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Abstract 
 
Cold storage of platelets has been suggested as an alternative approach to reduce the risk of bacterial contamination 
and to improve the cell quality as well as functionality compared to room temperature storage. However, cold-stored 
platelets (CSP) are rapidly cleared from the circulation. Among several possible mechanisms, apoptosis has been recently 
proposed to be responsible for the short half-life of refrigerated platelets. In the present study, we investigated the impact 
of apoptosis inhibition on the hemostatic functions and survival of CSP. We found that blocking the transduction of the 
apoptotic signal induced by glycoprotein Ib (GPIb)-α clustering or the activation of caspase 9 does not impair CSP func-
tionality. In fact, the inhibition of GPIb-α clustering mediated-apoptotic signal by a RhoA inhibitor better conserved δ gran-
ule release, platelet aggregation, adhesion and the ability to form stable clots, compared to untreated CSP. In contrast, 
upregulation of the protein kinase A caused a drastic impairment of platelet functions and whole blood clot stability. 
More importantly, we observed a significant improvement of the half-life of CSP upon inhibition of the intracellular signal 
induced by GPIb-α clustering. In conclusion, our study provides novel insights on the in vitro hemostatic functions and 
half-life of CSP upon inhibition of the intracellular cold-induced apoptotic pathway. Our data suggest that the combination 
of cold storage and apoptosis inhibition might be a promising strategy to prolong the storage time without impairing 
hemostatic functions or survival of refrigerated platelets. 
 

Introduction 
Transfusion of platelet concentrates (PC) is an essential 
medical approach to treat bleeding in thrombocytopenic 
patients.1 Currently, PC are stored at room temperature 
(RT, 22-24°C). At this storage condition PC might be as-
sociated with increased risk of bacterial contamination,2 

post-transfusion septic reaction3,4 and platelet storage 
lesions (PSL).5 Therefore, the storage time of PC is re-
stricted to 4-7 days, depending on the national 
guidelines.1 Nevertheless, the risk of transmission of bac-
terial infection still remains high.2,6 Moreover, recent clini-
cal studies reported on detrimental effects in patients 
who received RT-stored PC.7,8 In this context, alternative 
storage conditions like cold storage have been con-
sidered. In fact, cold storage might reduce the risk of bac-
terial contaminations, protect cells from storage lesions 
and extend products’ shelf-life.9,10 However, clinical appli-

cations of cold-stored platelets (CSP), even if character-
ized by better functionality,9-14 have been abandoned due 
to concerns regarding poor recovery and survival com-
pared to RT.15 In fact, as reported in a recent radiolabeling 
study, the survival of autologous CSP upon 5 days of stor-
age was significantly lower (around 20%) compared to 
platelets stored for 7 days at RT (around 50%).16 However, 
this drawback of CSP might be compensated by better 
functionality. 
Several groups have investigated potential mechanisms 
underlying the observed short half-life of CSP. One of the 
first proposed mechanisms was the desialylation of gly-
coproteins (GP).17 However, a clinical study showed that 
reconstitution of sialylation does not prevent the accel-
erated clearance of CSP.18 This indicates that alternative 
mechanisms, which do not require desialylation, trigger 
the fast elimination of refrigerated platelets. Interestingly, 
we and others detected increased apoptosis levels in pla-

Haematologica | 108 November 2023 

2959

ARTICLE - Blood Transfusion

Correspondence: T. Bakchoul 
tamam.bakchoul@med.uni-tuebingen.de 
 
Received: December 14, 2022. 
Accepted: June 15, 2023. 
Early view: June 22, 2023. 
 
https://doi.org/10.3324/haematol.2022.282572 
 
©2023 Ferrata Storti Foundation 
Published under a CC BY-NC license 



telets upon cold storage compared to RT suggesting that 
the apoptotic pathway might contribute to the reduced 
half-life of CSP.9,16,19 In fact, cold storage was shown to 
trigger clustering of GPIb-α20 on the platelet surface lead-
ing to apoptosis.19,21 Interestingly, it has been reported that 
the presence of an apoptosis inhibitor (p38 inhibitor) re-
duces the expression of apoptotic markers, like Bax and 
Bak, in pathogen-inactivated PC stored at RT but it did 
not improve platelet survival in vivo.22  
In the present work, we aimed to verify the efficacy of 
three compounds that have been shown to inhibit the 
apoptotic intracellular signal at different levels by target-
ing three key regulatory proteins (Figure 1; Online Supple-
mentary Appendix). Our hypothesis was that all 
compounds could reduce cold-induced apoptosis. Never-
theless, since the proteins targeted by the inhibitors are 
involved in essential mechanisms of platelet functionality 
we thought to investigate potential desire/undesired ef-
fects of each inhibitor on different cell functions in order 

to screen them and select the most promising one to per-
form in vivo studies.  

Methods  
Preparation of platelet concentrates 
PC were collected using the apheresis device TRIMAAccel 
7.0 (TERUMO BCT, Munich, Germany). Briefly, 166 mL pla-
telet-rich plasma (PRP) were collected and resuspended 
in 271 mL additive solution (PASIII, Machropharm, Ger-
many). Next, three inhibitors were added to inhibit the 
apoptotic signals. The first compound (G04) targets the 
RhoA GTPase, which has been shown to play an essential 
role in the transduction of the outside/inside signal down-
stream of GPIb-α.23 Furthermore, we tested a compound 
(forskolin), which upregulates the protein kinase A (PKA), 
via adenylate cyclase (AC), that is known to control the 
apoptotic pathway by inhibiting the pro-apoptotic protein 

Figure 1. Schematic illustration of the intrinsic apoptotic pathway and the corresponding targets of the apoptosis inhibitors 
used in the present study. It is presumed that cold storage of platelets induces clustering of the glycoprotein Ib-α (GPIb-α) 
leading to apoptosis which in turn triggers the reduction of the mitochondrial membrane potential (MMP) and phosphatidylserine 
externalization. In the present study we used the following apoptosis inhibitors: G04 which inhibits RhoA binding its guanine ex-
change factor domain. Forskolin that enhances the functionality of adenylyl cyclase (AC) inducing conformational change upon 
its binding and increasing the production of cyclic adenosine monophosphate (cAMP). The latter, triggers the activation of protein 
kinase A (PKA) which in turn inhibits the pro-apoptotic protein Bad by phosphorylation. Caspase-9 activation is blocked by a co-
valent irreversable binding with the Caspase-9 inhibitor which prevents the autocatalytic cleavage of the pro-caspase-9. Cyto  
C: cytochrome C.
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Bad upon phosphorylation (Figure 1).24 The last tested 
compound (Z-LEHD-fmk) prevents the autocatalytic 
cleavage of caspase-9 that is necessary to begin the cas-
pase cascade (Figure 1).25 The following final concentra-
tions were used: 150 µM G04 (RhoA Inhibitor, Millipore 
Corp., Darmstadt, Germany), 0.75 µM forskolin (Sigma-Al-
drich Chemie GmbH, Taufkirchen, Germany) and 40 µM 
caspase-9 inhibitor26 (Z-LEHD-fmk, BD Biosciences, San 
Jose, USA). Apoptosis inhibitors were added to different 
apheresis bags and stored at 4°C under agitation. See the 
Online Supplementary Appendix for further details. 

Detection of platelet apoptosis 
In order to detect changes in the mitochondrial mem-
brane potential (MMP), the tetramethylrhodamine ethyl 
ester (TMRE) assay kit (Abcam, Cambridge, UK) was used 
and the externalization of phosphatidylserine (PS) was de-
termined using Annexin-V (Immunotools, Friesoyhte, Ger-
many) staining. See the Online Supplementary Appendix 
for further information.  

Assessment of platelet function  
In order to analyze platelet activation, CSP were stimu-
lated with thrombin receptor-activating peptide-6 (TRAP-
6, 10 µM, HART Biologicals, Hartlepool, UK) and incubated 
with CD62-P (CLB-Thromb/6, Beckman Coulter, Krefeld, 
Germany) or CD63 (CLB-Gran/12, Beckman Coulter) and 
measured by flow cytometry (FC) (Navios, Beckman-
Coulter, Krefeld, Germany). Light transmission platelet ag-
gregation assay was performed using a four-channel 
aggregometer (LABiTec, LAbor BioMedical Technologies, 
Ahrensburg, Germany) to investigate the aggregation abil-
ity in response to 20 µM TRAP-6, 1.0 mg/mL ristocetin 
(HART Biologicals, Hartlepool, UK) or NaCl (Braun, Mel-
sungen, Germany). Next, the adhesion ability of CSP was 
assessed as previously described using coverslips (Cor-
ning, New York, USA) coated with 100 mg/mL fibrinogen 
(Sigma Aldrich, Munich, Germany) or 5% human serum al-
bumin (Grifols, Berlin, Germany).9 CSP were allowed to 
seed on coverslips in the presence of 10 µM TRAP-6. Pla-
telet clot retraction was assessed upon incubation with 
7.4 µM CaCl2 (Sigma Aldrich, Darmstadt, Germany) and 
thrombin 10 U/mL (Roche, Mannheim, Germany). Throm-
boelastography was performed using the ClotPro analyzer 
(Haemonetics, Munich, Germany) according to the manu-
facturer’s instructions. See the Online Supplementary Ap-
pendix for further information concerning each assay. 

In vivo studies  
In order to determine the survival and recovery of human 
CSP, we used an NSG (NOD [non-obese diabetic] Scid 
Gamma) mouse model. The experiment procedure was 
performed as previously described with minor modifica-
tions.9 See the Online Supplementary Appendix and Online 

Supplementary Figures S5 and S6 for additional informa-
tion. 

Ethics and statistical analysis 
All studies involving human subjects were approved by the 
Ethics Committees of the University Hospital of Tübingen. 
Animal studies were approved by the State Animal Ethics 
Committees of Baden-Württemberg. Statistical analyses 
were performed using GraphPad Prism 9.4.1 (GraphPad 
Software, La Jolla, USA). See the Online Supplementary 
Appendix for additional details. 

Results 
Inhibition of cold-induced platelet apoptosis  
In order to verify the efficacy of the apoptosis inhibitors 
during cold storage, two of the key steps of the apoptotic 
pathway were analyzed, the reduction of MMP and the PS 
externalization. We found that CSP started showing apop-
totic phenotype from storage day 4, as suggested by the 
significant decrease of MMP compared to day 1 (MMP 
mean fluorescence intensity [MFI] mean ± standard error 
of the mean [SEM]: buffer day 1 vs. day 4, 30.00±0.61 vs. 
24.33±1.26, P=0.0076; Figure 2A-C, respectively). This ef-
fect was time-dependent (MMP MFI mean ± SEM: buffer 
day 4 vs. day 7, 24.33±1.26 vs. 9.74±1.05, P=0.0001; buffer 
day 7 vs. day 10, 9.74±1.05 vs. 3.76±0.29, P=0.0081; Figure 
2A-C, respectively). The inhibition of RhoA (G04, Figure 2A, 
D), activation of PKA (forskolin, Figure 2B, E) and down-
regulation of the autocatalytic cleavage of caspase-9 (Fig-
ure 2C, F) induced a significant reduction of the apoptotic 
signal. The mitochondrial integrity was better maintained 
on day 7 and 10, as indicated by the significant higher 
levels of MMP, in comparison to untreated cells (MMP MFI 
mean ± SEM: G04 vs. buffer day 7, 17.65±1.64 vs. 9.74±1.05, 
P=0.0091; day 10, 6.81±0.53 vs. 3.76±0.29, P=0.0080; for-
skolin vs. buffer day 7, 12.92±1.23 vs. 9.73±1.05, P=0.0434; 
day 10, 4.81±0.37 vs. 3.76±0.29, P=0.0404; caspase-9 in-
hibitor vs. buffer day 7, 12.45±0.83 vs. 9.74±1.05, P=0.0384; 
day 10, 5.08±0.61 vs. 3.76±0.29, P=0.0477; Figure 2A-C, re-
spectively).  
Similarly, treatment of CSP with apoptosis inhibitors re-
vealed a significant reduction of the percentage of cells 
exposing PS starting from storage day 7 compared to cells 
stored in buffer (% apoptotic cells, mean ± SEM: G04 vs. 
buffer day 7, 9±3% vs. 26±6%, P=0.0218; day 10, 39±5% vs. 
67±6%, P=0.0023; forskolin vs. buffer day 7, 7±1% vs. 
26±6%, P=0.0084; day 10, 48±4% vs. 67±6%, P=0.0319; cas-
pase-9 inhibitor vs. buffer day 7, 10±3% vs. 26±6%, 
P=0.0105; day 10, 48±5% vs. 67±6%, P=0.0371; Figure 2D-F, 
respectively). Of note, after 10 days of storage all treated 
CSP showed increased PS externalization, compared to 
storage day 7. Nevertheless, the percentage of cells ex-
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posing PS on day 10 was significantly lower in the pres-
ence of the inhibitors than cells stored in buffer (Figure 
2D-F). 
These results indicate that pretreatment of PC with apop-
tosis inhibitors can prevent the cold-induced apoptosis.  

Inhibition of GPIb-α clustering signal maintains β 
granule release better and preserves platelet 
aggregation and agglutination in cold-stored platelets  
The impact of apoptosis inhibition on platelet activation 
and aggregation was analyzed using FC and aggregometry, 

respectively. First, the release of α (CD62-P) and δ (CD63) 
granules content was determined upon TRAP-6 stimula-
tion (Figure 3). The inhibition of either GPIb-α clustering 
signal, induced by G04 incubation, or caspase-9 showed 
unchanged α granule secretion compared to untreated-
CSP (Figure 3A, C). On the contrary, the incubation with 
the PKA agonist induced a significant reduction of the α 
granule secretion, already after 1 day of cold storage (fold 
increase [FI] CD62-P mean ± SEM: forskolin vs. buffer day 
1, 2.03±0.24 vs. 4.18±0.74, P=0.0487; day 4, 0.91±0.16 vs. 
2.25±0.39, P=0.0229; Figure 3B).  

Figure 2. Apoptosis inhibition during cold storage of platelet concentrates. The mitochondrial membrane potential (MMP; A-C) 
and the percentage of apoptotic cells (% Annexin-positive cells; D-F) of platelet concentrates stored at 4°C in buffer (white 
symbols) or with G04 (RhoA inhibitor; blue symbols), forskolin (PKA activator; orange symbols) and caspase-9 inhibitor (green 
symbols) were detected by flow cytometry after 1, 4, 7 and 10 days of cold storage, respectively. MFI: mean fluorescence intensity. 
Data are shown as box and whiskers ± standard error of the mean. *P<0.05; **P<0.01; ns: not significant, N=4.
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Upon apoptosis inhibition with G04 a significant increase 
in the release of δ granule content was detected, in a 
time-dependent manner, compared to untreated-CSP (FI 
CD63 mean ± SEM: G04 vs. buffer day 1, 4.54±0.79 vs. 
2.19±0.22, P=0.0394; day 7, 2.70±0.46 vs. 1.53±0.04, 
P=0.0466; day 10, 1.90±0.20 vs. 1.19±0.17, P=0.0133; Figure 
3D). Upregulation of PKA as well as caspase-9 inhibition 
significantly impaired the TRAP-6-induced δ granule se-

cretion on storage day 4 and 7 (FI CD63 mean ± SEM: for-
skolin vs. buffer day 4, 1.38±0.20 vs. 2.04±0.18, P=0.0333; 
day 7, 1.04±0.01 vs. 1.53±0.04, P=0.0005; caspase-9 in-
hibitor vs. buffer day 7, 1.14±0.10 vs. 1.53±0.04, P=0.0058; 
Figure 3E and F, respectively). 
Furthermore, we found that the inhibition of apoptosis in-
duced by both G04 and caspase-9 show similar aggre-
gation and agglutination ability upon stimulation with 

Figure 3. The impact of apoptosis inhibition on α (CD62-P) and δ (CD63) granules release from cold-stored platelets. The ex-
pression of CD62-P (A-C) and CD63 (D-F) on platelet concentrates stored at 4°C in buffer (white symbols) or with G04 (RhoA in-
hibitor; blue symbols), forskolin (PKA activator; orange symbols) and caspase-9 inhibitor (green symbols) was analyzed after 1, 
4, 7 and 10 days of cold storage, respectively. The expression of both markers was detected by flow cytometry after stimulation 
with TRAP-6 (10 µM). Data are shown as box and whiskers ± standard error of the mean. *P<0.05; **P<0.01; ***P<0.001; ns: not 
significant, N=4. MFI: mean fluorescence intensity.
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TRAP-6 and ristocetin compared to untreated cells (Figure 
4A, D and 4C, F, respectively). Of note, enhanced aggre-
gation and agglutination were detected after 10 days of 
cold storage only in the presence of the inhibitor G04 
compared to cells stored in buffer (% maximal aggregation 
mean ± SEM: G04 vs. buffer day 10, after TRAP-6, 53±9% 
vs. 19±9%, P=0.0192; after ristocetin, 83±4% vs. 63±7%, 
P=0.0108; Figure 4A, D, respectively). Similarly to the ac-
tivation results (Figure 3B, E), upregulation of PKA caused 
a drastic reduction of the aggregation ability in response 
to TRAP-6 in comparison to untreated-CSP, already after 
1 day of storage, with a time-dependent trend (% maximal 

aggregation mean ± SEM: forskolin vs. buffer, day 1, 90±3% 
vs. 98±2%, P=0.0311; day 4, 15±5% vs. 91±8%, P<0.0001; day 
7, 13±1% vs. 54±13%, P=0.0275; Figure 4B, respectively). 
The same undesired effect was detected upon ristocetin 
stimulation but only on storage day 7 (% maximal aggluti-
nation mean ± SEM: forskolin vs. buffer, 58±6% vs. 86±5%, 
P=0.0045, Figure 4E). 
Taking together, these data indicate that inhibition of 
GPIb-α clustering-mediated signal, induced by G04 incu-
bation, better maintains δ granule release of CSP without 
affecting the α granule secretion as well as the aggre-
gation and agglutination abilities.  

Figure 4. Aggregation and agglutination of cold-stored platelets upon apoptosis inhibition. The maximal aggregation (A-C) and 
agglutination (D-F) abilities of platelet concentrates stored at 4°C in buffer (white symbols) or with G04 (RhoA inhibitor; blue 
symbols), forskolin (PKA activator; orange symbols) and caspase-9 inhibitor (green symbols) were measured after stimulation 
with the inductors TRAP (20 µM) and ristocetin (1 mg/mL), respectively. Data are shown as box and whiskers ± standard error of 
the mean. *P<0.05; **P<0.01; ****P<0.0001; ns: not significant, N=4.
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The impact of apoptosis inhibition on cold-stored 
platelet adhesion 
Analyzing the adhesion ability of CSP to fibrinogen we 
found that the total number of adherent cells detected 
upon inhibition of RhoA was significantly higher in com-
parison to untreated-CSP on storage day 4 (number of 
adherent cells/field mean ± SEM: G04 vs. buffer, day 4, 
93±17 vs. 49±13, P=0.0493; Figure 5A). Similar adhesion 
ability was observed upon upregulation of PKA and in-
hibition of caspase-9 compared to cells stored in buffer, 
after 4 and 7 days of cold storage (Figure 5A, B). 
Platelet adhesion is a multistep process, which leads to 

a complex reorganization of the cytoskeleton resulting 
in the formation of filopodia/lamellipodia ending with 
complete spreading of the cells. Therefore, we analyzed 
the morphology of CSP by quantifying the percentage of 
the different spreading patterns (type 1: resting cells; 
type 2: cells with filopodia; type 3: cells with lamellipo-
dia and type 4: fully spread platelets; Figure 5C, D). Sur-
prisingly, the higher number of total adherent cells 
observed on storage day 4 after RhoA inhibition (Figure 
5A) was not correlated with a higher percentage of ac-
tivated cells (type 2, 3 and 4) compared to cells stored 
in buffer (Figure 5C); whereas, the upregulation of PKA 

Figure 5. Cold-stored platelet adhesion to fibrinogen upon apoptosis inhibition. The adhesion ability of platelet concentrates 
stored at 4°C in buffer (white symbols) or with G04 (RhoA inhibitor; blue symbols), forskolin (PKA activator; orange symbols) and 
caspase-9 (Casp-9) inhibitor (green symbols) was measured after TRAP-6 stimulation on storage day 4 (A, C) and 7 (B, D), re-
spectively. The number of adherent cells (A, C) and the percentage of the different platelet phenotypes (type 1: resting cells; 
type 2: cells with filopodia; type 3: cells with lamellipodia and type 4: fully spreaded cells; C, D) were quantified from 6 different 
microscopic fields per coverslips, respectively. Representative immunofluorescence images of adherent cells (A and B; scale 
bar: 20 µm) and of the platelet phenotypes (C and D). Green signal, glycoprotein IIb/IIIa (A-D). Data are shown as box and whiskers 
± standard error of the mean. *P<0.05; ns: not significant. C and D, if not indicated the data were not significant. N=4.
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induced a significant shift of cell morphology from type 
2 to type 1 (resting platelets), in comparison to un-
treated-CSP on day 4 (% platelet phenotype/field mean 
± SEM: forskolin vs. buffer type 1, 65±18% vs. 31±13%, 
P=0.0433 and type 2, 21±5% vs. 44±4%, P=0.0176; Figure 
5C, respectively). Of note, the inhibition of caspase-9 
showed similar spreading phenotypes compared to un-
treated-CSP on storage day 4 (Figure 5C). Finally, com-
parable total number of adherent cells as well as 
spreading patterns were observed in all treated-CSP in 
comparison to cells stored in buffer on storage day 7 
(Figure 5B, D).  
These data suggest that inhibition of cold-induced GPIb-
α clustering signaling better conserved the adhesion 
ability of CSP, upon 4 days of storage.  

Effect of apoptosis inhibition on the kinetic of clot 
formation  
In order to deeper investigate the hemostatic functions 
of treated-CSP, we analyzed the platelet clot formation 
performing a clot retraction assay. We found that in-
hibition of either GPIb-α clustering or caspase-9 did not 
impair clot retraction in comparison to cells stored in 
buffer (Figure 6A, B). In contrast, the extent of platelet 
clot retraction was almost completely abolished in the 
presence of the PKA agonist (% clot retraction mean ± 
SEM: forskolin vs. buffer day 4, 1±0% vs. 88±1%, P<0.0001 

and day 7, 1±0% vs. 91±1%, P<0.0001; Figure 6A, B, re-
spectively).  
Since clot retraction is a crucial mechanism to stabilize 
thrombi, we investigated the kinetics of whole blood 
clot formation performing an thromboelastography 
assay. We designed an experimental setting that mimics 
platelet transfusion in thrombocytopenic patients. 
Briefly, we produced platelet-depleted full blood 
samples from healthy donors and spiked these samples 
with CSP. We found that CSP treated with RhoA or cas-
pase-9 inhibitor maintain similar ability to form clots, in 
terms of maximum clot firmness (MCF) and maximum 
lysis (ML) compared to cells stored in buffer at 4°C (Fig-
ure 7A, D and 7C, F, respectively). In contrast, a signifi-
cant decrease of the MCF on day 4 (MCF mean ± SEM: 
forskolin vs. buffer day 4, 45.66.±2.93 vs. 58.02±1.12, 
P=0.0173; Figure 7B) and increase of ML were detected 
after incubation with the PKA activator indicating re-
duced stability of the clots (% ML mean ± SEM: forskolin 
vs. buffer day 1, 4±0.3% vs. 23±2%, P=0.0006; day 4, 2±1% 
vs. 24±4%, P=0.0076; day 7, 2±0.6% vs. 14±4%, P=0.0206; 
day 10, 2±0.6% vs. 19±4%, P=0.0169; Figure 7E, respect-
ively). 
Taken together our data indicate that the inhibition of 
apoptosis by blocking cold-induced GPIb-α- or caspase-
9-mediated signals does not affect the contribution of 
CSP to clot formation or stability.  

Figure 6. Clot retraction ability of platelet concentrates after cold-induced apoptosis inhibition. The percentage of clot retraction 
of platelet concentrates stored at 4°C in buffer (white symbols) or with G04 (RhoA inhibitor; blue symbols), forskolin (PKA acti-
vator; orange symbols) and caspase-9 (Casp-9) inhibitor (green symbols), was analyzed after TRAP-6 stimulation on storage day 
4 (A) and 7 (B), respectively. The clot surfaces were calculated as percentage of retraction area compared to the total area. For 
forskolin a virtual value of 1% was reported in the graphics. Lower panel: representative pictures taken after 1 hour. Data are 
shown as box and whiskers ± standard error of the mean. ****P<0.0001; ns: not significant, N=4.
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Preventing the transduction of the cold-induced GPIb-α 
clustering signal reduces the fast clearance of cold-
stored platelets in vivo 
Based on the results of our in vitro analyses, which sug-
gest the RhoA inhibitor G04 as the most promising com-
pound, and in accordance with the principles of the 3R 

(replacement, reduction and refinement) for animal re-
search, we investigated whether the survival of CSP could 
be improved by preventing cold-induced GPIb-α cluster-
ing signal transduction. After 7 days of storage, CSP were 
administrated to the mice and the survival was analyzed 
1, 2, 5 and 24 hours (h) post injection. As shown in Figure 

Figure 7. The impact of cold-induced apoptosis inhibition on the kinetic of clot formation. The maximum clot firmness (A-C) 
and the percentage of maximum lysis (D-F) of platelet concentrates stored at 4°C in buffer (white symbols) or with G04 (RhoA 
inhibitor; blue symbols), forskolin (PKA activator; orange symbols) and caspase-9 (Casp-9) inhibitor (green symbols) were 
measured performing thromboelastography assay (extrinsic test), respectively. Data are shown as box and whiskers ± standard 
error of the mean. *P<0.05; **P<0.01; ***P<0.001; ns: not significant, N=4.
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8 significantly higher percentage of treated-CSPs was de-
tected in the mouse circulation 2 and 5 hours (h) post in-
jection in comparison to cells stored in buffer (% survival 
of human platelets mean ± SEM: G04 vs. buffer, 2 h, 
47±10% vs. 26±6%, P=0.0387; 5 h, 40±7% vs. 18±3%, 
P=0.0355; Figure 8). Of note, comparable recovery after 
injection was observed between platelets stored in buffer 
and with the RhoA inhibitor (see the Online Supplementary 
Figure S6). 
These data indicate that the inhibition of cold-induced 
apoptosis by blocking the GPIb-α clustering signal im-
proves the survival of CSP. 

Discussion 
In the present study, we investigated the impact of apop-
tosis inhibition on the hemostatic functions and life span 
of CSP. Giving the specific target of each inhibitor (Figure 
1; Online Supplementary Appendix), we found that G04 
might be the most promising one, as this agent provided 
the best compromise between apoptosis inhibition and 
side effects on platelet functions. We presume that this 
is due to the fact that G04 blocks the cold-induced apop-
tosis at an early stage (outside/inside signal transduction). 
Therefore, it might better maintain the platelet integrity 
and functionality during cold storage, compared to the 
other tested inhibitors that target downstream proteins 
(Figure 1). Interestingly, we found that the inhibition of 
apoptosis induced by G04, which prevents the transduc-
tion of the cold-induced GPIb-α clustering signal, im-
proves δ granule release and platelet response to 
agonists. Furthermore, the ability of platelets to adhere 
to fibrinogen and to form a stable clot upon exposure to 
thrombin was conserved. More importantly, we observed 
a significant improvement of the survival of CSP upon in-
hibition of the intracellular signal induced by GPIb-α clus-

tering indicating promising potential for clinical use.  
The apoptotic phenotype of CSP was detectable in our 
study already after 4 days of storage. The blockade of 
cold-induced apoptosis signaling pathway at three differ-
ent stages (GPIb-α clustering signal, PKA as well as cas-
pase-9; Figure 1) showed a protective effect as 
determined by testing MMP and PS surface externaliza-
tion. First, we inhibited the transduction of the outside/in-
side signal induced by GPIb-α a clustering by blocking the 
RhoA guanine exchange factor binding domain, which 
maintains the protein in its inactive form (RhoA-bound 
GDP).27 In the presence of the inhibitor, we detected better 
CSP activation, aggregation and adhesion as well as simi-
lar clot retraction and thrombus stability in comparison 
to untreated cells. Given the key role of RhoA in the cyto-
skeletal assembly events regulating platelet functional-
ity,28,29 our findings might appear unexpected. This may be 
explained by the fact that other members of the Rho 
GTPase family, like Rac1, Cdc42, RhoB and RhoC, have re-
dundant functions in the regulation of platelet function-
ality.27,30 Therefore, one or more of these proteins might 
compensate the inhibition of RhoA. This hypothesis is 
supported by a previous study, where the RhoA inhibitor 
does neither affect either Rac1 nor Cdc42 functions.27 
Another possible explanation might be a protective effect 
regarding the accumulation of PSL. The inhibition of GPIb-
α signaling at a very early stage might decrease PSL pre-
serving cell integrity and reducing the formation of 
exhausted platelets.  
Next, we used an agent (forskolin) which upregulates PKA 
via AC activation. One of the downstream targets of PKA 
is the proapoptotic protein Bad, which is sequestrated 
upon phosphorylation into to the cytoplasm.31 By this 
mechanism the translocation of Bad to the mitochondrial 
membrane is prevented and the apoptosis signaling is in-
hibited. Despite the well-recognized role of PKA in the in-
trinsic apoptosis pathway, the impact of the modulation 

Figure 8. Survival of cold-stored platelets upon 
inhibition of cold-induced GPIb-α clustering 
signal transduction. Cold-stored platelets (CSP) 
stored for 7 days in buffer (full squares and 
dashed blue line) or with G04 (RhoA inhibitor; 
full tringles and continues blue line) were added 
to the NSG mouse circulation via the lateral tail 
vein. Survival of human platelets in the mouse 
circulation was analyzed by flow cytometry by 
collecting murine blood 1, 2, 5 and 24 hours post 
injection. Data are shown as mean ± standard 
error of the mean. *P<0.05; ns: not significant; 
N=4. 
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of its activity on platelet functions still remains contro-
versial, likely due to the wide range of downstream targets 
regulated by PKA-phosphorylation. Several groups ob-
served that enhanced PKA activity prevents apoptosis in-
duction increasing platelet life span in vivo.24,32 One study 
showed, however, that PKA activation correlates with en-
hanced apoptosis and reduced thrombin-induced platelet 
activation.33 In the present work, CSP treated with the PKA 
agonist showed sufficient prevention of apoptosis after 
cold storage but caused a drastic impairment of cell func-
tions. This is likely due to a higher phosphorylation of one 
of the PKA downstream targets, vasodilator-stimulated 
phosphoprotein (VASP), which is known to negatively 
regulate platelet functionality.34,35 Another important find-
ing of our study is that the clot stability (clot retraction 
and resistance to fibrinolysis) was impaired in PKA agon-
ist-treated CSP. This finding might indicate disadvantages 
for clinical applications of this compound. 
In the third part of our in vitro study, we blocked the cold-
induced apoptotic signal at a late stage by inhibiting the 
autocatalytic cleavage of caspase-9 (Figure 1). We found 
comparable platelet responsiveness between caspase-9 
inhibitor treated-platelets and cells stored in buffer at 
4°C. These data are in line with a previous study that 
showed normal functionality of caspase-9-depleted mu-
rine platelets.36  
Taking together our in vitro data indicate that apoptosis and 
activation signaling pathways in CSP might be better dis-
sected if the signal could be blocked at an early stage. The 
better responsiveness in the presence of RhoA inhibitor 
(Online Supplementary Table S1) suggests additional protec-
tive effect against apoptosis-independent PSL.  
RhoA inhibitor has been recently tested in mice.37 In this 
study, RhoA inhibitor was administered daily intraperi-
toneally at 40 mg/kg for 7 days. All animals survived and 
no adverse events were observed indicating the safety of 
this compound. Despite this observation and considering 
the expected dilution effect after PC transfusion, the re-
moval of G04 from CSP to reduce potential systemic toxic 
effects still remain a relevant question; in particularly in 
the absence of a clinical study on its safety.  
Our in vitro results showed better platelet functions and 
cell integrity upon G04 incubation, compared to untreated 
CSP or those that have been treated with forskolin or cas-
pase-9 inhibitor (Online Supplementary Table S1). There-
fore, we thought to perform an in vivo study and we 
observed a significantly higher number of circulating CSP 
2 and 5 h after injection, when cells were treated with 
RhoA inhibitor compared to buffer. This finding shows that 
the presence of the inhibitor effectively extends the half-
life of CSP. Our in vivo results are in line with a recent 
study that reported improved survival of CSP after 14 days 
of storage upon inhibition of p38MAPK,38 which is known 
to be involved in the apoptotic signal in PC.39 

Nevertheless, our study has some limitations. Although 
better functionality and survival of RhoA inhibitor-treated 
CSP were observed, we did not verify their in vivo func-
tionality. Therefore, further investigations testing the pla-
telet functions in vivo are needed to address this crucial 
question. Moreover, since the aim of the present study 
was to screen three apoptosis inhibitors for their efficacy 
and impact on platelet functions and half-life, we fo-
cused on the individual effect. Future studies should, 
however, investigate the effects of combination of in-
hibitors during cold storage. Keeping in mind that the 
final goal would be to add reagent/s to enhance CSP sur-
vival without affecting their functionality, the possibility 
to combine compounds might be a promising approach 
that should be addressed in future studies. Furthermore, 
we reported that the higher functionality of refrigerated 
platelets was even more pronounced upon inhibition of 
the signal transduction induced by GPIb-α clustering. It 
could be argued that increased risk of thrombosis might 
exist for patients receiving these products. Even if this 
consideration is correct and legitimate, it can be specu-
lated that in some clinical cases like active bleeding 
upon injury in thrombocytopenic patients, transfusion of 
CSP with better functionality would be more efficient to 
treat bleeding compared to PC stored at RT. Although ro-
bust data from clinical trials with a significant number 
of patients are still missing, a recent small pilot study 
investigated the safety and feasibility of CSP in patients 
during cardiothoracic surgery. CSP have been shown to 
be still functional after 14 days of storage and no signifi-
cant difference in clinical outcome was observed com-
pared to standard products. These data indicate toward 
the feasibility of CSP application to treat perioperative 
bleeding.40  
In conclusion, our study provides novel insights on the in 
vitro hemostatic functions and half-life of CSP upon in-
hibition of cold-induced apoptotic signaling pathways. Our 
findings indicate that the combination of cold storage and 
apoptosis inhibition might provide a promising strategy to 
prolong the storage time without affecting cell function-
ality or reducing platelet survival. Nevertheless, further 
analysis and clinical studies are still needed to evaluate 
whether the use of these products might also give better 
patient outcome.  
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