Platelets and plasma were
isolated from the rest of the blood sample as described below.

Platelet depletion mouse model. Platelets were depleted from C57BL/6] mice as
previously described®. Briefly, mice were injected intraperitoneally with anti-
platelet glycoprotein Ib beta chain (GPIb, CD42b, cat #R300) or anti-
immunoglobulin-G (IgG, cat# C301) antibodies (Emfret Analytics, Germany) at
4 ug of antibody/gram of mouse. At 24 h post ablation, mice were infected with
influenza A as described in the previous section. Mice were euthanized by CO,
asphyxiation at 24 h post-infection, 5-6 days post-infection and 12 days post-
infection, and blood was collected by cardiac puncture.

Blood collection. Human blood was drawn by phlebotomy in ACD Solution A
(yellow top) tubes (Fisher Scientific, USA, cat# 02-684-26) or in BD Vacutainer
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CPT tubes (Fisher Scientific, cat# 02-685-125). Human blood was drawn from
healthy donors who were not on any medication for at least 7 days prior to the
draw®. Blood from influenza-infected patients was drawn from adults who pre-
sented with influenza-like illness to UMass Memorial Medical Center from 2016 to
2018, tested positive for influenza A or B by rapid antigen and/or by qPCR, and
had <7 days illness. All procedures were approved by the University of Massa-
chusetts Institutional Review Board (protocol # H00009277 and 14268-10) and
participants signed informed consent whenever required by IRB.

Murine blood was drawn via cardiac puncture and collected in Citrate-
Phosphate-Dextrose (CPD) buffer (16 mM anhydrous citric acid, 102 mM
trisodium citrate, 18.5 mM NaH,POy,, 142 mM D-glucose, pH 7.4). For all murine
blood collections, 500 uL of blood was drawn into 200 pL of CPD.

Isolation of human blood components. Human platelets were isolated from
venous blood into yellow top ACD Solution A tubes. Platelets were isolated as
previously described®. Briefly, citrated blood was centrifuged at 150 x g for 17 min.
Seventy-five percent of the top layer was removed and diluted with platelet wash
buffer (10 mM sodium citrate, 150 mM sodium chloride, 1 mM EDTA, 1% (w/v)
Dextrose, supplemented with 100 ng/mL PGE1), and centrifuged at 460 x g for
17 min at room temperature. The resulting pellet was resuspended in pre-warmed
HEPES-modified Tyrode’s buffer (140 mM NaCl, 6.1 mM KCl, 2.4 mM
MgSO,47H,0, 1.7 mM Na,HPO,, 5.8 mM Sodium HEPES, supplemented with
0.35% BSA and 0.1% Dextrose). Isolated platelets from influenza-infected patients
were lysed in 700 L QIAzol® (included in miRNeasy Mini Kits—see manufacturer
information below). Platelet number was determined by means of a blood cell
analyzer (Beckman Coulter Ac.T8, CA, USA). Contamination of the platelet pre-
paration was found to be <1 in 50,000.

The human neutrophil/granulocyte population was isolated from freshly drawn
venous blood in BD Vacutainer CPT tubes. Blood was centrifuged for 30 min at
1800 x g. The top layer was removed and the separation media layer (composed of
thixotropic polyester gel and a FICOLL™ Hypaque™ solution) was removed by using
a 1 mL pipet tip. The bottom 3 mL fraction was transferred to a new tube and
washed once with 10 mL 1x PBS (no Ca?* or Mg?*) for 10 min at 350 x g, low
brake. The supernatant was removed post centrifugation and the red blood cells
(RBC:s) from the granulocyte fraction were lysed with 5 mL of RBC Lysis Buffer by
Roche Diagnostics (Fisher Scientific, cat# 50-100-3296) that had been pre-warmed
to 37 °C and gently mixed in a 1:2 proportion, then warmed in a 37 °C water bath
for 8 min followed by centrifugation at 250 x g for 5 min, low brake. The lysed
solution was removed and the pellet was washed in 10 mL of 1x PBS at 250 x g for
5 min, low brake. The lysis step was repeated with an additional 5 mL of RBC Lysis
Buffer to ensure effective RBC lysis. The bottom pellet was again washed in 10 mL
of PBS at 250 x g for 5 min, the supernatant was removed, and the white pellet re-
suspended in HEPES-modified Tyrode’s Buffer. Neutrophils were 98-100%
platelet-free unless platelets were attached to neutrophils; the neutrophil
population had no mononuclear cell presence (Supplementary Fig. 8).

Of note, isolating a platelet-free population of neutrophils by standard FICOLL™
gradient protocols® presented a major challenge for our experiments since it was
necessary to obtain platelet-free neutrophils (Supplementary Fig. 8). With
modifications (procedure is described under human neutrophil/granulocyte) we
were able to establish an isolation method free of platelets (0 x 103/uL, as measured
by the blood cell analyzer). Confocal microscopy showed that in some cases
platelets were attached to neutrophils (heterotypic aggregates) and could not be
removed. We were not able to find a negative depletion neutrophil prep that
eliminates platelets (containing either CD41 or CD42 antibodies) or neutrophils
with attached platelets. Additionally, neutrophils were treated gently without
vortexing to minimize bubbles. This was necessary to ensure that neutrophils were
not activated and/or primed by released platelet content during isolation steps.
Standardization of methods of platelet-free neutrophil isolation and treatment may
be necessary to delineate the role of platelets and/or neutrophils during the initial
steps of physiological infection.

Human (influenza patients) and mouse plasma isolation. Human blood (1 mL)
or mouse blood (600 uL) in CPD was centrifuged at 500 x g for 10 min. The
supernatant was removed, centrifuged at 2000 x g for 10 min and the plasma was
immediately frozen on dry ice.

Mouse platelet isolation for influenza RNA qPCR. Mouse blood was collected in
CPD buffer as described above. Blood was centrifuged at 500 x g for 10 min. The
supernatant was removed for further centrifugation for plasma collection as
described above. The remaining blood pellet was gently transferred to a Falcon® 5
mL polystyrene round-bottom tube (Corning, NY, USA, cat# 352058) that con-
tained 4 mL of CPD buffer and centrifuged at 300 x g for 5 min, no brake. The
supernatant (leaving a small volume above blood pellet) was gently transferred to a
second Falcon® 5 mL tube, the tube was filled to the top with CPD, and centrifuged
at 3500 x g for 7 min, no brake. The supernatant was removed, any remaining
RBCs were manually removed from the platelet pellet with a pipette and the
platelets were resuspended in QIAzol® lysis reagent.

Influenza A strain (WSN/33) sucrose gradient purification. Infectious influ-
enza A viral strain WSN/33, was purified and concentrated as previously descri-
bed®3. The final viral pellet was resuspended in chilled DPBS, aliquoted and stored
at —80°C.

Confocal microscopy and antibodies. Whole blood: Whole blood from in vitro
incubated experiments, influenza-infected patients, or mice was lysed and fixed
with 1x BD FACS™ lysing solution (BD Biosciences, cat #349202) for 10 min. Lysed
and fixed blood from influenza-infected patients was stored at 4 °C at this step until
processing. To ensure possible effects of fixation and labeling on blood cells, we
processed the blood from infected and uninfected controls identically; in all cases
antibody labeling was always done after fixation to avoid unwanted interactions
between the antibody and the platelets. Samples were centrifuged at 1100 x g for
7 min, washed once with 1 mL of HEPES-modified Tyrode’s buffer under the same
conditions, resuspended in 100 pL of HEPES-modified Tyrode’s buffer supple-
mented with 2% FBS and blocked for 1h at room temperature, then antibodies
were added for an additional hour. At the end of incubation, samples were washed
with 1 mL of 1x PBS and mounted on slides. Treatment of unfixed blood or
isolated cells in the presence of antibodies led to the engulfment of platelets by
neutrophils similarly to the in vivo antibody depletion data in Fig. 9a (yellow stain
of neutrophils). To eliminate the effect of opsonization-mediated interactions, we
performed all microscopy staining after fixation post-treatment.

Intracellular staining of isolated or influenza-incubated platelets: Platelets in
solution (at 2 x 10° platelets/pL in 100 pL) were brought to 1 mL with HEPES-
modified Tyrode’s buffer at constant rotation of 1000 rpm in an aggregometer
(PAP-8). 333 uL of 16% paraformaldehyde was added and platelets were fixed for
10 min (at 1000 rpm). Tubes were removed from the aggregometer, placed at room
temperature on a stir plate at 1000 rpm and 1% Saponin was added to the mixture for
7 min. Samples were washed with 1 mL washing buffer (0.4% BSA; 0.1% Saponin in
PBS) and centrifuged at 1800 x g for 5 min. Samples were then resuspended in
staining buffer (1% BSA; 0.1% Saponin in HEPES-modified Tyrode’s buffer) that
contained the antibodies of interest. Samples were incubated for 1h at 4 °C, washed
with 1 mL of 1 x PBS at 1800 x g for 5min and mounted on slides.

The following antibodies (in 100 pL of staining solution) were used throughout
this study: anti-human: 10 uL CD41-FITC or 8 uL CD41-APC (clone HIPS,
eBioscience, CA, USA, cat# 11-0419 and cat# 17-0419), 5 uL CD66b-APC (clone
G10F5, eBioscience, cat# 17-0666), 5 uL MPO-FITC (clone MPO455-8E6,
eBioscience, cat# 11-1299), 2 uL Histone H4-AF647 (clone 31830, Abcam, MA,
USA, cat# ab197515, also recognizes mouse), 2 uL Histone H3 (Abcam, cat#
ab1791), followed by FITC-conjugated Goat Anti-Rabbit IgG H&L secondary
antibody (Abcam, cat# ab6717); 2 uL TLR7-APC (clone 4G6, Novus Biologicals,
cat# NBP2-25274APC), 5 uL LAMP-1/CD107a -DyLight 405 (clone 5E7, Novus
Biologicals, cat# NBP2-52721V), 5 uL CD63-BV421 (clone H5C6, Biolegend, cat
#353029); anti-mouse: 10 uL CD41-FITC (clone MWReg30, eBioscience, cat#
11-0411), 5 uL Ly6G-APC (clone RB6-8C5, eBioscience, cat# 17-5931); and 2 pL
Influenza A-NP-FITC (Abcam, cat# ab20921), 2 pL Influenza B-NP-FITC
(Invitrogen, cat# MA1-7306). Mounted slides were resolved by fluorescent
microscopy using a Spinning Disk Confocal Nikon TE2000E2 inverted microscope
or Scanning Disk Nikon Al confocal microscope.

Transmission electron microscopy. Platelets incubated with influenza in vitro:
Isolated platelets were incubated with influenza for various amounts of time in 100
uL of HEPES-modified Tyrode’s buffer, at constant rotation in an aggregometer
(PAP-8). After incubation the solution was brought to 500 pL with the same buffer
and then fixed for 10 min at 37 °C and constant rotation with 500 uL of Kar-
novsky’s fixative (a mixture of 2.0% paraformaldehyde and 2.5% glutaraldehyde in
0.1 M Sorensen’s phosphate buffer, pH 7.4), before initial centrifugation and were
immediately processed.

Platelets from influenza-infected patients and control donors: Isolated platelets
(as described in Human (influenza patients) and mouse plasma isolation) were
resuspended in 200 pL CPD and then fixed and stored with Karnovsky’s fixative,
for not more than a month, before processing.

In either case, samples were further processed and resolved by a Philips CM10
electron microscope (Eindhoven, Netherlands) as previously reported®.

Mixing experiments using platelets and or neutrophils. All mixing experiments
were done using 2 x 10° platelets/uL and 0.04 x 10° neutrophils/uL, or a ratio of 1
neutrophil:50 platelets. All mixing experiments were conducted in a platelet
appropriate environment using HEPES-modified Tyrode’s buffer® supplemented
with 3 mM fibrinogen (Enzyme Research Labs, IN, USA, cat # FIB3) and 1 mM
Ca?*/Mg?™ in a final volume of 225 pL, and were carried out at 37 °C and constant
rotation of 1000 rpm in an aggregometer (PAP-8).

To test the contribution of platelets to the release of neutrophil-DNA, isolated
platelets or isolated neutrophils were pretreated with TLR agonist for 15 min and
added to the respective untreated cell-population. Cells were co-incubated for 30
min then fixed with eBioscience IC fixation buffer (ThermoFisher Scientific, MA,
USA, cat# 00-8222). To test the role of platelets and neutrophils in cytokine release,
platelets, neutrophils, and a mixture of both cell types were treated with TLR
agonist for 30 min. Upon completion, cells were centrifuged (7 min, 1000 x g, room
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temperature), and supernatants frozen for analysis by ELISA. To test whether C3
can mediate NETosis, neutrophils were treated with C3 (30 ng/mL, resuspended in
HEPES-modified Tyrode’s buffer), GM-CSF (25 ng/mL, resuspended in HEPES-
modified Tyrode’s buffer) or both for 30 min. Platelets were centrifuged and
supernatant frozen. For confocal microscopy, neutrophils and the mixture of both
cell types were fixed with IC fixation buffer.

To establish if the platelet-TLR7-C3 axis mediates the release of DNA from
neutrophils, platelets, neutrophils, and a mixture of both were pretreated with
0.088 mg/mL of compstatin (C3 inhibitor) for 10 min and then treated with TLR7
agonist for 30 min. Platelets were centrifuged at 1000 X g for 7 min and the
supernatant frozen. Neutrophils and the mixture of both cell types were fixed with
IC fixation buffer.

To examine whether influenza leads to TLR7 mediated release of C3 from
human platelets, isolated platelets were pre-treated in the presence or absence of
TLR7-antagonist IRS661 (synthesized by Eurofins, resuspended in TE buffer, final
concentration 2.8 uM) and then incubated with infectious virions of influenza A
(WSN/33) for 30 min (at a ratio of 1 pfu:10 platelets; 1 pfu:100 platelets; or 1
pfu:1000 platelets). Aliquots of the treated platelets were centrifuged at 1100 x g for
5min and the supernatant was aliquoted and frozen.

Of note, throughout this study we have used an in vitro incubation time of 30
min to assess platelet responsiveness and neutrophil-DNA release. Our previous
studies® show that platelets and neutrophils can form heterotypic aggregates after
15 min of stimulation with TLR7 agonist. Here we wanted to assess how this
interaction is related to neutrophils at an early time point of infection.

ELISAs. 50 pL of supernatant collected following cell mixing treatment was assayed
for GM-CSF (Ebioscience, cat# 88-8837 or Abcam, cat# ab174448). 1 uL of
supernatant collected after cell mixing treatment was assayed for C3 (Abcam, cat#
108823); human plasma diluted 800x was assayed for C3 (Abcam, cat# 108822);
murine plasma was diluted 50,000x (Abcam, cat# 157711); human plasma diluted
100x was assayed for Neutrophil Elastase (Abcam, cat# ab119553), MPO (Abcam,
cat# ab119605), and histone nucleosome core (NovusBio cat# KA1091). 10 uL of
plasma isolated after ex vivo treatment and 5 uL (20 pL for platelets only) of
supernatant collected after cell mixing treatment were assayed for MPO (Abcam,
cat# ab119605); 50 uL of plasma after ex vivo treatment was assayed for IFN-alpha
(Abcam, cat# ab213479); 40 pL of plasma after ex vivo treatment was assayed for
IL-8 (Ebioscience cat# 88-8086-22); and 40 uL of plasma after ex vivo treatment
was assayed for citrullinated H3 (Cayman Chemical, MI, USA, cat# 501440);
human plasma of influenza-infected patients and platelets supernatants were
diluted 25x, and assayed for CCL5 (Abcam, cat# 174446). All procedures were
performed according to the manufacturers’ instructions.

RNA isolation from human and mouse platelets. Frozen RNA in QIAzol® was
thawed at room temperature for 60 min at 2000 rpm on an Eppendorf MixMate
plate shaker (Eppendorf, Germany, cat# 022674200). Total RNA was isolated from
human and mouse platelets using the miRNeasy” Mini Kit (Qiagen, Germany, cat#
217004) following the manufacturer’s instructions with on-column DNA digestion
using the RNase-Free DNase Set (Qiagen, cat# 79254) and eluted in 30 uL of
RNase-free water. RNA concentration was determined via a NanoDrop Spectro-
photometer (ThermoFisher Scientific, MA, USA, model# ND-1000), or via Frag-
ment Analysis by the Molecular Biology Core Lab at the University of
Massachusetts Medical School.

Detection of influenza RNA and TLR7 mRNA by RT-qPCR. Platelet com-
plementary DNA (cDNA) was synthesized using the High Capacity cDNA RT Kit
(Applied Biosystems, CA, USA, cat# 4368813) in a 10 uL reaction volume (10x
Reverse Transcription Buffer [1 pL], 25x dNTPs [0.4 pL], 10x Random Primers [1
pL], and Multiscribe Reverse Transcriptase, 50 U/L [0.5 uL]) with a maximum of
7.1 uL of RNA for humans or a 20 pL reaction volume (10x Reverse Transcription
Buffer [2 pL], 25x ANTPs [0.8 uL], 10x Random Primers [2 pL], and Multiscribe
Reverse Transcriptase, 50 U/L [1 uL]) with a maximum of 14.2 uL of RNA for mice.
RNA was either normalized to the sample with the lowest RNA concentration or a
specific volume of RNA was used. cDNA synthesis was performed on a thermal
cycler (Applied Biosystems, Veriti 9903 or ProFlex) under the following conditions:
25°C for 10 min, 37 °C for 2 h, 4°C hold.

c¢DNA was preamplified using TagMan™ PreAmp Master Mix (Applied
Biosystems, cat# 4391128) in a 5 uL reaction volume (Master Mix [2.5 pL], 0.2x
assay pool [1.25 uL]) with 1.25 pL of cDNA for humans or in a 40 pL reaction
volume (Master Mix [20 pL], 0.2x assay pool [10 pL]) with 10 uL of cDNA for
mice. A standard curve was also preamplified using influenza DNA plasmid (PR8)
for the human samples. The plasmid, of known base pair size and DNA
concentration, was serially diluted in RNase-free water and preamplified.
Preamplification was performed on a thermal cycler as listed above, under the
following conditions: 95 °C for 10 min, 14 cycles of 95 °C for 15 s and 60 °C for 4
min, 4 °C hold. For human samples, the final preamplification product was diluted
1:9 in DNA Suspension Buffer (Teknova, CA, USA, cat# T0223), prior to qPCR.
For mouse samples, the preamplification product was not diluted.

Influenza gene expression in humans and mice was quantified by RT-qPCR
(Applied Biosystems, 7900HT Fast or QuantStudio3 Fast Real-Time PCR systems)

using TagMan™ Gene Expression Master Mix (Applied Biosystems, cat# 4369016)
and TagMan™ Gene Expression Assays (see table below for TagMan assays used) in
a 40 pL reaction volume on the 7900HT system (Master Mix [20.0 uL], TagMan
Assay [2 pL], diluted pre-amplification product [18 uL]) or a 30 pL reaction volume
on the QuantStudio3 system (Master Mix [15.0 pL], TagMan Assay [1.5 pL],
diluted pre-amplification product [13.5 uL]), under the following conditions: 50 °C
for 2 min, 95 °C for 10 min, and 40 cycles of 95 °C for 15 min and 60 °C for 1 min.

TLR gene expression in humans was quantified as above but in a 10 uL reaction
volume (Master Mix [5.0 uL], TagMan Assay [0.5 uL], diluted pre-amplification
product [4.5 pL]). TagMan gene expression assays used are listed in Supplementary
Table 3.

Calculation of influenza virus copy number. Copy number was calculated based
on previously published methods®4%%, and using linearized influenza plasmid DNA
(PR8) used to generate a standard curve to calculate viral copy number by qPCR.

Detection of free DNA. Detection of DNA in 2 uL of citrated plasma samples was
performed using the Quant-iT™ PicoGreen” dsDNA reagent kit and Lambda DNA
standard (Invitrogen, CA, USA, cat# P7589) according to the manufacturer’s
instructions. Briefly, 98 uL of TE buffer were aliquoted in 96-well plate, 2 uL of
plasma were added followed by 100 uL of PicoGreen® dsDNA reagent. Fluores-
cence was measured on a POLARstar Omega microplate reader (BMG Labtech,
Germany) at an excitation wavelength of 480 nm and an emission wavelength of
520 nm. Plasma DNA concentration was determined by plotting fluorescence on
the Lambda DNA standard curve.

Statistical analysis. All FHS data analysis (Supplementary Data) was done using
linear mixed effects models (the “LMEKIN” function of Kinship Package in R) with
an additive genetic model to test associations of inverse-rank normalized protein
levels with SNPs. To account for multiple testing, we applied Bonferroni correction
to attain acceptable type I error rates. All other data were analyzed using GraphPad
Prism 5 or 7 and details can be found in the legend of each figure.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The source data underlying Figs. le-g, i, 5a-d, 6a-c, e, 7b, ¢, e, 8a, b, 9b-d, 10b-d and
Supplementary Figs. 3, 9a-b, 15, 16b and 18a are provided as a Source Data file. The
ELISA data for the human patients and the transmission electron microscopy and
fluorescent images included in the supplementary data have been deposited to Dryad
database, https://doi.org/10.5061/dryad.786b9q0. The authors declare that the data
supporting the findings of this study are available within the article and its
Supplementary Information files, or are available from the authors upon request.
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