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Abstract

Background: Newly produced platelets are thought to be more functional than their

older counterparts. However, recent work suggests that murine platelets formed

following immune-mediated thrombocytopenia possess a transient glycoprotein (GP) VI

signaling defect.

Objectives: In this study, we explored whether other models of stress thrombopoiesis

would generate platelets that display a functional defect.

Methods: Platelet function was assessed by light transmission aggregometry and/or

flow cytometry in genetic and disease models of thrombocytopenia and after

chemotherapy-induced thrombocytopenia.

Results: We evaluated platelet function in mice bearing a point mutation in Bcl-x and in

2 cancer models, all presenting with thrombocytopenia and a high proportion of

reticulated platelets. Flow cytometric analysis of platelet degranulation and integrin

activation revealed a significantly diminished response to the GPVI agonist convulxin in

all models, but not thrombin. Likewise, platelet aggregation and Syk phosphorylation

downstream of GPVI, in response to convulxin, was significantly reduced. Furthermore,

a rebound from carboplatin-induced or immune-mediated thrombocytopenia caused a

transient GPVI defect. The Mpl−/− model of thrombocytopenia (with a normal propor-

tion of reticulated platelets) was included as a negative control. In response to con-

vulxin, Mpl−/− platelets exhibited normal degranulation and integrin activation.

Conclusion: In this study, we report a functional defect in platelet GPVI signaling

present in multiple models of thrombocytopenia that are accompanied by an increased

proportion of rapidly generated young platelets. These results indicate that during

stress thrombopoiesis, the GPVI receptor becomes entirely functional only after

spending some time in circulation.
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1 | INTRODUCTION

Anucleate platelets are produced from large precursor cells, the

megakaryocytes, residing in the bone marrow [1], spleen [2], and lungs

[3,4]. The lifespan of platelets in circulation is 5 days in mice and 7 to

10 days in humans. Newly produced platelets are often referred to as

reticulated or immature platelets. They are enriched in RNA, often

larger is size [5], and are thought to be more reactive than older

platelets [6,7]. Clinically, fully automated hematologic analyzers

measure the immature (or reticulated) platelet fraction [8], and in

research studies, thiazole orange (TO) and Syto 13 are examples of

RNA-binding dyes used to label young platelets for flow cytometric

analysis [9]. However, in a healthy organism, platelet production is a

constant process, and it is a challenge to capture and analyze platelet

function in newly formed young platelets, which represent �10% of a

circulating platelet population.

The aging of circulating platelets is an area of research, which has

gained much interest in recent years. It is evident that platelets

quickly lose function as they age in vitro, and hence, platelet storage

during blood banking is restricted to 5 to 7 days at room temperature

(20-24 ◦C) in agitated gas permeable bags. In vivo, platelet lifespan at

steady state is regulated by the intrinsic apoptosis pathway [10,11].

Other mechanisms of platelet clearance include antibody-mediated

platelet removal, relevant to immune-mediated thrombocytopenia

[12], and platelet desialylation leading to exposure of surface

markers that target platelets for clearance from the circulation [13].

In genetically modified mice where platelets are unable to undergo

intrinsic apoptosis, due to the absence of death proteins Bak and Bax,

platelet half-life and platelet counts are nearly doubled [14]. Hence,

these mice provide a model where platelets are aged beyond normal.

These mice were found to have reduced hemostatic function, with

increased bleeding time and platelets with a lessened ability to

release granules [15]. Since the defects could be rescued by syn-

chronizing platelet age, a restriction of platelet lifespan by intrinsic

apoptosis is pivotal to maintain a functional hemostatically reactive

platelet population [15]. While this finding implies that platelets are

removed before they become significantly less reactive, it still does

not fully address whether platelet function differs between young

and older in vivo aged platelets under normal steady state conditions.

Results from recent studies, reviewed in [6], demonstrated that

physiologic platelet aging is defined by a decline in overall RNA and

protein content, concomitant with changes in the transcriptome and

proteome. These changes were associated with a reduction in gene

ontology terms coupled with platelet functional readouts, including

hemostasis, aggregation, and coagulation. A recent study by Veninga

et al. [16] examined fractions of large and small platelets separated

by centrifugation and identified high glycoprotein (GP) VI protein
expression of highly reactive juvenile platelets by flow cytometry,

which were mainly found among the large platelet fraction.

Contrary to the view that newly formed platelets are hyperre-

active, 2 studies by Gupta et al. [17] and Hardy et al. [18] demon-

strated that newly synthesized murine platelets produced after acute,

immune-mediated thrombocytopenia exhibited a transient signaling

defect in response to the GPVI-specific agonist collagen-related pep-

tide, as well as to collagen and convulxin. Gupta et al. [17] proposed

that downregulation of GPVI–immunoreceptor tyrosine–based acti-

vation motif signaling in newly formed platelets serves to shield them

from activation while traversing the collagen-rich endothelium during

their release from megakaryocytes, whereas Hardy et al. [18] specu-

lated that rapid platelet production during acute needs could induce

neonatal thrombopoiesis. While research has highlighted the exis-

tence of platelet subpopulations based on function, size, and age

within patient groups, the common intrinsic changes that occur as

platelets age within the circulation are only just being explored. Is

there a difference in the function of young platelets produced in

steady state conditions versus under stressed conditions with acute

needs? In this study, we aimed to explore whether other models of

stress thrombopoiesis relevant to human disease or therapy, in addi-

tion to immune-induced thrombocytopenia, would generate platelets

that display a functional defect.
2 | METHODS

2.1 | Mice

Mpl−/− [19] and Bcl-xPlt20/Plt20 [11] mice have been previously

described. All mice used in this study were bred and housed in con-

ventional clean facilities. All experimental procedures were conducted

following Walter and Eliza Hall Institute of Medical Research (WEHI)

Animal Ethics Committee approved protocol 2018.012. Mice were

euthanized by CO2 asphyxiation. All mouse strains were maintained

on a C57BL/6 background, age and sex matched within experiments.

Both male and female mice were used at ages between 7 and 11

weeks. C57BL/6 mice were originally obtained from the Jackson

Laboratories and subsequently bred and maintained at WEHI in

Melbourne Australia. Notably, Mpl−/− mice can be divided into 2

groups displaying low (136 ± 19 × 103/μL) or extremely low (41 ± 6 ×
103/μL) platelet counts [20]. For all experiments usingMpl−/− mice, full

peripheral blood counts were performed prior to beginning the

experiment, and mice displaying extremely low platelet counts were

excluded. Mice were rested for 2 weeks prior to blood collection for

platelet functional studies.
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2.2 | Materials

TO (390062), thrombin (T9326-150UN), PAR4-AP (AYPGKF-NH2),

fibrinogen (F3879), and N-ethylmaleimide were from Sigma-Aldrich.

Convulxin (ALX-350-100-C050) was purchased from Enzo Life Sci-

ences and calibration beads 3.5 to 4.0 μm were from Spherotech.

Antiplatelet serum (APS) was purchased from Cedarlane. Fluo-

rescently conjugated antibodies included the following: JON/A

(integrin αIIbβ3, CD41/CD61 M023-2), GPIX (CD42a, M051-1), GPIbα

(CD42b, M040-3), and GPVI (JAQ1, M011-1) from Emfret Analytics;

fluorescently conjugated antimouse, αIIb (CD41, MWReg30), anti–P-

selectin (CD62P) RB40.34 (561923) from BD Biosciences, and annexin

V (A13199) from Life Technologies. Polyclonal rabbit anti–mouse

GPVI (intracellular epitope that identifies full-length and remnant

cytoplasmic tail domain of GPVI) [21,22], rabbit anti–Syk antibody

(2712), and rabbit anti–phospho-Syk antibody (2711) were from Cell

Signaling Technology. Direct-blot horseradish peroxidase anti–β-actin

was from Sigma-Aldrich, and horseradish peroxidase–conjugated

secondary antibodies were from Santa Cruz Biotechnology. Carbo-

platin was obtained from Pfizer.
2.3 | Murine small cell lung cancer (RP-1) cell line

model

A small cell lung cancer cell (SCLC) line was generated from a tumor

that formed in the lungs from a mouse on C57BL/6 background,

harboring conditional inactivation of retinoblastoma (Rb)1 and Trp53

(RP mice) [23] in lung epithelial cells. A lung tumor was minced and

cultured in Dulbecco’s modified Eagle’s medium supplemented with

insulin, transferrin, selenium, ethanolamine (1%), epidermal growth

factor (200.0 μg/μL), hydrocortisone (0.5 mg/mL), penicillin/strepto-

mycin (1%), and 10% fetal calf serum. Tissue was incubated at 37 ◦C,
5% CO2, until cells formed clusters in suspension, at which point they

were passaged twice weekly and maintained in the abovementioned

medium [24]. For intravenous (i.v.) transplants, single-cell suspensions

were prepared, and 5 × 104 cells in 200.0 μL were transplanted into

the lateral tail vein per mouse. Mice were sacrificed as a cohort for

platelet collection when they reached an ethical end point, when signs

of ill health such as weight loss, shivering, hunching, and ruffled fur

became apparent.
2.4 | Eμ-myc lymphoma mouse model

Primary immature B (B220+, cKit−, IgDlow, and IgM+) Eμ-myc lym-

phoma cells were harvested from lymph nodes and spleen of termi-

nally ill Eμ-myc mice on a C57BL/6 background [25]. The harvested

cells were then transplanted i.v. via the tail vein into recipient C57BL/

6 wild-type mice to generate second-generation Eμ-myc lymphoma

cells subsequently used in transplant experiments. C57BL/6 mice

were injected i.v. with 2 × 104 (5849) or 1 million (5903) second-

generation Eμ-myc lymphoma cells [26], and mice were euthanized
and analyzed at the same time once the first mouse in the experi-

mental cohort reached an ethical end point. Disease severity was

measured by peripheral blood counts, spleen, and lymph node (axil-

lary, brachial, inguinal, and mesenteric) weights. Ethical end points

included enlarged spleen or lymph nodes detected by palpation, or

when signs of ill health such as weight loss, shivering, hunching, and

ruffled fur became apparent.
2.5 | Chemotherapy-induced thrombocytopenia

C57BL/6 mice between 8 and 10 weeks of age were injected intra-

peritoneally (i.p.) with a single dose of carboplatin (100.0 mg/kg) in

saline on day 0. Mice were sacrificed in cohorts on day 8, 11, and 16,

and blood was collected into microcontainer tubes containing EDTA

for peripheral blood counts. Peripheral blood counts were also per-

formed 2 weeks prior to carboplatin treatment. Platelet functional

studies and TO staining were performed on day 11 and day 16.
2.6 | Antibody-mediated thrombocytopenia

Acute thrombocytopenia was induced by i.v. injection of 100.0 μL of

APS per 20 g body weight (Cedarlane) at a 1:25 predilution. Reticu-

lated platelets were enumerated by TO staining. Platelets were

collected at 72 hours (3 days) after APS treatment [15].
2.7 | Flow cytometry analysis of platelet activation

Platelets were isolated from mice as described in Supplementary

Methods and resuspended in platelet resuspension buffer to a final

concentration of 1 × 108 cells/mL. Platelets where pooled from

thrombocytopenic mice to achieve this platelet count. Washed

platelets were incubated with convulxin or thrombin or PAR4-AP at

several agonist concentrations and antibodies recognizing activated

αIIbβ3 (JON/A-PE) and P-selectin fluorescein isothiocyanate in a

buffer containing 1mM Ca2+ for 20 minutes at room temperature.

Samples were diluted in platelet resuspension buffer and analyzed on

a FACS Calibur or CytoFLEX with 10 000 events collected in the

platelet gate (gating based on forward scatter and side scatter).
2.8 | Measurement of platelet aggregation

Platelets were isolated from mice as described in Supplementary

Methods and resuspended in modified Tyrode-HEPES buffer (145.0

mM NaCl, 10.0 mM HEPES, 3.5 mM NaH2PO4, 5.0 mM KCl, 2.0 mM

MgCl2, 3.0 mg/mL bovine serum albumin, and 10.0 mM glucose, pH 7.4)

to a final concentration of 5× 108 platelets/mL. In a glass aggregometer

cuvette, 80.0 μL platelet suspension was added to 160.0 μL modified

Tyrode-HEPES buffer supplemented with fibrinogen and 1.0 mM Ca2+.

A magnetic stirring bar was placed in the bottom of the cuvette, and
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samples were warmed to 37 ◦C and stirred while light transmission

through the platelet suspension was measured in a 4-channel aggreg-

ometer (AggRAM; Helena Laboratories); 5.0 μL agonist (thrombin or

convulxin) was added to induce aggregation. The percentage aggrega-

tion over the course of 8 minutes was recorded. Light transmission

through buffer containing platelets and platelet-free buffer was

considered 0% and 100%, respectively.
2.9 | TO staining

TO staining was performed on either blood collected from a tail vein

bleed or retro-orbital bleed. For tail vein bleeding, 3.0 μL of blood was

collected into an EDTA tube containing 14.0 μL resuspension buffer and

3.0 μL Aster-Jandl anticoagulant. TO was prediluted to 1:8570 and αIIb

(CD41)-PE to 1:30 in phosphate-buffered saline (PBS); 50.0 μL TO,

10.0 μL αIIb-PE, and 7.0 μL blood was mixed in a FACS tube. For retro-

orbital bleeding, heparinized blood was collected in an EDTA tube. TO

was prediluted to 1:10 000 and αIIb-PE to 1:30 in PBS; 50.0 μL TO,

10.0 μL αIIb-PE, and 1.0 μL blood was mixed in a FACS tube. All platelet

suspensions were incubated at room temperature for 20minutes in the

dark, before 0.4mLof 1%paraformaldehyde in PBSwas slowly added to

fix the platelets. Samples were evaluated by flow cytometry (FACSca-

libur or CytoFLEX), recording 10 000 events in a defined platelet gate.

Results were analyzed using FlowJo v10.
2.10 | Statistical analysis

GraphPad PRISM 8.0.2 and 10 was used for statistical analysis. Data

are presented as mean ± SEM (unless otherwise stated) for the indi-

cated number of observations. Statistical tests used are indicated in

the figure legends. Data distribution normality was assessed in

GraphPad PRISM using a Shapiro–Wilk test. For normally distributed

data, a 2-tailed Welch t-test was used. For nonnormally distributed

data, a Mann–Whitney U-test was used to assess statistical signifi-

cance. A P value of <.05 was considered statistically significant.
3 | RESULTS

3.1 | A functional defect in platelets generated after

immune-mediated thrombocytopenia

First, we assessed agonist-induced platelet activation by flow cytom-

etry using washed platelets from mice recovering from acute throm-

bocytopenia induced by antibody-mediated platelet depletion.

Wild-type mice were injected i.v. with APS to induce a rapid decrease

in circulating platelet counts <10% of steady state. Platelet counts and

TO-positive platelets (RNA-containing platelets) were assessed over

time before and after platelet depletion, similar to our previous study

[15]. In this model, platelet counts remain low (<10% of normal for 24

hours) and then gradually increase. The proportion of young,
TO-positive platelets markedly rise (24-hour time point) and then

gradually decline to control mice levels (data not shown). We collected

platelets on day 3 (72 hours after i.v. injection), when platelet counts

had recovered to �50% of normal and the %TO-positive platelets

were �25% (�8% TO-positive in untreated control mice). Our results

agree with those of published work [17,18], showing reduced platelet

activation in newly produced murine platelets in response to the GPVI

agonist convulxin (Figure 1A, B), but normal to slightly enhanced

response to PAR-4 peptide (Figure 1C, D), when assessed by

P-selectin exposure and integrin αIIbβ3 (CD41/CD61, GPIIb/IIIa)

conformational change (JON/A). We previously characterized plate-

lets at this time point by flow cytometry and found platelets to have

slightly increased size and elevated surface receptor levels (including

GPVI and PAR-4) [15], in line with published data [17].
3.2 | Mice with genetically modified Bcl-x produce

platelets with a hemostatic defect

The Bcl-xPlt20/Plt20 mouse model of thrombocytopenia exhibiting an

intrinsic reduction in platelet lifespan due to a mutation in prosurvival

Bcl-xL (Plt20) [11]. The mice have a high proportion of young platelets

(less than 24 hours old) but normal mean platelet volume (MPV), white

blood cell (WBC) count, and red blood cell (RBC) count [11] and pro-

vided an excellent tool to evaluate platelet function in newly formed

platelets. The prosurvival protein Bcl-xL is an inhibitor of the intrinsic

apoptosis pathway and a major regulator of steady state platelet life-

span [10,11,27]. As expected, Bcl-xPlt20/Plt20 mice display a platelet count

that is 25% of Bcl-x+/+ control mice (266 ± 6.494 × 106 platelets/μL

compared with 1097 ± 24.21 × 106 platelets/μL) (Figure 2A) and exhibit

a significantly increased percentage of TO-positive reticulated platelets

(37.660 ± 2.620), compared with Bcl-x+/+ mice (5.264 ± 0.435)

(Figure 2B) [11,20]. After tail tip resection, Bcl-xPlt20/Plt20 mice exhibited

significantly increased time to first stop in bleeding compared with Bcl-

x+/+ littermate controls (306.2 ± 56.96 seconds vs 146.3 ± 33.57 sec-

onds; P = .0267) (Figure 2C). Although not significantly different, there

was a trend toward an increased total bleeding time observed in Bcl-

xPlt20/Plt20 mice (333.4 ± 58.93 seconds) compared with that in Bcl-x+/+

mice (213.8 ± 31.96 seconds) (Supplementary Figure S1). Furthermore,

volume of blood loss—derived from measurement of hemoglobin con-

centration—increased significantly in Bcl-xPlt20/Plt20 mice (P = .0248)

(Figure 2D). As a murine platelet count should generally be <15 × 106/

μL for a wild-type mouse to exhibit increased or prolonged bleeding

[28], we hypothesized that in Bcl-xPlt20/Plt20, platelets possessed a

functional defect, which when combined with moderate thrombocyto-

penia, contributed to the increased bleeding time.
3.3 | Bcl-xPlt20/Plt20 platelets are hyporesponsive to

GPVI stimulation in vitro

Next, we assessed integrin activation and degranulation on washed

platelets treated with agonists by flow cytometry. Analysis revealed a



F I GUR E 1 Reduced convulxin (CVX)-mediated platelet activation in a rebound from immune thrombocytopenia (A, C) Integrin αIIbβ3
activation (JON/A+) and (B, D) P-selectin exposure following activation with CVX or PAR4-AP on washed platelets from untreated C57BL/6

control mice and 3 days after antiplatelet serum (APS) treatment. Untreated control wild-type mice (n = 3-6) and 3 days after APS treatment

(n = 3). Data are expressed as mean fluorescence intensity (MFI). Mean ± SEM. Student’s unpaired t-test.
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significantly diminished response to the GPVI agonist convulxin in Bcl-

xPlt20/Plt20 platelets (Figure 2E, G), assessed by integrin αIIbβ3

conformational change and surface presentation of P-selectin, while

response to PAR-4 stimulation (with thrombin) was only affected at a

low dose (0.03 U/mL) (Figure 2F, H). Likewise, platelet light trans-

mission aggregation in response to convulxin stimulation reduced

significantly in Bcl-xPlt20/Plt20 platelets compared with that in Bcl-x+/+

(Figure 2I, Supplementary Figure S2A), while normal aggregation was

observed in response to thrombin stimulation (Figure 2J,

Supplementary Figure S2B). These results indicated that the GPVI

collagen signaling pathway of platelet activation was affected.
3.4 | Bcl-xPlt20/Plt20 platelets display defective

intracellular GPVI signaling

As GPVI-dependent platelet activation and aggregation was found to

be notably affected, we assessed surface expression of GPVI. Analysis

by flow cytometry identified no change in the surface expression of

GPVI (Figure 2K) or other major surface receptors GPIbα (CD42b),

and GPIX (CD42a) in Bcl-xPlt20/Plt20 platelets (Figure 2L). As GPVI can

be metalloproteolyzed, resulting in the release of an �55-kDa GPVI

fragment and the retention of an intracellular remnant fragment (�5

kDa) [29], we assessed GPVI expression and cleavage by western blot,

using an antibody recognizing an epitope in the mouse GPVI
intracellular tail that detects remnant GPVI tail as well as full-length

GPVI [21]. As a positive control, washed Bcl-x+/+ platelets were

treated with N-ethylmaleimide, a thiol-modifying reagent that induces

GPVI cleavage. Consistent with the flow cytometry results, no change

in GPVI expression was seen, and additionally, no cleaved GPVI tail

was detected (Figure 2M). Collagen and convulxin activate Src and Syk

tyrosine kinases downstream of the GPVI-Fc receptor γ-chain com-

plex, culminating in activation of PLCγ2 [30]. Analysis of downstream

GPVI signaling following treatment of washed platelets with

increasing concentrations of convulxin revealed a mild defect in Syk

phosphorylation following platelet activation with convulxin

(Figure 2N, Supplementary Figure S3).
3.5 | Defective GPVI signaling in 2 murine cancer

models exhibiting thrombocytopenia

We were interested in exploring whether other models of thrombo-

cytopenia with a high proportion of newly formed immature (TO-

positive) platelets would display a similar defect. Two cancer models

were selected. In the first, mice develop thrombocytopenia when they

display a high burden of liver tumors following i.v. transplantation of

RP-1, a SCLC cell line generated from a tumor that formed in the lungs

of mice with conditional inactivation of Rb1 and Trp53 in lung

epithelial cells [23] (Figure 3A). The second model gradually develops



F I GUR E 2 Prolonged bleeding time and GPVI signaling defect present in Bcl-xPlt20/Plt20 mice. (A) Platelet count (n = 25 mice per genotype).

(B) Percent thiazole orange–positive platelets (n = 5 mice per genotype) in Bcl-x+/+ and Bcl-xPlt20/Plt20 mice. (C) Time to first stop in bleeding

(where stop was ≥60 seconds) following 3.0-mm tail tip amputation in Bcl-x+/+ (n = 12) and Bcl-xPlt20/Plt20 (n = 13) mice. (D) Hemoglobin content

measured from blood collected following 3.0-mm tail tip amputation. Platelet surface P-selectin detected by flow cytometry following activation

with convulxin (CVX; E) and thrombin (F). Integrin αIIbβ3 activation (JON/A+) on platelets following activation with CVX (G) and thrombin (H)

in Bcl-xPlt20/Plt20 (n = 3-7) and Bcl-x+/+ (n = 3-7) mice. Maximum aggregation following activation with 20.0 ng/mL CVX (I) and 0.1 U/mL thrombin

(J) in platelets from Bcl-xPlt20/Plt20and Bcl-x+/+ mice; each point represents the mean of 3 independent aggregometry runs. (K, L) Surface

expression of GPVI, GPIX, and GPIbα on platelets from Bcl-xPlt20/Plt20 and Bcl-x+/+ mice by flow cytometry on whole blood. (M) Representative

western blot for intact and cleaved GPVI in platelet lysates from Bcl-xPlt20/Plt20 and Bcl-x+/+ mice. N-ethylmaleimide (NEM) was used to induce

GPVI cleavage in Bcl-x+/+ platelets. Actin was used as a loading control. (N) Syk and Syk phosphorylation (pSyk) in murine platelets in response

to CVX activation shown as representative western blot (n = 3). Actin was used as a loading control. Mean ± SEM. Welch t-test.
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F I GUR E 3 Thrombocytopenia associated with increased percentage of reticulated platelets in 2 cancer disease models. (A) Liver weight at

46 days after intravenous (i.v.) injection with RP-1 small cell lung cancer cells (n = 6), compared with nontransplanted C57BL/6 controls (n = 7).

(B) Lymphocyte count and (C) spleen weight at 20 days after i.v. injection with Eμ-myc lymphoma 5849 cells. (D) Platelet count, (E) percent

thiazole orange (TO)–positive platelets, and (F) mean platelet volume (MPV) at 46 days after i.v. injection with RP-1 small cell lung cancer cells

(n = 8-11), 20 days after i.v. injection with Eμ-myc lymphoma cells (n = 4-10), or in nontransplanted control mice (n = 4-16). Each symbol

represents an individual mouse. Mean ± SEM. ns = P >.05. Welch t-test.
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thrombocytopenia due to an increased Eμ-myc lymphoma burden

(assessed by spleen weight and circulating lymphocyte count),

following i.v. transplantation of a cell line derived from an Eμ-myc

transgenic mouse [25] (Figure 3B, C). At the stage of confirmation of

significant disease, both models displayed low platelet count (RP-1:

401.4 ± 96.39 × 106 platelets/μL; Eμ-myc: 292.5 ± 26.23 × 106

platelets/μL) (Figure 3D) and a high percentage of reticulated platelets

(RP-1: 21.54 ± 3.906, Eμ-myc: 21.55 ± 0.6252) (Figure 3E). Platelet

size, assessed by MPV, was not significantly different from control

platelets in either model (Figure 3F).

Assessing the response of platelets from the RP-1 transplantable

model of SCLC, to convulxin or thrombin stimulation, revealed the

same phenotype as the Bcl-xPlt20/Plt20 mice with a platelet defect

observed in response to convulxin but not thrombin, for activation

assessed by flow cytometry (P-selectin exposure and integrin

conformational change) and platelet aggregation (Figure 4A–F,

Supplementary Figure S4A, B). Additionally, surface GPVI and GPIbα

expression—assessed by flow cytometry—was normal (Figure 4G, H).

As with the Bcl-xPlt20/Plt20 platelets, no GPVI cleavage was detectable

by western blot (Figure 4I), and Syk phosphorylation following con-

vulxin treatment was reduced compared with that in nontransplanted

control mice (Figure 4J, Supplementary Figure S5).
Platelets from mice transplanted with the Eμ-myc cell line also

displayed a diminished response to convulxin when assessing activa-

tion by flow cytometry and aggregation (Figure 5A, C, E,

Supplementary Figure S6A); however, in contrast to the previous

models, we also observed a slight reduction in the response to

thrombin (Figure 5B, D, F, Supplementary Figure S6B). Additionally,

reduced expression of GPVI was detected by flow cytometry and

western blot, although no GPVI cleaved fragment was detected

(Figure 5G–I, Supplementary Figure S7), in agreement with a study

reporting reduced GPVI surface levels on platelets from patients with

lymphoproliferative diseases [31]. Other platelet surface receptors

(GPIbα, GPIX, and αIIb/CD41) were unaffected (Figure 5H,

Supplementary Figure S7). As with the previous 2 models, Syk phos-

phorylation reduced in response to convulxin stimulation in platelets

from mice transplanted with the Eu-myc cell line, compared with that

in nontransplanted controls (Figure 5J, Supplementary Figure S8).

Together, this indicated a 2-fold GPVI defect in the lymphoma model,

with both reduced GPVI surface expression and dysfunctional intra-

cellular signaling contributing to the observed phenotype.

In all 3 models, the bone marrow megakaryocyte numbers were

abnormal. However, while Bcl-xPlt20/Plt20 [11,20,27] and RP-1 tumor–

bearing mice displayed significantly elevated megakaryocyte



F I GUR E 4 Reduced convulxin (CVX)-mediated platelet activation and aggregation in platelets from mice bearing RP-1 small cell lung cancer

(SCLC) tumors. Platelet surface P-selectin detected by flow cytometry following activation with convulxin (CVX, A) and thrombin (B). Integrin

αIIbβ3 activation (JON/A+) on platelets following activation with CVX (C) and thrombin (D) in control (nontransplanted) (n = 4) and RP-1

tumor–bearing (n = 6) mice. Maximum aggregation following activation with 20.0 ng/mL CVX (E) and 0.1 U/mL thrombin (F) in platelets from

control (nontransplanted) and RP-1 tumor–bearing mice; each point represents the mean of 3 independent aggregometry runs. (G,H) Surface

expression of GPVI and GPIbα on platelets from RP-1 SCLC tumor–bearing mice compared with control mice by flow cytometry on whole

blood. (I) Representative western blot for intact and cleaved GPVI in platelet lysates from RP-1 tumor–bearing mice and nontransplanted

control mice. N-ethylmaleimide (NEM) was used to induce GPVI cleavage in control (CTL) platelets. Actin was used as a loading control. (J) Syk

and Syk phosphorylation (pSyk) in platelets in response to CVX activation shown as representative western blot (n = 3). Actin was used as a

loading control. ns = P >.05; Mean ± SEM. Welch t-test.
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numbers, indicating enhanced platelet production in response to

accelerated platelet clearance (Supplementary Figure S9), mice

transplanted with the Eμ-myc lymphoma cell line had reduced mega-

karyocyte numbers likely due to bone marrow lymphocyte over-

proliferation and subsequent overcrowding leading to abnormal

platelet production (Supplementary Figure S9). Despite the different

mechanisms of thrombocytopenia in these models, a similar functional

defect in platelet GPVI signaling was observed.
3.6 | The GPVI defect is due to an increased

percentage of immature platelets

We wanted to evaluate whether the findings resulted from an

enhanced proportion of newly produced platelets rather than from

being produced in the setting of thrombocytopenia. To explore this,

we used the well-characterized Mpl−/− model of severe thrombocy-

topenia [19]. These mice lack the thrombopoietin (TPO) receptor



F I GUR E 5 Reduced activation and aggregation of platelets derived from lymphomic Eμ-myc mice. Platelet P-selectin detected by flow

cytometry following activation with convulxin (CVX; A) and thrombin (B). Integrin αIIbβ3 activation (JON/A+) on platelets following activation

with CVX (C) and thrombin (D) in control (nontransplanted; n = 4) and Eμ-myc 5849 tumor–bearing (n = 6) mice. Maximum platelet aggregation

following activation with 20.0 ng/mL CVX (E) and 0.1 U/mL thrombin (F) of platelets from control and Eμ-myc tumor–bearing mice; each point

represents the mean of 3 independent aggregometry runs. (G,H) Surface expression of GPVI, GPIX, and GPIbα on platelets from Eμ-myc 5849

tumor–bearing mice compared with control mice by flow cytometry on whole blood. (I) Western blot for intact and cleaved GPVI in platelet

lysates from Eμ-myc tumor–bearing and nontransplanted mice. N-ethylmaleimide (NEM) was used to induce GPVI cleavage in control (CTL)

platelets. (J) Syk and Syk phosphorylation (pSyk) in platelets in response to CVX activation shown as representative western blot (n = 2). Actin

was used as a loading control. Mean ± SEM. Welch t-test.
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c-Mpl, resulting in reduced platelet production with low numbers of

megakaryocytes and progenitor cells and a platelet count approxi-

mately 10% of Mpl+/+ control mice (Figure 6A). Unlike Bcl-xPlt20/Plt20

mice, Mpl−/− mice maintain an unaltered percentage of reticulated

platelets (Figure 6B), with slightly increased MPV (Figure 6C).

Assessing platelet activation in response to convulxin and thrombin by

flow cytometry revealed no activation change in response to con-

vulxin stimulation compared with that in wild-type controls
(Figure 6D, F). Interestingly, however, as with the platelets in the Eμ-

myc lymphoma model, there was a reduced activation response to

thrombin-mediated PAR stimulation (Figure 6E, G). As a similar GPVI

signaling defect was observed in 4 models of thrombocytopenia with

increased immature platelet proportions (Bcl-xPlt20/Plt20, 2 cancer

models and immune-mediated thrombocytopenia), it seemed likely

that this defect was present only in models that generate increased

proportions of immature platelets.



F I GUR E 6 Normal response to convulxin (CVX)-mediated activation in platelets from Mpl−/− mice. (A) Platelet count (n = 28 mice per

genotype), (B) percent thiazole orange (TO)–positive platelets (n = 3-5), and (C) MPV of platelets (n = 28 mice per genotype) from Mpl+/+ and

Mpl−/− mice. Each symbol represents an individual mouse. Platelet P-selectin detected by flow cytometry following activation with CVX (D) and

thrombin (E). Integrin αIIbβ3 activation (JON/A+) on platelets following activation with CVX (F) and thrombin (G) in Mpl+/+ (n = 9) and Mpl−/−

(n = 8) mice. Mean ± SEM. Welch t-test. ns = P >.05.
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3.7 | Platelet activation defect is present following

chemotherapy-induced thrombocytopenia

Chemotherapy-induced thrombocytopenia (CIT) is a serious compli-

cation for cancer patients [32], and loss or reduction of GPVI signaling

could further contribute to the increased bleeding events observed in

patients with CIT. Carboplatin is among the chemotherapy agents

known to cause CIT [33] by killing both megakaryocytes and their

progenitors [34]. We examined whether the GPVI signaling defect

would be present in newly produced platelets following carboplatin-

induced thrombocytopenia. C57Bl/6 mice were administered (100.0

mg/kg) carboplatin i.p., and platelet count was measured on days 8, 11,

and 16 (Figure 7A, B). By days 8 to 11 following carboplatin treatment,

the platelet count dropped significantly (157 ± 145 × 106 platelets/μL

on day 8 and 131± 102 × 106 platelets/μL on day 11 compared with

untreated control, 1367 ± 78 × 106 platelets/μL; P < .0001)

(Figure 7A, B), and the percentage of TO-positive platelets notably

increased (45.5% ± 3.6% TO+ on day 11; P < .0001) (Figure 7C)

compared with that in untreated controls (10.1% ± 1.7%). On day 11

these mice also displayed a significantly increased MPV and reduced

WBC and RBC counts (Figure 7D–F). By day 16, the platelet count had

markedly risen compared with that on day 11 but was still significantly

lower than that in untreated control mice (741 ± 206 × 106 platelets/

μL; P = .0005) (Figure 7A, B). The percentage of TO-positive platelets

was also elevated, but not to the same extent as the day 11 time point
(22.6% ± 10.6% TO+ day 16; P = .0190) (Figure 7C). MPV, WBC, and

RBC levels had all returned to normal by this time point (Figure 7D–F).

Flow cytometry analysis revealed a significantly diminished response

to both convulxin and thrombin in platelets collected at day 11 time

point compared with that in untreated controls; however, the

response in platelets collected on day 16 had returned to normal

(Figure 7G–J). Together, these results indicated that GPVI signaling–

induced platelet activation was transiently compromised in newly

formed platelets after carboplatin-induced thrombocytopenia in mice.

Furthermore, thrombin-induced platelet activation was also affected.
3.8 | Procoagulant platelet activity in Bcl-xPlt20/Plt20

platelets

Finally, we assessed whether there were functional consequences of

these defective immature platelets, beyond the reduced response to

GPVI stimulation. For this, we assessed whether this defect impacted

the formation of procoagulant platelets in Bcl-xPlt20/Plt20 mice. Pro-

coagulant platelets expose phosphatidylserine (PS) on their surface

and provide a surface for assembly of coagulation complexes, leading

to efficient generation of thrombin and fibrin formation [35]. Defec-

tive procoagulant platelet activity is associated with clinical bleeding

disorders such as Scott syndrome, in which surface exposure of PS is

compromised [36]. Consequently, thrombin generation is impaired,



F I GUR E 7 Platelet activation defect following carboplatin-induced thrombocytopenia. (A) Platelet count over time following carboplatin

100.0 mg/kg intraperitoneal (i.p.) treatment on day 0; n = 6 mice, before treatment; n = 8 mice, day 8; n = 7 mice, day 11; and n = 8 mice, day 16

after carboplatin treatment. Arrows indicate time points at which platelets were collected for further analysis. (B) Platelet count, (C) percent

thiazole orange (TO)-positive platelets, (D) mean platelet volume (MPV), (E) white blood cell (WBC) count, and (F) red blood cell (RBC) count at

days 11 and 16 after carboplatin treatment (n = 4) and in nontreated control mice (n = 8). Platelet surface P-selectin detected by flow

cytometry following activation with convulxin (CVX; G) and thrombin (H). Integrin αIIbβ3 activation (JON/A+) on platelets following activation

with CVX (I) and thrombin (J) at days 11 and 16 after carboplatin treatment (d11, n = 2, pooled from 4 mice; d16, n = 4) and in nontreated

control mice (n = 6). P values are calculated as relative to control, mean ± SEM. Welch t-test.
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and patients display hemostatic abnormalities [35]. As GPVI response

to collagen promotes the formation of procoagulant platelets and

thrombin generation [37], we investigated whether procoagulant ac-

tivity was impaired in platelets from Bcl-xPlt20/Plt20 mice. Following dual

activation with convulxin and thrombin of washed platelets from Bcl-

x+/+ and Bcl-xPlt20/Plt20 mice, we observed no difference in the level of

PS exposure on the platelet surface (assessed by annexin-V and P-

selectin double-positive platelets) (Supplementary Figure S10), indi-

cating that the procoagulant activity of platelets was not affected in

these mice. P-selectin was included in the antibody mix to ensure that

we were measuring highly activated procoagulant platelets, and not

those undergoing apoptosis [27] in accordance with a recent

communication from the International Society on Thrombosis and
Haemostasis SSC on platelet physiology and vascular biology [38].

Taken together, the data reported in this study define a functional

GPVI signaling defect present in newly formed platelets, in conditions

of stress thrombopoiesis, which affects bleeding time in the setting of

moderate thrombocytopenia but not procoagulant activity when

assessed in vitro.
4 | DISCUSSION

Consistent with studies by Gupta et al. [17] and Hardy et al. [18], we

provide evidence that newly formed young platelets released after

antibody-mediated thrombocytopenia in mice display a GPVI defect
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resulting in impaired convulxin-dependent activation. Importantly, we

identified a similar mechanism with a selective GPVI–immunoreceptor

tyrosine–based activation motif signaling defect downstream of GPVI

in 3 mouse models of thrombocytopenia (Bcl-xPlt20/Plt20, RP-1 SCLC,

and Eμ-myc lymphoma) with a large proportion of young platelets

(21%-38% TO positive). Convulxin-dependent GPVI activation led to

reduced platelet aggregation, degranulation, and integrin conforma-

tional change, as well as reduced phosphorylation of Syk (in a setting

of normal Syk levels). Since platelet GPVI surface expression was

normal in the Bcl-xPlt20/Plt20, and SCLC models, this indicated a

signaling defect downstream of GPVI. In line with data from patients

with lymphoproliferative diseases [31], platelet surface GPVI reduced

slightly in the murine lymphoma model, which could have further

contributed to a lessened convulxin response in that model.

We included the Mpl−/− model of severe thrombocytopenia with a

normal pool of TO-positive platelets to investigate whether the

mechanism applied to all thrombocytopenias, independent of them

harboring an increased proportion of reticulated platelets. Our results

demonstrated that convulxin-induced platelet degranulation and

integrin conformational change were normal in Mpl−/− platelets. This

result implicates a selective GPVI defect in newly produced platelets,

detected only in thrombocytopenias associated with an increased

proportion of reticulated platelets.

As the transplantable model of SCLC used in this study is char-

acterized by numerous large tumors in the liver, it is likely that the

observed thrombocytopenia develops because of liver dysfunction.

The liver produces TPO and clears aged platelets, making it a major

regulator of the number of platelets in circulation. In chronic liver

disease, TPO synthesis is reduced and platelet destruction in the

spleen is increased, resulting in thrombocytopenia in many patients

[39,40]. Importantly, although thrombocytopenia is common in pa-

tients with liver disease, it is rarely severe; however, platelet function

is often affected [41]. It is possible that a platelet functional defect like

that identified in the SCLC model in this study could be present in

patients with liver disease or hepatocellular carcinoma. Interestingly,

collagen-induced platelet aggregation is reduced in patients with

cirrhosis [42,43].

We further investigated platelet function in the rebound phase

from carboplatin-induced thrombocytopenia, a condition relevant to

patients with cancer receiving platinum chemotherapy. Carboplatin

targets progenitor cells and megakaryocytes, leading to thrombocy-

topenia after a few days of treatment followed by rebound throm-

bocytosis. We found a transient defect in convulxin-induced platelet

activation on day 11 (when the reticulated platelets were 45.5%), that

normalized on day 16. Schoenwaelder et al. [44] previously demon-

strated that Bcl-xL-inhibitory BH3 mimetics, developed for cancer

therapy, can prompt a transient thrombocytopathy that weakens the

hemostatic function of platelets. Mechanistically, Bcl-xL-inhibition in-

duces rapid thrombocytopenia due to platelet apoptosis, followed by

rebound thrombocytosis. Interestingly, marked defects in collagen-

related peptide–induced platelet P-selectin expression and integrin

activation were observed 2 hours after administration of the Bcl-2

family inhibitor ABT-263, despite only subtle changes in GPVI levels,
in keeping with our results generated in the CIT model. Furthermore,

the results from the study by Schoenwaelder et al. [44] agree with the

outcomes from the Bcl-xPlt20/Plt20 model, where the mechanism of

thrombocytopenia is similar, although has reached a steady state.

Mechanistically, it is tempting to speculate that a transient GPVI

defect in newly produced platelets would protect them from activa-

tion when being released from megakaryocytes and in close contact

with subendothelial collagen [17], followed by a rapid maturation

process of the platelet surface receptor in circulation. It is currently

unclear whether this mechanism only applies to conditions of rapid

platelet generation in acute needs or whether this applies to all newly

produced platelets but with differences in kinetics. In a healthy indi-

vidual, the newly produced reticulated platelet population is �10%,

and it is technically challenging to assess platelet function in this

rather small population and with the potentially added interference

with RNA dyes. Progress with new labeling techniques [9,45,46],and

specific markers of young platelets [16,47] is being made, and future

studies should be able to assess platelet function in diluted whole

blood collected from patients during the recovery phase from

immune-mediated thrombocytopenia and CIT, clinical conditions with

a large proportion of rapidly produced reticulated platelets. A recent

study by Veninga et al. [16] identified, among the large platelets, a

highly reactive juvenile platelet subpopulation with high GPVI

expression, which could also be found in patients with immune-

mediated thrombocytopenia. In future studies it would be inter-

esting to further dissect changes to the GPVI receptor and

downstream signaling pathways on a molecular level that might exist

in a newly produced platelets, compared with receptors on a circu-

lating aged population. Provenzale et al. [48] recently revealed a

resetting of the protein phosphorylation profile in platelets exposed to

endothelium that may contribute to platelet inhibition. It is tempting

to speculate that a similar type of mechanism would transiently keep

GPVI in an immature hyporeactive version during rapid platelet pro-

duction, before conversion to a fully functional receptor.

There are limitations when performing platelet function testing in

the setting of thrombocytopenia, affecting results obtained from both

light transmission aggregometry and flow cytometry [49,50]. In this

study, in order to avoid this issue, we adjusted the washed platelet

counts to be the same in the groups compared for the agonist-induced

platelet activation experiments by flow cytometry and aggregometry

(ie, washed platelets were pooled from several mice in the setting of

thrombocytopenia when needed).

In summary, we confirmed that newly formed young murine

platelets display a transient defect resulting in impaired convulxin-

dependent activation. Importantly, this mechanism was not present

in all thrombocytopenias, but only identified in thrombocytopenias

accompanied with a significantly increased proportion of newly syn-

thesized platelets including CIT and immune-induced thrombocyto-

penia, 2 thrombocytopenic cancer models, and the Bcl-xPlt20/Plt20

model with enhanced platelet turnover due to platelet apoptosis.

Future studies will evaluate whether the same platelet signaling

defect can be observed in platelets from patients experiencing a

rebound from a thrombocytopenic episode. Our findings could
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potentially be of importance for managing diseases or drug treatments

that include a rebound from thrombocytopenia.
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