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Ricardo Martín Gómez MD, PhD3 | Lina Paola D’Atri PhD1 | Mirta Schattner PhD1
1Laboratory of Experimental Thrombosis

and Immunobiology of Inflammation, IMEX-

CONICET-National Academy of Medicine,

Buenos Aires, Argentina

2Clinical Hospital, Buenos Aires, Argentina

3Laboratory of Animal Viruses, Institute of

Biotechnology and Molecular Biology,

UNLP-CONICET, La Plata, Argentina

Correspondence

Mirta Schattner and Lina Paola D’Atri,

Laboratory of Experimental Thrombosis and

Immunobiology of Inflammation, IMEX-

CONICET-National Academy of Medicine,

Pacheco de Melo 3081, Buenos Aires

(1425), Argentina.

Email: lpdatri@hotmail.com and

mschattner@hotmail.com

Handling Editor: Prof Yotis Senis
Lina Paola D’Atri and Mirta Schattner contributed equally

© 2023 The Author(s). Published by Elsevier Inc. on

NC-ND license (http://creativecommons.org/licens

Res Pract Thromb Haemost. 2023;7:e100184
https://doi.org/10.1016/j.rpth.2023.100184
Abstract

Background: CD34+ cells, megakaryocytes (MKs), and platelets express toll-like re-

ceptors (TLRs) that enable these cells to amplify the host innate immune response.

However, the role of TLR7/TLR8 activation in megakaryopoiesis has not yet been

investigated.

Objectives: We evaluated the effect of coxsackievirus B3 (CVB3) and synthetic TLR7/

TLR8 agonists on the development of human MKs and production of platelets.

Methods: CD34+ cells from human umbilical cord were inoculated with CVB3 or

stimulated with synthetic TLR7/TLR8 agonists and then cultured in the presence of

thrombopoietin.

Results: CD34+ cells, MK progenitor cells, and mature MKs expressed TLR7 and TLR8,

and exposure to CVB3 resulted in productive infection, as determined by the presence

of viral infectious particles in culture supernatants. Cell expansion, differentiation into

MKs, MK maturation, and platelet biogenesis were significantly reduced in CD34+-

infected cultures. The reduction in MK growth was not due to an alteration in cellular

proliferation but was accompanied by an increase in cellular apoptosis and pyroptosis.

Impairment of MK generation and maturation of viable cells were also associated with

decreased expression of transcription factors involved in these processes. These effects

were completely abrogated by TLR7 but not TLR8 antagonists and mimicked by TLR7

but not TLR8 agonists. CVB3 infection of CD34+ cells increased the immunophenotype

of MKs characterized as CD148+/CD48+ or CD41+/CD53+ cells.

Conclusion: These data suggest a novel role of TLR7 in megakaryo/thrombopoiesis that

may contribute to a better understanding of the molecular basis underlying throm-

bocytopenia and the immunologic role of MKs in viral infection processes.
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Essentials

• The role of receptors that sense viruses

• Human stem cells were used to study p

• Virus recognition by toll-like receptor 7

• Viral infection and TLR7 activation incre
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K E YWORD S

megakaryocytes, platelets, RNA viruses, toll-like receptor 7, toll-like receptor 8
in megakaryocyte and platelet production is unknown.

latelet biogenesis in a viral infection model.

(TLR7) impairs megakaryocyte and platelet development.

ase megakaryocytes with immune properties.
1 | INTRODUCTION

Pathogen recognition is mediated by pattern recognition receptors

(PRRs), including toll-like receptors (TLRs). TLRs are transmembrane

receptors found on both the plasma membrane and endosomal

vesicles. Upon ligation, TLRs trigger the expression of proin-

flammatory cytokines, chemokines, and costimulatory and adhesion

molecules, resulting in activation of the adaptive immune system

and initiation of inflammatory responses [1]. Although not immune

cells, platelets express all members of the TLR family, and

their activation has been shown to play a role in the amplification of

the host’s innate immune response against bacterial and viral

infections [2–4].

However, in contrast to several studies on murine cells or cell

lines, the expression of TLRs in human hematopoietic stem and pro-

genitor cells (HSPCs) or megakaryocytes (MKs) and their potential

regulation of megakaryo/thrombopoiesis are still poorly character-

ized. In this sense, TLR2 and TLR4 were identified in human bone

marrow CD34+ cells, and it was found that they are upregulated in

apoptotic CD34+ cells from patients with myelodysplastic syndromes,

possibly contributing to cytopenia seen in these patients [5–7]. We

showed that TLR2 and TLR4 activation in CD34+ cells increased

thrombopoietin (TPO)-induced human CD34+ cell proliferation, MK

number, maturity, and proplatelet and platelet production through

activation of the PI3K and NF-κB pathways and interleukin (IL)-6

generation [8]. These data suggest that activation of TLR2 and TLR4 in

human CD34+ cells and MKs in the presence of TPO contributes to
ensuring platelet delivery during infection. Indeed, reactive throm-

bocytosis is generally associated with bacterial infections [9].

Thrombocytopenia is frequently observed in acute viral in-

fections, and low platelet counts are a hallmark of poor prognosis in

many infectious diseases. The underlying mechanisms of virus-induced

thrombocytopenia are not clearly understood and may be related to a

functional alteration in circulating platelets and/or bone marrow stem

cells and MKs. A low platelet count could be the result of a direct

effect of viruses or the combined effect of cytokines and the host

immune response on platelet, HSPC, and MK functionality [10,11].

Nevertheless, reduced megakaryopoiesis due to lower TPO produc-

tion in the liver during infection has also been suggested [12].

Viral genomes are mainly recognized by endosomal TLRs, such as

TLR3, TLR7, and TLR8, which sense double-stranded RNA (dsRNA)

and single-stranded RNA (ssRNA), respectively. We have shown that

human cells from the megakaryocytic lineage express functional TLR3.

Stimulation of MKs with 2 synthetic agonists of TLR3, poly(I:C) and

poly(A:U), decreased platelet production in vitro and triggered the

release of interferon (IFN)-β through the PI3K-Akt and NF-κB

signaling pathways, suggesting a possible role of TLR3 activation in

the downregulation of platelet production that occurs during some

viral infections [13]. Thrombocytopenia has also been reported in in-

fections mediated by ssRNA viruses, such as HIV [14], coxsackie

[15,16], and influenza [17], and in patients infected with severe

coronavirus diseases, including severe SARS-CoV2 infection [18,19].

Platelets can engulf influenza A virus, resulting in the formation of C3

complement, which causes release and aggregation of neutrophil DNA
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as a function of platelet TLR7 [20]. Moreover, it has been shown that

platelets can also internalize SARS-CoV-2, leading to platelet

apoptosis [21]. Interestingly, although these studies showed that

influenza or SARS-CoV-2 platelet interactions lead to platelet acti-

vation, which may be responsible for thrombotic events, platelet

consumption during these episodes may also explain the decrease in

platelet count. Of note, using a mouse model, Zhang et al. [22]

demonstrated that upregulation or downregulation of the TLR7

pathway leads to inhibition of or increase in platelet count, respec-

tively. Another possibility for thrombocytopenia in ssRNA viral in-

fections that has not yet been investigated could be the activation of

TLR7/TLR8 in MKs or stem cells in the bone marrow. To gain further

insight into the role of these endosomal receptors in the regulation of

megakaryo/thrombopoiesis, we aimed to analyze the effect of infec-

tion of HSPCs (CD34+ cells) and MKs with coxsackievirus B3 (CVB3)

used as an ssRNA virus model and with synthetic agonists of TLR7 and

TLR8.
2 | METHODS

2.1 | Reagents

StemSpan serum-free medium was purchased from StemCell Tech-

nologies. TPO and CD34 purification kit were purchased from Milte-

nyi Biotec. Click-iT Plus EdU Alexa Fluor-488, Alexa Fluor-488 anti-

mouse IgG, Alexa Fluor-647 anti-mouse IgG1, and Alexa Fluor-647

anti-mouse IgG2a, and 4’,6-diamidino-2-phenylindole, dilactate, were

purchased from Invitrogen. Anti-CD53-fluorescein isothiocyanate

(FITC), anti-CD148-PE, anti-CD48-APC, mouse anti-TLR8 antibody

(Ab) (clone S16018A), annexin-V-FITC, Zombie Violet Fixable Viability

Dye, and enzyme-linked immunosorbent assay (ELISA) MAX Deluxe

Set Human IL-1β were purchased from Biolegend. Cleaved caspase-3

(Asp175) was purchased from Cell Signaling Technology. Anti-CD34-

FITC, anti-CD61-FITC, anti-CD42b-FITC, anti-CD42a-FITC, anti-

CD41-PE, mouse anti-actin (Ab-5), horseradish peroxidase (HRP)–

labeled goat anti-rabbit and HRP goat anti-mouse were purchased

from BD Biosciences. Von Willebrand factor (VWF) Ab was purchased

from Inmunotech and mouse anti-TLR7 Ab (clone 4G6) from NOVUS

Biologicals. Mouse anti-TLR7 (clone 4F4), mouse anti-TLR8 (clone D-

8), rabbit anti-IL-1β, and rabbit anti-caspase-1 were purchased from

Santa Cruz Biotechnology. Rabbit anti-gasderminD (GSDMD) was

purchased from Proteintech. VeriKine-HS (High Sensitivity) Human

IFN-β TCM ELISA kit was purchased from PBL Assay Science. Bio-Zol

was purchased from PB-L Productos Bio-Lógicos. SsoAdvanced Uni-

versal SYBR Green Supermix and iScript complementary DNA syn-

thesis kits were purchased from Bio-Rad Laboratories. TLR7/8

(ODN2087) and TLR7 (ODN20958) antagonists were purchased from

Miltenyi Biotec. Imiquimod (R837), loxoribine, ssPolyU, TL8-506, and

the TLR8 inhibitor (CU-CPT9a) were purchased from Invivogen. In-

hibitors of the inflammasome components were purchased from

Cayman Chemical.
2.2 | Isolation of CD34þ cells

CD34+ cells were isolated from human umbilical cord blood that was

collected during normal full-term deliveries as previously described

[8]. CD34+ cells were purified from blood mononuclear cells using a

magnetic cell sorting system in accordance with the manufacturer’s

recommendations. Purity of the cell suspension ranged between 95%

and 99%, and viability was >95%.
2.3 | Vero cells

Vero cells were obtained from the American Type Culture Collection

and maintained as monolayers in RPMI-1640 medium (Gibco), sup-

plemented with 10% heat-inactivated fetal bovine serum (Gibco) and

antibiotics (100-U/mL penicillin and 100-μg/mL streptomycin), and

incubated at 37 ◦C at 5% carbon dioxide in a humidified incubator.
2.4 | Virus culture

CVB3 and yellow fever virus (YFV) were amplified on 80% confluent

Vero cells at a multiplicity of infection (MOI) of 1. Supernatant was

collected 20 hours or 7 days later, respectively, centrifuged, and

stored at −80 ◦C. The virus stocks were quantified using the standard

plaque assay in Vero cells. Inactivation of CVB3 or YFV was per-

formed by exposing the virus stock to UV light, as described previ-

ously [23], and UV-irradiated CVB3 (CVB3 UV) or UV-irradiated YFV

(YFV UV) were used as a negative control (mock). UV inactivation was

confirmed using the plaque assay.
2.5 | Cell infection

Cells were infected with CVB3, YFV, or CVB3 UV or YFV UV for 1

hour in a polypropylene tube or plate (adherent cells) at 37 ◦C, fol-
lowed by 3 washes with phosphate-buffered saline.

After washing, virus- or mock-infected CD34+ cells were cultured

in StemSpan medium supplemented with 50-ng/mL TPO and antibi-

otics at 37 ◦C in a humidified atmosphere with 5% carbon dioxide.

Fresh TPO (25 ng/mL) was added on day 7.
2.6 | Flow cytometry (FC) studies

To evaluate MK differentiation and maturation, cells were double

stained with anti-CD41-PE and anti-CD42b-FITC. The intracellular

expression of TLR7 and TLR8 was determined by first labeling cells

with Zombie Violet viability dye to exclude dead cells from the anal-

ysis and then fixing and permeabilizing them with BD Cytofix/Cyto-

perm. The cells were then incubated with mouse anti-TLR7 or anti-

TLR8 Abs, followed by Alexa Fluor-647 anti-mouse IgG1 or Alexa

Fluor-647 anti-mouse IgG2a plus anti-CD34-FITC, anti-CD61-FITC, or
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anti-CD42b-FITC after 0, 6, and 12 days of culture to identify TLRs in

CD34+ cells, MK progenitors, and mature MKs.

Intracellular VWF was evaluated by fixing and permeabilizing cells

with BD Cytofix/Cytoperm and labeling with anti-VWF followed by

Alexa Fluor-488 anti-mouse. Inflammatory MKs were identified by

triple or double staining of viable cells with anti-CD42b-FITC/CD148-

PE/CD48-APC or CD41-PE/CD53-FITC. The intracellular expression

of TLR7 and TLR8 on viable immune MKs (CD148+/CD48+) was

determined by incubating cells with anti-TLR7 or anti-TLR8 Abs fol-

lowed by anti-mouse Alexa Fluor-488.

The number of platelets was determined after 17 days of culture

by staining cells with anti-CD61-FITC Ab or an irrelevant isotype.

Culture-derived platelets were counted as CD61+ events with the

same scatter properties as human peripheral blood platelets [24].

The percentage of positive cells and the median fluorescence in-

tensity were analyzed using Sysmex-Partec CyFlow Space and FlowJo

10.0.7 software.
2.7 | Immunofluorescence assays

Cells were cytospun, fixed (4% paraformaldehyde), permeabilized

(0.1% Triton X-100), and blocked (5% equine serum). To identify

CVB3-infected MKs, cells were incubated with anti-dsRNA mono-

clonal Ab J2 (SCICONS) followed by anti-mouse-Alexa Fluor-488 and

CD41-PE. The percentage of J2+ cells in the MK population was

calculated using the ImageJ program on at least 200 cells.

To identify the expression of TLRs in immune MKs, cells were

incubated with anti-TLR7 (clone 4G6) or anti-TLR8 (clone S16018A)

followed by anti-mouse-Alexa Fluor-488, CD148-PE, and CD48-APC.

Infected immune MKs were detected by incubating cells with J2,

CD148-PE, and CD48-APC. Cell nuclei were stained with 4’,6-

diamidino-2-phenylindole and mounted with PolyMount.
2.8 | Determination of apoptosis, viability, and

proliferation of cells

Cells were labeled with a mixture of acridine orange and ethidium

bromide (100 μg/mL) to determine the percentage of cells that had

undergone apoptosis or necrosis [25]. Coverglass preparations were

counted using a fluorescence microscope, with a minimum of 200 cells

scored from each sample. Cell viability was determined on day 12 of

culture by double staining cells with Zombie Violet and Annexin-V-

FITC and analyzed using FC. For the proliferation assay, cells were

incubated with Zombie Violet, the ethynyl-2́-deoxyuridine detection

system, and then analyzed using FC.
2.9 | Analysis of ploidy

The ploidy of MKs was evaluated on day 14 of culture by fixing cells in

70% ice-cold ethanol and then washing and labeling with anti-CD61-
FITC monoclonal Ab and propidium iodide (0.5 μg/mL) in the presence

of RNAse-A (400 μg/mL) at 37 ◦C. After 30 minutes of incubation, the

cells were immediately analyzed using FC.
2.10 | Analysis of caspase-3 activation

Cells were fixed with 4% paraformaldehyde and permeabilized in 90%

ice-cold methanol for 30 minutes. After labeling with a polyclonal

rabbit Ab for the activated form of caspase-3, cells were washed,

incubated with anti-rabbit Alexa Fluor-488, and analyzed using FC.
2.11 | Quantitative polymerase chain reaction

RNA was isolated with Bio-Zol. Reverse transcription was performed

using 150 ng of RNA by employing the iScript complementary DNA

synthesis kit. Real-time polymerase chain reactions were assessed by

employing the SsoAdvanced universal SYBR Green mix and CFX-

Connect equipment (Bio-Rad). The primers used in this study are lis-

ted in Supplementary Table S1. The reaction was normalized to the

expression levels of the housekeeping gene, and the specificity of the

amplified products was checked through analysis of dissociation

curves. To generate heat maps, qCT values obtained using the 2ΔCt

method were normalized to reference values (CVB3 UV). The

numbers inside the colored squares are the mean value from each

group in a given condition.
2.12 | Measurement of IL-1β and IFN-β levels

IL-1β and IFN-β levels were determined in the supernatants of 24-

hour, 7-day, and 12-day cultured CD34+ cells using commercial

ELISA kits.
2.13 | Western blotting

CVB3-UV– or CVB3-infectedMKs were lysed with a lysis buffer (60mM

de tris/hydrochloric acid/1% sodium dodecyl sulfate; pH, 6.8) in the

presence of a cocktail of protease inhibitors (Sigma). The lysates were

electrophoresed and transferred to a polyvinylidene fluoride membrane.

After blocking, the membranes were incubated with anti-IL-1β, anti-

caspase-1, or anti-GSDMD followed by an HRP-conjugated secondary

Ab. Each membrane was reprobed with an Ab against actin, and proteins

bands were visualized using enhanced chemiluminescence. Immuno-

blotting results were semiquantitated using the ImageJ software.
2.14 | Statistical analysis

Data are expressed as mean ± SEM. The Shapiro-Wilk test was used

to define state normality and equal variance. Significant differences



F I GUR E 1 Human CD34+ cells, megakaryocyte (MK) progenitors, and mature MKs express Toll-like receptor (TLR)7 and TLR8 and are

susceptible to coxsackievirus B3 (CVB3) infection. (A) Intracellular TLR7 and TLR8 expression in CD34+ cells, MK progenitors (CD41+/
CD42b−), and mature MKs (CD41+/CD42b+). Black lines represent unstained cells, and gray histograms represent fluorescence minus one for

each receptor as a negative control (n = 3). (B) CD34+ cells, (C) MK progenitors, and (D) mature MKs were infected with CVB3 (multiplicity of

infection, 1), and plaque-forming units in supernatants were quantitated on different days after infection using the infectivity titration assay in

Vero cells (n = 3). (E) CD34+ cells were exposed to UV-irradiated CVB3 or CVB3 (multiplicity of infection, 1), and viral presence was detected at

RODRÍGUEZ ET AL. - 5 of 16
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were determined using 1-way or 2-way analysis of variance followed

by the multiple-comparison Bonferroni test. Two-tailed paired Stu-

dent’s t-test was used to compare 2 groups. Statistical significance was

set at P <.05. The analysis was performed using GraphPad Prism

software, version 9.0.2.
3 | RESULTS

3.1 | CVB3 infects and replicates in CD34þ cells and

MKs

First, we evaluated the expression and regulation of TLR7 and TLR8

on CD34+ cells; cells from day 6 or 12 of culture composed mainly of

megakaryocytic progenitors (CD41+/CD42b−) and mature MKs

(CD41+/CD42b+), respectively. As shown in Figure 1A, all cells

examined expressed both receptors. Similar results were observed

when cells were labeled with Abs with 2 different clones (see

Methods, data not shown). To further confirm the specificity of the

Abs used, we also stained peripheral platelets and neutrophils (cells

that barely express TLR7) [26,27] and found that platelets express

both receptors, albeit TLR8 in a lower percentage. As expected,

neutrophils did not express TLR7 but did express TLR8

(Supplementary Figure S1). To determine the susceptibility of CD34+

cells to CVB3 infection, we examined the presence of infectious viral

particles in the supernatants of UV-irradiated or virus-infected cells

at different time points after infection using supernatants from

infected Vero cells as a positive control. Titration assays revealed that

infectious viruses were detected more abundantly in the supernatant

of CVB3-infected Vero cells during the first 24 hours, as expected

(data not shown). In contrast, infectious viruses from CD34+ super-

natants peaked at 24 hours after infection and slowly decreased until

they had almost disappeared by day 11 after infection (Figure 1B). In

addition, infectious viruses were also observed in supernatants from

megakaryocytic progenitors and mature MKs (Figure 1C, D). Inter-

estingly, megakaryocytic progenitors appeared to be most susceptible

to CVB3, which was accompanied by an increase in the expression of

coxsackievirus and adenovirus receptor, one of the CVB3 receptors

[28] (Supplementary Figure S2). The presence of CVB3 was detected

in infected MKs by labeling the cells with an Ab that recognizes

dsRNA, and the percentage of infected MKs was 41% ± 5%

(Figure 1E).
3.2 | Infection of CD34þ cells with CVB3 triggers

apoptosis and pyroptosis

Having demonstrated that CVB3 infects CD34+ cells, we next

examined the effect of CVB3 infection on megakaryo/
9 days after infection. Representative confocal microscopy images show n

expression (red). Insets: 3× zoom. Scale bar, 10 μm. DAPI, 4′,6-diamidino-

forming unit.
thrombopoiesis using an in vitro model with human CD34+ cells

stimulated with TPO. Under our culture conditions, TPO stimulation

promotes the growth of mature MKs and platelets [23]. However,

the exposure of CD34+ cells to CVB3, but not to CVB3 UV,

decreased the absolute number of cells in an MOI-dependent

manner (Figure 2A), including the numbers of MKs (Figure 2B)

and platelets produced in culture (Figure 2C). The formation of

MKs and platelets in the CD34+ cultures infected with CVB3 UV

was similar to that in the uninfected cells (Supplementary

Figure S3). To determine whether the decrease in cell growth

was related to impaired cell proliferation, apoptosis, or both, we

next analyzed the proliferation rate by measuring 5-ethynyl-2́-

deoxyuridine (EdU) incorporation into CD34+ cells after 4 days of

TPO stimulation in the absence or presence of infective CVB3. As

shown in Figure 2D, there were no differences in the incorporation

of the thymidine analog regardless of whether the cells were

exposed to CVB3 or CVB3 UV. However, an analysis of changes in

nuclear morphology, indicative of programmed cell death, showed

that CVB3 triggered a significant increase in the percentage of

apoptotic cells, which was detected after 12 days after infection

(Figure 2E). Programmed cell death was confirmed by an increase in

hypodiploid cells (Figure 2F), phosphatidylserine exposure

(Figure 2G), and caspase-3 activation (Figure 2H).

Because cells undergoing pyroptosis exhibit features of apoptosis,

such as exposure to phosphatidylserine and condensed chromatin

[29], we examined whether inflammasome activation also occurs

during viral infection. The IL-1β protein level was measured at 24

hours, 7 days, or 12 days after infection; however, it was detected only

at a later time point (Figure 3A). In agreement with these results,

Western blotting kinetic studies at 6 and 10 days after infection

showed that the expression of cleaved forms of caspase-1, IL-1β, and

GSDMD were detected only at 10 days after infection (Figure 3B and

Supplementary Figure S4). The activation of inflammasomes in infec-

ted cells was confirmed based on a greater decrease in immature

forms of caspase-1 and IL-β as well as a corresponding increase in

their cleaved forms compared with those in the mock samples

(Figure 3B). In addition, the presence of NLRP3, caspase-1/4, and

caspase-1 inhibitors prevented a decrease in cell number, cell death,

differentiation, and maturation of MKs (Figure 3C–F). Collectively,

these data indicate that both apoptosis and pyroptosis were induced

by viral infection. Necrosis never exceeded 5% in all cases.
3.3 | CVB3 infection of CD34þ cells impairs the

generation of mature MKs

CVB3 infection of CD34+ cells not only significantly reduced cell

expansion but also markedly inhibited the differentiation of CD34+

cells into MKs and MK maturation. Figure 4A shows that the
uclei (blue), J2 staining of double-stranded RNA (green), and CD41

2-phenylindole; MFI, median fluorescence intensity; PFU, plaque-



F I GUR E 2 Coxsackievirus B3 (CVB3) infection of CD34+ cells inhibits megakaryo/thrombopoiesis. (A) CD34+ cells were exposed to

different multiplicities of infection of UV-irradiated CVB3 (CVB3 UV) or CVB3 and then stimulated with thrombopoietin. The number of total

cells was determined at 12 days after infection. CD34+ cells were exposed to CVB3 UV or CVB3 at a multiplicity of infection of 1. (B) The

number of megakaryocytes was determined according to the number of total cells that expressed CD41. (C) The number of platelets was

enumerated using flow cytometry as CD61+ events with the same scatter properties as blood platelets. (D) The percentage of proliferating cells

was determined 4 days after infection by measuring 5-ethynyl-2́-deoxyuridine incorporation in the viable subpopulation. (E) Representative

RODRÍGUEZ ET AL. - 7 of 16
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expression of CD41 was significantly reduced in the live cell

population compared with that in the mock samples in an

MOI-dependent manner. In addition, the expression of glycoprotein

(GP)Ib (CD42b), intracellular VWF, and ploidy was significantly

lower in CVB3-infected cultures than in CVB3 UV–infected samples

(Figure 4B–D).

In platelets, GPIb expression (CD42b) can be regulated by either

internalization or shedding [30,31]. To determine the molecular basis

of the decreased expression of GPIb because of CVB3 infection, we

used several strategies. First, we measured the amount of RNA

transcript for GPIb; Figure 4E shows that the amount of mRNA

increased significantly over time after the addition of TPO and peaked

at day 9 in CVB3 UV–treated cells, whereas it was significantly

reduced in CVB3-infected cells. We then measured the expression of

GPIb in permeabilized cells and found that the intracellular GPIb

levels were also lower in CVB3-infected cultures (Figure 4F). Finally,

we examined whether the expression of CD42a, the GPIX of the GPIb-

V-IX complex, was also inhibited by viral infection and found that the

levels of both mRNA and protein were significantly reduced in infec-

ted cultures compared with those in the mock samples (Figure 4G, H).

Taken together, these data suggest that the reduction in GPIb was not

related to protein shedding or internalization but a more general

process of inhibition of protein synthesis. Indeed, we also observed

that the mRNA levels of transcription factors involved in MK differ-

entiation and maturation as well as platelet biogenesis, such as RUNX-

1, FLI1, and NF-E2, were decreased in virus-infected samples

(Figure 4H). It is important to note that the RNA studies were per-

formed on cells from day 9 of culture, when there was no significant

virus-mediated cell death.
3.4 | CVB3 infection of CD34þ cells triggers the

expansion of phenotypically immune MKs

Recently, 2differentgroupsdescribedMKswith immunephenotypesand

functionality in human and mice bone marrow; 1 subset was character-

ized as cells expressing CD148 and CD48 surface markers, whereas the

other expresses CD53. Both subpopulations of immune MKs proliferate

upon lipopolysaccharide (LPS) stimulation [32,33]. Surprisingly, we found

thatCVB3 infection inhibited thegenerationofmatureMKsandplatelets

but increased CD148 and CD48 transcripts on day 11 of CVB3 cultures

(Figure 5A), which was correlated with the appearance of a subset of

CD148+/CD48+ MKs in the mature MK population (CD42b+ cells) of

CVB3-infected but not in CVB3 UV–infected cultures (Figure 5B).

Moreover, these immune MKs also expressed both TLR7 and TLR8 and

were susceptible to CVB3 infection (Figure 5C, D).
images of cell viability evaluated using fluorescence microscopy of cells labe

indicate apoptotic cells. Bar graph quantifying the percentages of apoptos

representative dot plots of annexin-V–fluorescein isothiocyanate/Zombie

caspase-3 evaluated in the gated population at 12 days after infection. #P <

UV using paired t-test, &P < .05 vs CVB3 UV on day 12 using 2-way anal

infection.
In addition, an increase in CD53 transcript and the subset

of CD53+ MKs was observed in MKs from infected cultures

(Figure 5E, F).

We have previously reported that another immunologic property

of progenitor cells and mature MKs is that they have antiviral activity

because of being both type I IFN producers and responders [34].

Moreover, we have shown that activation of TLR3 selectively impairs

platelet production by producing IFN-β [13]. Upon analysis of the IFN

pathway in CVB3-infected CD34 cultures, we found that the mRNA

levels of interferon regulatory factor 7 and its downstream associated

gene, IFN-β, but not IFN-α (data not shown), were significantly

increased in CVB3-infected samples 24 hours after infection

(Figure 5G, H). Recently, interferon-induced transmembrane protein

3, an antiviral protein triggered by IFN-α/β receptor activation that

restricts cellular entry of diverse viruses, was shown to be upregu-

lated in platelets and MKs during dengue and influenza viral infections

[35], 2 ssRNA viruses. In concordance, the mRNA levels of interferon-

induced transmembrane protein 3 were also upregulated in CVB3-

infected cells (Figure 5I). However, we could not detect the IFN-β

protein in the supernatants of infected cultures (data not shown). In

addition, the incubation of CD34+ cells with a neutralizing Ab against

IFN-β failed to abrogate the inhibitory effects on megakaryopoiesis

mediated by CVB3 infection (data not shown).
3.5 | TLR7 activation impairs megakaryopoiesis

Having demonstrated that CD34+ cells and MKs express TLR7 and

TLR8, we next investigated whether PRRs were involved in the inhi-

bition of megakaryopoiesis mediated by CVB3 infection. We found

that ODN2087 and ODN20958, TLR7/8 and TLR7 antagonists,

respectively, reversed the CVB3-mediated inhibitory effects on meg-

akaryopoiesis (Figure 6A–E). Interestingly, similar results were ob-

tained when CD34+ cells were infected with YFV, another ssRNA

virus of the Flaviviridae family (Supplementary Figure S5).

In addition, the stimulation of CD34+ cells with imiquimod (R837),

a TLR7 agonist, resulted in a decrease in the number and maturation

of MKs and platelet generation (Figure 6F–I). Because imiquimod is

also an adenosine receptor antagonist, to confirm TLR7 stimulation,

we also used loxoribine, a guanosine analog that does not activate

adenosine receptors [36], as a TLR7 agonist. Similar to imiquimod,

loxoribine impaired megakaryopoiesis (Figure 6F–I). Both TLR7 ago-

nists also induced cell apoptosis (Figure 6J), although it was detected

at an earlier time point (48 hours after stimulation) compared with

CVB3 infection and promoted the generation of CD148+/CD48+ and

CD53+ MKs (Figure 6K, L). The concentration of both agonists was
led with a mixture of acridine orange and ethidium bromide. Arrows

is (to the right of the panel). (F) Percentage of hypodiploid cells, (G)

Violet fixable viability dye staining and (H) percentage of active

.05 vs CVB3 UV using 1-way analysis of variance, *P < .05 vs CVB3

ysis of variance, n = 3-6. MK, megakaryocyte; MOI, multiplicity of



F I GUR E 3 Coxsackievirus B3 (CVB3) infection of CD34+ cells induces pyroptosis. CD34+ cells were exposed to UV-irradiated CVB3 (CVB3

UV) or CVB3 (multiplicity of infection, 1). (A) The level of interleukin (IL)-1β was measured in the cell supernatants at 12 days after infection

using enzyme-linked immunosorbent assay. (B) Inflammasome activation was evaluated based on the expression of caspase-1, cleaved caspase-

1, IL-1β, cleaved IL-1β, and cleaved gasdermin D using Western blotting. (C) The number of cells, (D) percentage of dead cells, (E) CD41+ cells,

and (F) CD41+/C42b+ cells were determined in cultures of thrombopoietin-stimulated CD34+ cells that were exposed to CVB3 UV or CVB3

(multiplicity of infection, 1) and treated or not with MCC950 (NLRP3 inhibitor, 10 μM), VX-765 (caspase-1/4 inhibitor, 50 μM), or Ac-YVAD-

CMK (caspase-1 inhibitor, 50 μM) on days 6 and 8 of culture according to the appearance of cleaved forms using Western blotting. *P < .05 vs

CVB3 UV using paired t-test, &P < .05 vs CVB3 UV on day 10 using 2-way analysis of variance (ANOVA), ‡P < .05 vs CVB3 UV using 1-way

ANOVA, #P < .05 vs CVB3 using 1-way ANOVA, n = 3-6. AU, arbitrary units; ND: not detected; GSDMD, gasderminD.
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F I G U R E 4 Coxsackievirus B3 (CVB3)

infection of CD34+ cells inhibits

megakaryocyte (MK) differentiation and

maturation. (A) CD34+ cells were exposed

to different multiplicities of infection of

CVB3 or CVB3 UV–irradiated virus, and

the percentage of MKs (CD41+ cells) was

determined at 12 days after infection

using flow cytometry (FC). (B) Cells were

infected (multiplicity of infection, 1), and

mature MKs (CD42b+ cells gated on

CD41+ cells), (C) intracellular von

Willebrand factor, and (D) representative

histogram and percentages of the ploidy of

CD61+ cells (to the right of the panel)

were evaluated at 12 to 14 days after

infection using FC. (E) The mRNA

expression levels of CD42b were

determined on different days after

infection using quantitative polymerase

chain reaction and referred to as 2ΔCt.
EEF1A1 was used as the housekeeping

gene. (F) Analysis of intracellular CD42b+

and (G) CD41+/CD42a+ cells using FC. (H)

Heat map analysis showing relative mRNA

expression profile of MK lineage–specific

and related genes in UV-irradiated CVB3

(CVB3 UV) and CVB3 groups at 9 days

after infection. The numbers in the heat

map indicate the mean value of at least 4

independent samples. #P < .05 vs CVB3

UV using 1-way analysis of variance, *P <

.05 vs CVB3 UV using paired t-test, &P <

.05 vs CVB3 UV on day 9 using 2-way

analysis of variance, n = 3-6. CT, cycle

threshold; DD, delta delta; EEF1A1,

eukaryotic translation elongation factor 1

alpha 1; NS, not significant; VWF, von

Willebrand factor.
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determined using a concentration-response curve (Supplementary

Figure S6).

In contrast, preincubation of CD34+ cells with CU-CPT9, a highly

selective TLR8 inhibitor, did not modify CVB3-mediated inhibition of

megakaryopoiesis (Figure 6A–E), and stimulation with 2 TLR8-specific

agonists (TL8-506 and ssPolyU) had no effect on either cell apoptosis

or MK or platelet formation, even when used at high concentrations
(Figure 6F–J). The activity of the TLR8 agonist and its inhibitor was

confirmed by measuring the increase in IL-1β release in the super-

natants of monocytes stimulated with TL8-506 in the absence or

presence of the inhibitor (112 ± 2.9 pg/mL vs 67 ± 1.9 pg/mL; n = 2).

Unexpectedly, the amounts of IL-1β elicited in CVB3-infected cultures

were similar regardless of whether TLR7 was inhibited with

ODN20958 or not (13 ± 2.8 pg/mL vs 14 ± 1.2 pg/mL; n = 4).



F I GUR E 5 Coxsackievirus B3 (CVB3) of CD34+ cells triggers the expansion of phenotypically immune megakaryocytes (MKs). CD34+ cells

were exposed to UV-irradiated CVB3 or CVB3 (multiplicity of infection, 1). (A) The mRNA expression levels of CD148 and CD48 were evaluated

at 11 days after infection using quantitative polymerase chain reaction (qPCR). (B) CD148-PE/CD48-APC staining in the viable CD42b+ MK

subpopulation was determined at 12 days after infection. Representative zebra plots of 4 independent experiments and bar graph quantifying

the percentages of CD148+/CD48+ cells. (C) Representative images and histograms of the expression of toll-like receptor 7 or 8 on immune

MKs (CD148+/CD48+). (D) Representative microscopy images showing the expression of CD148 (red) and CD48 (cyan), J2 staining of double-
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4 | DISCUSSION

Decreased platelet production causing thrombocytopenia has been

observed in many viral infections [10,11]. During infection, host im-

mune and nonimmune cells recognize virus-associated molecules via

PRRs, such as TLRs and inflammasomes, and initiate an antiviral and

inflammatory response by producing increased type I IFN and proin-

flammatory cytokines [37].

In this study, we described for the first time that TLR7 and TLR8 are

expressed at the protein level in the megakaryocytic lineage and that

the activation of TLR7 but not TLR8 with a ssRNA virus or synthetic

agonists affects not only MK production but also platelet formation.

Moreover, we also showed that viral infection and TLR7 activation

trigger the appearance of a subset of immune inflammatory MKs.

TLR7 expression and functionality have been previously reported

in CD34+ cells from the bone marrow and platelets [38–40]. However,

its expression and role during human megakaryo/thrombopoiesis

remained unknown. In this study, we showed that TLR7 and TLR8 are

both expressed in not only CD34+ human cord blood–derived stem

cells but also MK progenitors (CD41+/CD42b− cells) and mature MKs

(CD41+/CD42b+ cells). Moreover, these 3 types of megakaryocytic

populations were susceptible to infection by CVB3, a ssRNA virus that

is mainly recognized by TLR7 and TLR8 [41].

The CVB3 infection of CD34+ cells resulted in fewer MKs that

were associated with both apoptosis and pyroptosis. Remarkably, cell

death was detected only in the last stages of MK development. This

effect was not related to the differentiation process toward MKs

because similar results were obtained when CD34+ cells were

expanded with stem cell factor and IL-3 without TPO (data not

shown). Recently, extensive crosstalk among pyroptosis, apoptosis,

and/or necroptosis was identified, leading to the emergence of the

PANoptosis concept. The occurrence of PANoptosis has been

described in some viruses [42]. Although we did not evaluate whether

CVB3 also induces necroptosis, our findings suggest that viral recog-

nition by CD34+ cells and/or megakaryocytic cells triggers >1 cell

death program that may contribute to the regulation of viral spread.

The CVB3 infection of CD34+ cells not only decreased the for-

mation of MKs but also significantly impaired MK maturation and

differentiation as well as platelet formation. Interestingly, these ef-

fects were also observed when CD34+ cells were infected with YFV

(another ssRNA virus that induces thrombocytopenia [43]), suggesting

that this is a more general response to ssRNA virus infection. The

development of MKs involves the expression of molecules such as

CD42b, CD42a, and VWF as well as an endomitotic process for

expansion of the cytoplasm and formation of platelets [44]. Our re-

sults showed that CVB3 inhibits the expression of maturation markers

by reducing the level of mRNA transcripts involved in MK maturation
stranded RNA (green), and cell nuclei (blue). Scale bar, 10 μm. (E) The mRNA

using qPCR. (F) CD53+ MKs (gated on viable CD41+ cells) at 12 days afte

factor 7, (H) interferon-β, and (I) interferon-induced transmembrane protein 3

fold induction. *P < .05 vs UV-irradiated CVB3 using paired t-test. qPCR

housekeeping gene. DAPI, 4′,6-diamidino-2-phenylindole.
as well as lineage-specific transcription factors and regulators of

thrombopoiesis, such as NF-E2. These findings strongly suggest that

the thrombocytopenia observed in ssRNA viral infections may be due,

in part, to substantial impairment of biological processes, leading to

MK maturation and platelet production.

Previous studies have demonstrated that MK infection with

another ssRNA, such as HIV-1 or Dengue virus, impairs MK survival

and differentiation, leading to thrombocytopenia [45,46]. However,

the role of endosomal TLR7/8 was not investigated in these studies.

We found that both apoptosis and inhibition of MK as well as platelet

formation by CVB3 or YFV infection of CD34+ cells in the presence of

specific TLR7 antagonists were not only completely abolished but also

mimicked by synthetic TLR7 agonists such as loxoribine and imiqui-

mod. Neither the inhibition of TLR8 nor the stimulation of CD34+ cells

with TLR8 agonists was able to alter the different stages of mega-

karyo/thrombopoiesis, suggesting a central role of TLR7 activation in

the regulation of MK and platelet formation. These results are

consistent with studies in nucleotide-binding oligomerization domain–

containing (NOD) mice that showed that downregulation/upregulation

of the TLR7 pathway by treating animals with CA-4948 or resiquimod,

respectively, resulted in a consistent elevation/reduction of platelet

counts that was associated with an increase in MK counts in the bone

marrow with more naked nuclei in the resiquimod group [22].

Interestingly, we have previously described that Junin virus or

TLR3 agonists induce thrombocytopenia without affecting mega-

karyopoiesis, suggesting that activation of endosomal TLR3 on CD34+

progenitor cells impedes the process of thrombopoiesis rather than

the generation of MKs [13,23]. These data and our current observa-

tions suggest that activation of each endosomal TLR regulates meg-

akaryopoiesis and thrombopoiesis in different ways. In this regard,

TLR3 agonists and Junin virus impair thrombopoiesis through IFN-β

release [13,23]. In contrast, TLR7 activation by CVB3 resulted in only

a modest increase in IFN-β mRNA expression, without detectable

release of protein and without IFN-β–neutralizing Abs preventing the

inhibition of megakaryo/thrombopoiesis. TLR3, which recognizes

dsRNA, an intermediate for ssRNA viral replication, and TLR7 have

different adaptor proteins after ligand binding in the endosomal

compartment; although TLR3 uses the adaptor molecule TRIF, TLR7

signal transduction is dependent on the MyD88 adaptor protein [1].

More experiments are needed to determine whether the different

responses in megakaryo/thrombopoiesis involve selective signaling

molecules generated by the activation of these endosomal TLRs.

Besides TLRs, other different receptors, such as NOD-like re-

ceptors, have been described to sense RNA virus invasion, which

regulates innate immunity by forming large molecular

complexes (inflammasomes) that lead to caspase-1 activation and

caspase-1–dependent proteolytic maturation and secretion of IL-1β
expression level of CD53 was determined at 11 days after infection

r infection. (G) The mRNA expression levels of interferon regulatory

were evaluated 24 hours after infection using qPCR, referred to as

data are referred to as fold induction, and EEF1A1 was used as the



F I GUR E 6 Toll-like receptor

(TLR)7 mediates coxsackievirus B3

(CVB3) recognition, megakaryo/

thrombopoiesis inhibition, and

induction of a subpopulation of

immune megakaryocytes (MKs). (A)

The number of MKs, (B) percentage

of CD41+ cells and (C) CD41+/C42b+

cells, (D) number of platelets, and (E)

percentage of apoptotic cells were

determined in cultures of

thrombopoietin (TPO)-stimulated

CD34+ cells that were pretreated or

not with ODN2087 (TLR7/8

antagonist, 5 μM) or ODN20958

(TLR7 antagonist, 5 μM) for 1 hour or

CU-CPT9a (TLR8 antagonist, 10 μM)

for 3 hours and then exposed to UV-

irradiated CVB3 or CVB3 (multiplicity

of infection, 1). (F–J) CD34+ cells

were stimulated with TPO alone

(control) or in combination with the

TLR7 agonists loxoribine (0.5 mM) or

imiquimod (R837, 5 μg/mL) or with

the TLR8 agonists TL8-506 (100 ng/

mL) or ssPolyU (10 μg/mL), and the

same parameters as above were

evaluated in these conditions. The

number of MKs and platelets and the

percentage of apoptotic cells were

determined as described in Figure 2.

(K) CD34+ cells were treated with

TLR7 agonists or not in the presence

of TPO and CD148-PE/CD48-APC

(gated on viable CD42b+ cells), or (L)

CD41-PE/CD53-FITC staining in the

viable MK subpopulation was

determined at 12 days after

stimulation using flow cytometry.

Representative zebra plots of 4

independent experiments. Bar graph

quantifying the percentage of

CD148+/CD48+ or CD41+/CD53+

cells (right to each panel). *P < .05 vs

UV-irradiated CVB3, #P < .05 vs

CVB3 and &P < .05 vs control using 1-

way analysis of variance, n = 4-6.
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[47]. The involvement of NLRP3 inflammasomes during CVB3 infec-

tion and their relevance in CVB3-induced viral myocarditis have been

demonstrated both in vitro and in vivo [48]. Our results showing the

activation of inflammasome components at the RNA and protein

levels in response to CVB3 infection are consistent with these find-

ings. Surprisingly, the blockade of TLR7 did not alter CVB3-induced

inflammasome activation and IL-1β release. In addition to TLR7,

NOD-2 and the cytosolic helicases RIG-1 and MDA-5 have also been

described as major PRRs that lead to NLRP3 activation in CVB3-

induced myocarditis [49]. Moreover, protease 3Cpro from CVB3 is

able to activate NLRP1 inflammasomes and induce IL-1β release [50].

Therefore, it would be conceivable that CVB3 activates not only TLR7

but also NOD-2, cytosolic helicases, or NLRP1.

Currently, it is believed that the population of MKs in mouse and

human bone marrow is not homogeneous; however, there are

specialized subsets of MKs that control platelet generation, interac-

tion with the hematopoietic stem cell niche, and inflammatory/im-

mune responses. Immune MKs in the bone marrow have been

described as cells that are double positive for CD148+/CD48+ anti-

gens and as low ploidy cells expressing CD53 and CD48. These cells

appear to play an important role in inflammation/infections because

their numbers increase upon stimulation with immune stimuli, such as

LPS or IFN-γ, in vitro and in vivo [32,33]. We have now confirmed these

findings and shown that mature MKs (CD41+/CD42b+) derived from

cord blood also express CD148. In contrast to bone marrow MKs

described by Liu et al. [32], we were unable to detect CD48 in these

cells. However, MKs expressing mRNA and surface CD148/CD48

were generated in CVB3-infected cultures. In addition, we found a

small percentage of CD53+ MKs that significantly increased in virus-

infected cells. Taken together, our data suggest that viral infection

of HSPCs with CVB3 in the presence of TPO inhibits MK differenti-

ation, maturation, and platelet production but increases the formation

of immune MKs. In support of this hypothesis, a previous study

showed that administration of LPS leads to a gradual increase in im-

mune MKs, whereas the number of platelets in the periphery de-

creases [33]. Moreover, our results suggest that these MKs with an

immune phenotype can arise from not only bacterial infection but also

viral infection. Furthermore, we showed that immune MKs can be

generated after CD34+ stimulation and in response to TLR7 agonists,

emphasizing a potential pivotal role of this receptor in the antiviral

response of cells from the megakaryocytic lineage to infection with

ssRNA. Patients with severe SARS-CoV-2 infection present with

thrombotic coagulopathy associated with an increase in extra-

medullary MKs, especially in the lungs and heart, and IFN-activated

MKs [51,52]. Interestingly, it is increasingly recognized that MKs

from the lungs have stronger immunologic/inflammatory gene

expression than bone marrow–derived MKs [53]. Whether the

increased number of MKs observed in patients with COVID-19 in-

cludes these subpopulations of CD148+/CD48+ or CD53+ immune

MKs or whether these immune MKs produce more thromboin-

flammatory platelets is a very interesting area of research to
investigate. Interestingly, in this context, the TLR7 activation of

platelets by influenza and encephalomyocarditis viruses (ssRNA vi-

ruses) leads to P-selectin exposure and platelet-neutrophil in-

teractions that are independent of platelet aggregation and

contributes to immune response and host survival [20,39]. Whether

these platelets are produced by immune MKs is a very challenging

question that remains to be investigated.

In conclusion, we described here for the first time that TLR7 and

TLR8 are expressed in HSPCs and MKs and that the activation of

TLR7 in this lineage appears to be responsible for decreased platelet

production due to cell death and inhibition of MK maturation, sug-

gesting an additional mechanism involved in the decrease in platelet

count during ssRNA viral infections. Our data also contribute to the

new concept of MKs as cells with immune and inflammatory functions

by describing a population of immune MKs resulting from TLR7 acti-

vation. Future studies on human cells using genetic approaches will

hopefully confirm these findings. Understanding how MKs respond to

infectious/inflammatory signals is critical for developing potential

therapeutic options for clinical conditions associated with thrombo-

cytopenia and/or thromboinflammation. Finally, we showed the

adverse effects of synthetic TLR7 agonists that should be considered

when these drugs are or could be used in clinical treatments or as

adjuvant molecules.
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