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Index of abbreviations  
 

abs    antibodies 

CA   California 

CD   cluster of differentiation 

C1q   complement component 1q 

C3(a)   complement component 3 (activated) 

C4   complement component 4 

ELISA   enzyme-linked immunosorbent assay  

et al.   and others 

FC   flow cytometry  

FNAIT   foetal and neonatal alloimmune thrombocytopenia 

g   gravitational acceleration 

GP   glycoprotein 

h    hour 

HPA   human platelet alloantigens 

IgG   immunoglobulin G 

i.p.   intraperitoneal  

ISTH   International Society on Thrombosis and Haemostasis 

ITP   immune thrombocytopenia 

i.v.   intravenous 

IvIgG   intravenous immunoglobulin G 

J   Journal 

LIBS   ligand induced binding sites 

MAIPA  monoclonal antibody specific immobilisation of platelet 

antigens  

NOD/scid   non-obese diabetic/severe combined immunodeficient 

max   maximum 
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min   minutes 

mmHg    millimetre of mercury  

µl   microlitre 

µg   microgram 

ml   millilitre 

mg   milligram 

n   number 

P-selectin  thrombocyte selectin 

PTP   Post-transfusion purpura 

PTR   Platelet transfusion refractoriness  

SD   standard deviation 

SPR   surface plasmon resonance 

SSC   Scientific and Standardization Committee 

TTP   Thrombotic thrombocytopenic purpura  

USA   United States of America 

vs   versus 

WT   wild type 
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1. Introduction  
 

Platelet destruction by antibodies (abs) against genetic polymorphisms of platelet 

glycoproteins (GPs) is the cause of a variety of acquired platelet disorders 

including Foetal and neonatal alloimmune thrombocytopenia (FNAIT), Post-

transfusion purpura (PTP) and Platelet transfusion refractoriness (PTR). To date, 

no less than 33 of these polymorphisms, also called human platelet alloantigens 

(HPA), have been identified. Most of these are biallelic variations of the 

glycoprotein (GP) complexes GPIIb/IIIa, GPIb/IX and GPIa/IIa.
1
 Whereas in 

Caucasians HPA-1a (substitution of the amino acid leucine with prolin at position 

33  in GPIIIa) is the leading cause for immunisation, HPA-4a (polymorphism in 

GPIIIa) and HPA-5a (polymorphism in GPIa) are the major immunogenic 

molecules in Asians.
2,3

 Besides the more common antigens, low-frequency 

(“private”) antigens can induce immunisation.
4–6

 Among these, reports of 

thrombocytopenia caused by anti-CD36 abs have become frequent in China, 

Japan, Thailand and Indonesia.
7–14

 CD36 was first characterised on platelets (as 

GPIV) and has since been found to play a role in various physiologic processes.
15–

19
 Although it is implicated as mediator of thrombus formation, the absence of 

CD36 on platelets has so far not been associated with any bleeding disorder.
20,21

 

CD36 deficiency (CD36
null

) is rarely found in Caucasians (0.1-0.3%), but 

common in Africans, Japanese and African Americans.
7,22,23

 These CD36
null

 

individuals are at risk of developing anti-CD36 abs (also termed: anti-Nak
a
 abs), 

which has been reported for cases of PTR, Thrombotic thrombocytopenic purpura 

(TTP) and for FNAIT with markedly high rates of abortion.
24–26

     

In FNAIT, maternal abs target paternally-inherited HPAs on the foetal platelets, 

and induce their destruction. With an incidence of about 1 in 1000 live births, 

FNAIT is the leading cause for primary symptomatic thrombocytopenia in 

otherwise healthy newborns, with manifestations ranging from mild to critical 

bleedings (intracranial haemorrhage) and miscarriage.
27–31

 Like other anti-platelet 

immune disorders, most cases of FNAIT can be diagnosed using monoclonal ab-

specific immobilisation of platelet antigens (MAIPA) or antigen capture ELISA 

techniques. In general, the affected newborns are effectively treated with platelet 

transfusions with or without  intravenous immunoglobulin G (ivIgG).
32–34
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PTR is defined as failure to achieve a significant increase in platelet count after 

platelet transfusion. Whereas two thirds of cases result from non-immunologic 

reasons, one third is caused by alloimmunisation against human leucocyte 

antigens or HPAs.
35,36

                

Despite a rapid progress of in vitro research and diagnostic methods, the 

underlying pathomechanisms of immune-mediated thrombocytopenia remained 

however unclear until the introduction of the NOD/scid mouse model by Boylan 

et al. in 2006. This development marked a turning point for the in vivo study of 

immune-mediated thrombocytopenias as in PTR and FNAIT and has helped to 

understand its pathologic mechanisms.
37–44

 However, the methods of this mouse 

model have not been harmonised between the laboratories: the route of platelet 

injection and ab injection as well as the method of sample preparation for flow 

cytometry (FC) are still inconsistent and are subject to ongoing discussion.   

The overall purpose of this work is to evaluate the current methods of the 

NOD/scid mouse model and to present alternative options. In the first part of this 

work, we will outline our findings and introduce helpful modifications to optimise 

the NOD/scid mouse model.  In a second part, these methods will be applied as 

proof of principle to study the pathomechanisms of anti-CD36 ab-mediated 

platelet elimination in vivo.  
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2. Methods, Results, and Conclusions 
 

2.1. Technical considerations on the NOD/scid mouse model (Study I)  

 

The NOD/scid mouse model was introduced by Boylan et al. in 2006. In short, 

human platelets of blood group 0 are injected into the mouse and the percentage 

of circulating human platelets is determined at time point 1 h, time point 2 h and 

time point 5 h after platelet injection using FC. Since NOD/scid mice lack natural 

abs, complement system and functioning natural killer cells, the injected human 

platelets can circulate for up to 48 h
38

. This enables to study the effect of various 

anti-platelet agents (drugs, anti-platelet abs) on human platelet survival (figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The NOD/scid mouse model. This drawing depicts the standard course of events in a NOD/scid 

experiment.  

Figure 1 
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2.1.1. Route of platelet injection 

 

a) Injection via the retro-orbital plexus has been reported as a safe way to 

administer non-cellular fluids and stem cells and was also the first method to be 

used for platelet injection.
45–47

 The mouse is anaesthetised (either inhalation 

anaesthesia or intraperitoneal anaesthesia) and placed in a lateral lying position. 

Next, the eyeball is gently protruded by pressing the skin around the eye. A needle 

is then inserted at the edge of the eyeball until it reaches the base of the eye, 

where the injection is performed. Volumes up to 200 µl can be applied with this 

procedure.                     

b) Injection via the lateral tail vein: This technique has been proposed for the 

NOD/scid mouse model by Liang et al.
43

 During this procedure, the mouse is kept 

in a small animal restrainer without general anaesthesia. The injection is 

performed at the approximate mid of the tail to ensure sufficient size of the veins. 

Additionally, the needle has to be inserted at an angle of 15-25°. Similar to retro-

orbital injection, volumes up to 200 µl can safely be administered.           

Both injections are carried out using a 27
3/4

 gauge needle.                    

In a first approach, we compared (1) the overall human platelet percentage 30 min 

after injection (= baseline sample time prior to ab injection) and (2) the survival of 

human platelets after retro-orbital and tail vein injection.  

Statistical analyses were performed using the software Prism 5 (GraphPad, Inc., 

La Jolla, CA, USA). Nonparametric tests were used for data not following normal 

distribution. All analyses were two-tailed; a p-value < 0.05 was assumed to 

represent statistical significance. All results are given as median and range if not 

otherwise specified. For the evaluation of the platelet survival in the first part of 

this work, Jonckheere test was used (for detailed information see study I).  

(1) Initial overall human platelet recovery did not differ significantly between 

both methods (median human platelets [range]: 13 % [25-9 %] after tail vein 

injection vs 11 % [21-7 %] after retro-orbital injection; n =7).                          

(2) Elimination of human platelets was however faster after retro-orbital injection 

compared to tail vein injection (slope of platelet survival: -0.041 ± 0.023 vs -0.114 

± 0.033, Jonckheere test) (figure 2a).                 
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We also compared ab-mediated platelet elimination (WHO International standard 

anti-HPA-1a ab) after different ways of platelet injection. Interestingly, ab-

mediated clearance of platelets was not dependent from the way of platelet 

injection: at 5 h after antibody injection 90 % [100-88 %] (retro-orbital injection) 

compared to 98 % [100-90 %] (tail vein injection) of human platelets had been 

cleared from the murine circulation (slope of PLT-survival: -0.043 ± 0.015 vs -

0.045 ± 0.016, respectively, Jonckheere test) (figure 2b).     

For the evaluation of both methods, two additional aspects have yet to be 

considered: Firstly, retro-orbital injection needs general anaesthesia, after which 

the animals need additional time to recover. In contrast, tail vein injection does 

not need additional interventions. Secondly, NOD/scids are albino mice, which 

allows verification of successful injection through flushing of the veins. 

We conclude that tail vein injection and retro-orbital injection are equally suitable 

for the study of anti-platelet abs. If only platelet survival is to be studied, we 

would advise to use tail vein injection. 
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2.1.2. Route of antibody injection 

 

For the second injection (mostly anti-platelet abs) two methods have been 

proposed: intravenous injection into the tail vein or intraperitoneal injection. 

Accordingly, we assessed the elimination of human platelets (injected via the tail 

vein) by anti-HPA-1a ab injection either intravenously (i.v.) or intraperitoneally 

(i.p.). The data suggest that i.v. injection of the ab induces faster elimination of 

human platelets compared to i.p. injection (human platelet clearance at 5 h: 

median 86 % [96-76 %] vs 57 % [83-45 %], respectively, n= 3, p= 0.2) (figure 3).  

This is in accordance with the study by Peterson et al. who showed that the i.v. 

method is more sensitive than i.p. for the study of low-avidity abs
37

. However, the 

differences between both routes observed in our studies had disappeared 24 h after 

ab injection: platelet clearance at 24 h was 96 % [97-96 %] vs 98 % [100-97 %], 

respectively, n= 3, p= 0.16).  

 

2.1.3. Performance characteristics of sample preparation methods  
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To assess human platelet percentage in the mouse circulation, regular murine 

blood samples need to be prepared for analysis in FC. This is generally done with 

density gradient centrifugation; the resulting platelet suspension is then stained 

with anti-human and anti-mouse platelet-specific abs. Recently, a new method has 

been introduced by Beckman Coulter (Brea, CA, USA). Hereby, the ready-to-use 

kit PerFix-nc enables fixation, permeabilisation and staining of the samples 

without any centrifugation steps. The major differences between both methods are 

the following:   

 

Table 1: Difference in platelet preparation using density gradient centrifugation and 

PerFix-nc kit  

 Density 

gradient 

centrifugation 

PerFix-nc 

sample 

preparation 

   

Final analytic  Platelet 

suspension 

Fixed whole 

blood 

   

Murine blood volume  

(per staining condition) 

 

20 µl 

 

2 µl 

   

Centrifugation steps   

2 

 

0 
   

 

We assessed the PerFix- nc kit for its application in the NOD/scid mouse model: 

murine samples from the NOD/scid experiments were prepared simultaneously 

using the two different methods. We observed that the results from density 

gradient centrifugation had higher variability than the ones from directly fixed 

samples (as seen in the larger SD) (figure 4a). No significant increase in P-selectin 

expression was observed after density gradient isolation compared to preparation 

with PerFix-nc kit (median fluorescence intensity [MFI] of P-selectin expression: 

12.5 [21-9.8] vs. 8.1 [8.9-7.2], respectively) (figure 4b). These results indicate that 

platelet activation cannot serve as explanation for the differences in the two 

methods. 
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Conclusion I:      

a) For studies involving anti-platelet abs, platelet elimination is not 

significantly influenced by the route of injection of the platelets.  

b)  Abs can be administered either intraperitoneally or intravenously.  

c) Platelet preparation with PerFix-nc kit is a valuable alternative to density 

gradient isolation.  
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2.2. Recommendations for the use of the NOD/scid mouse model (Study II) 

 

Results from study I were introduced to the SSC Platelet Immunology of the 

International Society on Thrombosis and Haemostasis as a recommendation for 

the use of the NOD/scid mouse model. Our results were evaluated by independent 

working groups from Blood Center of Wisconsin, USA and the University of New 

South Wales, Australia and a final consensus was published (Tamam Bakchoul, 

Julia Fuhrmann, Beng H. Chong, and Richard Aster for the Subcommittee of 

Platelet Immunology of the Scientific and Standardization Committee of the 

International Society on Thrombosis and Haemostasis. Recommendations for the 

use of NOD/scid mouse model in autoimmune- and drug-induced 

thrombocytopenia: communication from the SSC of the ISTH, J Thromb Haemost 

2015).          

 Alongside the recommendations presented in study I, a few other variables 

were discussed in this paper, which shall be revised here briefly:   

 a) Platelet isolation: As activated platelets are rapidly cleared from the 

murine circulation, platelet activation should be prevented by all means. 

Therefore, all blood samples should be taken from the healthy donors (blood 

group 0) under gentle venous stasis (max 20 mmHg) and collected into acid-

citrated dextrose. Prostaglandin E1 is to be added afterwards and prior to any 

manipulation (i.e. centrifugation, resuspension).         

 b) Animals: Mice should at least be eight weeks old to ensure sufficient 

size of the veins and to tolerate the injection volumes. We determined  16 weeks 

as maximum age to prevent platelet elimination due to aging processes: NOD/scid 

mice eventually develop spontaneous thymoma and eventually T- and B-cell 

leakiness when ageing.
48–50

        

 c) Anti-platelet agents: Intravenous injection of anti-platelet abs was 

recommended to maximise platelet-ab interaction. Polyclonal patient abs should 

be injected as freshly isolated IgG fractions (max 10 µg /µl, 200µl). For the study 

of drug-dependent anti-platelet abs, another approach was proposed: human 

platelets can be preincubated in the patient serum (containing the abs) prior to 

injection.
44

 We were able to show that this approach is especially helpful for abs 

which induce only slight platelet elimination in the standard protocol (see section 

2.4.) 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Chong%20BH%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Aster%20R%5Bauth%5D
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2.3. Anti-CD36 abs: characterisation and effects on platelets in vitro (Study 

III)  

 

To study the biologic relevance of anti-CD36 abs, two patient sera containing 

anti-CD36 abs were chosen from a previously described cohort by Xu and 

colleagues. Patient serum #1 was from a female patient who suffered from PTR 

and patient serum #2 was from a female with multiple miscarriages and 

pathologically confirmed foetal FNAIT.
11

 Additionally, a mAb against CD36 

(mAb 4F9) was obtained from the working group of Dr. Sentot Santoso. 

Both patient sera showed strong binding to GPIV from wild type (WT) platelets in 

MAIPA and FC. This binding was largely reduced by addition of mAb 4F9 (data 

not shown). While patient serum #2 and mAb 4F9 induced strong platelet 

activation in FC (expression of P-selectin (CD62p) on the platelets’ surface), 

patient serum #1 did not induce significant platelet activation. The addition of 

mAb IV.3, a blocking agent for the Fc-receptor of platelets, resulted in a marked 

inhibition of platelet activation (figure 5).        
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In a second approach, mAb 4F9 was used as a stimulant to induce platelet 

aggregation in aggregometry. We found that mAb 4F9 enhanced epinephrine- 

mediated platelet aggregation in platelet rich plasma. Surprisingly, we repeatedly 

observed a slight change in light transmission after addition of the mAb without 

agonists (violet line, figure 6). To answer to whether or not this might indicate a 

sort of delayed platelet aggregation, further investigation is needed. Aggregation 

of platelets upon incubation with patient IgG was however not observed (data not 

shown).  

 

 

Our findings are in accordance with other reports suggesting that anti-CD36 

mAbs are capable of inducing platelet activation.
51

 The partial reduction of 

platelet activation by blocking the Fc-receptor suggests that cross-linking of the 

Fcgamma RIIA receptors plays a key role in the activation process.  
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2.4. Anti-CD36 abs: Studies on the mechanisms behind anti-CD36-mediated 

platelet elimination in vivo (Study III)  

 

The findings from the experiments on the NOD/scid mouse model were then 

applied to study the elimination of platelets by human anti-CD36 abs in vivo.  

2.4.1. Platelet elimination after injection of mAb and IgG fractions 

 

First, mAb 4F9 was assessed in the NOD/scid mouse model as described before. 

WT human platelets were injected via the tail vein, followed by the i.v. injection 

of mAb 4F9 (200 µl, 0.05 µg/µl) or isotype matched control ab. We found that 

injection of mAb 4F9 resulted in fast destruction of the human platelets: 13 % 

[30-10 %] of the injected platelets circulated at time point 1 h after ab injection. 

We observed similar platelet elimination when injecting IgG fractions from 

patient serum #2 (200 µl, 10 µg/µl): remaining human  platelets at time point 1 h 

were only 34 % [42-31 %] compared to 91 % [80-103 %] in the mice treated with 

IgG fractions from negative controls. Patient serum #1 induced very slight platelet 

clearance in this experimental setting compared to negative controls (remaining 

human platelets at time point 1 h after injection 81 % [59-102 %]) (figure 7).  
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As patient #1 did show symptoms of PTR, we hypothesised that “her” abs might 

be of low titer and therefore not capable of inducing platelet elimination in the 

standard mouse setting. Similar thoughts have been put forward by Wakamoto et 

al., who reported considerable differences in the ab titer of anti-CD36 patient 

serum.
52

 Based on the reports from Bougie et al. we therefore set up a modified 

protocol to prime the WT platelets with the patient abs.
44

 In preliminary studies, 

anti-HPA-1a patient serum (citrated to a final concentration of 3.8 %) was 

incubated with WT platelets for 30 min and then injected. Human platelet 

percentage was determined at 30 min (baseline), time points 1 h, 2 h and 5 h after 

injection (n=3); preincubation of WT platelets with serum from healthy donors 

served as negative control. We observed fast clearance of human platelets after 

preincubation of the platelets with anti-HPA1a patient serum (figure 8a). When 

patient serum #1 was used in this experimental setting, we observed higher 

platelet elimination compared to the standard setting: at time point 1 h after 

injection, only 43 % [43-33 %] of human platelets were left compared to 79 % 

[85-46 %] in negative controls. This was even more significant at time point 5 h: 

remaining human platelets were 10 % [14-8 %] compared to 46 % [51-43 %] in 

negative controls (figure 8b). A setting with patient serum #2 pointed in the same 

direction (data not shown).  
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2.4.2. Role of the complement system in anti-CD36 mediated platelet 

elimination 

 

At least two major ways of ab-mediated platelet destruction have been implicated 

in immune-mediated thrombocytopenia:      

 (1) Opsonisation for Fc -bearing phagocytes by the FC portion of the abs 

with subsequent elimination in the spleen.
53

     

 (2) Fixation of complement with subsequent activation of the classical 

complement pathway has been identified as probable mechanism of platelet 

destruction in chronic immune thrombocytopenia (ITP).
54–56

                

As data from the time of the first description of CD36 suggest that mAbs targeting 

CD36 induce complement activation, we investigated a possible role of 

complement in the elimination process mediated by anti-CD36 abs
57

 : we isolated 

the patient IgG fractions from serum #2 and spiked them into commercially 

available complement component C1q depleted serum (citrated to a final 

concentration of 3.8 %) to obtain “artificial” anti-CD36 serum in which the 

classical complement pathway could not be activated. We then incubated and 

injected the platelets as described above. Patient IgG fractions in normal serum 

from healthy donors (no anti-platelet abs) served as positive controls, IgG from 

healthy donors in normal serum as negative controls.               

At time point 1 h after injection, there was no difference between (a) platelet 

elimination mediated by abs in C1q-free serum and (b) platelet elimination 

mediated by abs in control serum: 52 % [60-43 %] of human platelets  remained 

in (a) compared to 51 %  [60-43 %] in (b).  At time point 2 h after injection we 

saw, however, a slight difference: 37 % [64-35 %] of human platelets remaining 

in (a) compared to 51 % [64-51 %] in (b), which was not significant. No 

significant platelet elimination was observed in mice treated with negative control 

serum (figure 9). Up to this point, we did not succeed in explaining the more 

profound platelet clearance in C1q-free serum.   
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Conclusion II:  

a) Anti-CD36 mAbs and anti – CD36 patient abs can induce platelet 

activation in vitro.    

b) Anti-CD36 mediated platelet activation is dependent of Fcγ-receptors.  

c)  Anti-CD36 abs induces elimination of human platelets in vivo.  
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3. Recapitulation and future perspectives  
 

Immune-mediated platelet destruction has intrigued scientists’ interest for many 

decades: symptoms of immune-mediated thrombocytopenia were described as 

early as 1556 and Paul Werlhof offered the first entire case report in 1658 (still 

roughly one century before the discovery of platelets).
58,59

 FNAIT and PTR are 

more recently known varieties of immune mediated cell destruction.
60

 While the 

introduction of MAIPA, ELISA techniques and surface plasmon resonance (SPR) 

has since facilitated the diagnosis of alloimmune thrombocytopenic syndromes, 

the understanding of the pathophysiologic mechanisms behind them has long been 

hampered by the lack of a suitable in vivo model.  

In 1995, Shultz et al. combined the synergistic effects of the NOD mutation 

(dysfunctional innate immune system) with the Prkc
scid 

mutation (lack of B- and 

T-cells) and presented the NOD/scid mouse as an option in immunohematology 

research.
42,61

 The survival of human platelets in the circulatory system of these 

mice is greatly prolonged by the absence of natural abs, histolytic complement 

factors and most immune cells. This new strain has however minor drawbacks: 

although the mice are diabetes free (due to their scid-background), their lifespan is 

still significantly impaired by spontaneous thymic lymphoma (especially female 

mice)
48

. In addition, a certain “leakiness” of the genetic defect has been argued to 

result in the sporadic appearance of  T- and B-cells
62

. This can be countered by 

using only mice younger than 16 weeks.  

To minimise the number of unknown variables in this model, we introduced 

recommendations for the NOD/scid model based both on experiments and 

experience:                       

(I) The route of platelet injection does not significantly affect ab-mediated platelet 

survival. For platelet-only studies, tail vein injection should be preferred.                   

(II) As the results from in vitro experiments do not necessarily predict the 

outcome of in vivo studies, preliminary experiments might help find the preferable 

mode of ab injection. However, some clinically significant abs might still fail to 

induce platelet elimination in the standard approach, as we found for patient 

serum #1. In this case, the preincubation protocol presented in this work can prove 

helpful. Of note, all platelet levels (also negative controls) were lower in 
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preincubation experiments than in the standard setting, most probably due to 

loading of platelets with non-specific IgG. The difference between negative 

controls and patient serum is nonetheless big enough to draw conclusions from the 

preincubation setting.                 

(III) In this work, we have introduced two different ways to prepare samples for 

FC: density gradient centrifugation and analysis from directly fixed whole blood. 

The first has proven valuable in a variety of studies and profits from pure platelet 

suspension as final analytic; however, the results we obtained show high 

variability. Although we have excluded major platelet activation, we cannot rule 

out the possibility that density gradient centrifugation might alter platelet 

function. For instance it is not possible to determine the expression of ligand 

induced binding sites (LIBS, e.g. αIIb 3 integrin) as activation markers on these 

platelets. To overcome this problem, ready-to-use kits have been launched 

recently (e.g. PerFix-nc kit by Beckman Coulter), presenting a good alternative in 

the NOD/scid model, especially for settings with many animals and many blood 

samplings. It is nevertheless important to stress that these kits are also not 

unrestrictedly suitable for the evaluation of platelet function.        

Albeit its advantages, the vision to use the NOD/scid model as valuable tool to 

study platelet function has only partially been realised: in 2007, Piper and 

colleagues were the first to demonstrate decreased survival of previously stored 

platelets in scid mice.
38,63

 Holbrook et al. have proposed an in vivo model of 

thrombosis, in which they depleted the murine platelets and partially replaced 

them by human radio-labelled platelets. The infused platelets aggregated in a 

dose-dependent manner and got trapped in the pulmonary vasculature of the mice. 

The aggregation response was reduced when injecting platelets from donors who 

had been taking aspirin prior to blood sampling.
64

 Despite this auspicious 

approach, there are so far no further published studies on anti-aggregation drugs 

in the NOD/scid model.    

However, the NOD/scid mouse model has marked a turning point in the research 

on anti-platelet abs. With the modifications discussed in this work, we aimed to 

establish good experimental conditions as needed for the work on rare abs such as 

anti-CD36 abs. 
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FNAIT has been suggested as the most frequent clinical manifestation of anti-

CD36 abs. Contrary to rhesus incompatibility, immunisation in FNAIT frequently 

occurs during the first pregnancy. Several explanations have been proposed for 

this.  Among these, maternal immunisation after transfusion of non-HPA matched 

platelets concentrates and introduction of foetal platelets into the maternal 

circulation are the most popular ones. Only recently, Kumpel et al. have shown 

that foetal GPIIIa ( γ-integrin) is presented on the syncytiotrophoblast microvilli 

during pregnancy, rendering maternal immunisation possible.
65

 This also applies 

to CD36, which is presented on the terminal villi of the placenta, where it could, 

via indirect allorecognition, lead to the production of maternal alloabs.
66-70

 Fc-

receptor mediated opsonisation has long been considered as key explanation for 

the subsequent platelet destruction.
71

 However, recent studies suggested the 

fixation of complement component C1q on the platelets followed by the activation 

of the classical complement pathway as (a) cause for thrombocytopenia and (b) 

procoagulant activity of platelets.
55,72,73

  

We precluded the activation of the classical complement pathway in our study by 

using C1q-depleted serum in complement-deficient mice. It has however been 

suggested that some anti-platelet abs can induce the deposition of complement 

components C3 and C4 on the platelet surface.
74,75

 Moreover, activated platelets 

might catalyse the generation of C3a on their surface (independently from C1q).
76

  

This observation is especially intriguing because we observed that mAb 4F9 and 

patient serum #2 induced platelet activation in vitro. Based on this, complement-

driven platelet destruction by anti-CD36 abs seems possible. Further studies on 

the role of complement with increased complement availability to measure the 

production/turnover of complement components are hence needed.       

Only recenlty, specific F(ab’)2-fragments that shield maternal abs from their 

targets have been proposed as therapeutic option in FNAIT by Ghevaert et al. and  

Bakchoul et al..
40,77

 We therefore envision to repeat the experiments with a 

F(ab’)2-fragment of mAb 4F9. The capacity of anti-CD36 abs to induce platelet 

activation is equally intriguing: based on the finding of high abortion rates in 

women with anti-GPIbα abs (anti-HPA-2a abs), Li et al. have found that these abs 
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induce platelet micro aggregation and fibrin deposition in the placenta. As data 

from Wakamoto et al. and our studies indicate a similar capacity of anti-CD36 abs 

to induce platelet aggregation, it seems plausible that micro aggregation in the 

placenta might be considered as cause for the high abortion rates in women with 

anti-CD36 abs. To address this, Xu et al. have recently published a mouse model 

of CD36
-/- 

mice pregnant with CD36
+/- 

pups. Studies with this model will 

hopefully allow a more profound understanding on the role of CD36 in abortion 

and thrombocytopenia.
78 
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4. Summary  
 

Since its introduction in 2006, the NOD/scid mouse model has greatly contributed 

to the understanding of the pathomechanisms of antibody-mediated 

thrombocytopenia. This progress has however been hampered by inter-laboratory 

differences. With this work, we make several suggestions to minimise these 

differences:          

 We suggest that human platelets (blood group 0) be injected into the mice 

(age- and sex-matched, 8-16 weeks) via the tail vein. For antibody injection, 

scientists may choose between intraperitoneal and tail vein injection, each of 

which has strengths and drawbacks. In case of low antibody titer or low avidity 

antibodies, preincubation of the platelets with the patient serum prior to injection 

promotes platelet elimination where standard protocols fail. For subsequent 

sample preparation, we found that newly-launched ready-to-use kits present a 

good alternative to classical density gradient centrifugation by reducing man-

hours and turnover time without affecting the quality of flow cytometry analysis. 

 In a second part, we used the revised mouse model to study anti-CD36 

mediated thrombocytopenia in vivo. Anti-CD36 antibodies have been suggested as 

frequent case for FNAIT in Asia. The mechanisms behind this remain partly 

unclear. After injecting anti-CD36 monoclonal antibody or anti-CD36 patient 

immunoglobulin into the system, circulating human platelets were rapidly cleared. 

Interestingly, the polyclonal patient immunoglobulins used were not uniform in 

their anti-platelet reactivity. On further examination, we found that the anti-CD36 

antibodies induce platelet activation and aggregation, which we were able to 

inhibit by the addition of an Fc -receptor blocking agent. This suggests a possible 

role for Fc -receptor in the activation and elimination process.   

 As our results from the experiments on the role of complement in the 

elimination process are however ambiguous, further studies are needed.  

 The clinical relevance of anti-CD36 antibody-mediated platelet activation 

and aggregation for the high abortion rates in affected women has yet to be 

evaluated.  
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Abstract 

Introduction: The lack of platelet (PLT) glycoprotein receptor IV, also known as 

CD36 on PLTs has so far not been associated with any bleedings disorders. 

However, development of anti-CD36 antibodies (abs) in CD36 deficient 

individuals has been reported as cause of foetal and neonatal thrombocytopenia 

(FNAIT) and post transfusion refractoriness (PTR). The mechanisms behind this 

remain unclear. Aim: To study anti-CD36 ab-mediated PLT elimination and its 

pathophysiologic mechanisms in an in vivo model. Methods: The ability of anti-

CD36 monoclonal ab (mAb) and patient sera (from patients with PTR and 

FNAIT) to induce PLT activation was assessed using flow cytometry (FC) and 

aggregometry. Human PLT destruction by anti-CD36 abs was then studied in a 

NOD/SCID mouse model. Results: Anti-CD36 mAb and patient abs induced 

strong PLT activation in FC (Mean fluorescent intensity (MFI) mAb 52.4 [30.5-

64.7], patient serum: 26.4 [16.1-37.3]), which was reduced by addition of IV.3. 

Accordingly, mAb and IgG from one of the patient sera induced strong PLT 

elimination in the NOD/SCID model (median, [range] human PLTs at time point 

1 h after injection: mAb 13% [10-30%], patient serum #2 34% [31-42%]). The 

second patient serum did not induce PLT elimination in the standard protocol and 

needed preincubation of the PLT prior to injection (human PLTs at time point 1 h 

81% [59–102 %] in standard setting vs 43% [33-43%] after preincubation). A 

similar pattern was seen in a complement component C1q-free approach. 

Conclusion: Anti-CD36 abs induce PLT activation in vitro and in vivo with 

subsequent elimination. Based on our findings, we hypothesise this is mostly 

mediated by cross-linking of Fc -receptors. Further studies are needed to clarify 

the role of PLT aggregation and complement components.  
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Introduction 

The strongly glycosylated class B scavenger receptor CD36 is ubiquitously 

expressed on the surface of monocytes and macrophages, some endo - and 

epithelial cells, differentiated adipocytes, skeletal muscle, erythrocytes and 

platelets (PLTs). Although its pathologic importance in the development of 

artherogenesis, diabetes and cardiomyopathy has been extensively studied since 

its first characterisation in 1976, the physiologic function of CD36 on PLTs 

remains unclear
1–3

. On PLTs, where it is found on the outer plasma membrane and 

on the membrane of the α-granules, it serves as ligand for a broad range of 

molecules such as thrombospondin, oxidized LDL or collagen
4,5–7

. Complete 

deficiency of CD36 on either PLTs only (type II CD36 deficiency) or PLTs and 

monocytes (type I CD36 deficiency) is a rare condition in Caucasians (estimated 

prevalence of 0.1-0.3 %) but more common in Sub-Saharian Africa (7-8 % of the 

overall population) and South-East Asia (up to 11% estimated prevalence). 

Whereas in Asia the exchange of proline to serine accounts for the majority of 

mutations, a nonsense mutation is more common in Sub-Saharian Africa
8–11

. 

While type I CD36 deficient persons (also termed Nak
a 

- negative) seem to have 

normal PLT function, they risk to develop anti-CD36 antibodies (abs) after PLT 

transfusion or during pregnancy
12

. An increasing number of case studies suggest 

that anti-CD36 ab-mediated thrombocytopenia can lead not only to foetal and 

neonatal alloimmune thrombocytopenia (FNAIT) but also to post-transfusion 

refractoriness (PTR) and thrombotic thrombocytopenic purpura (TTP)
13–17

. The 

mechanisms behind anti-CD36 ab-mediated thrombocytopenia have however not 

been found.        
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In this study, we investigated the biological relevance of human anti-CD36 abs in 

vivo using a NOD/SCID model. We observed that some human anti-CD36 abs 

induce PLT elimination. This was independent from classical complement 

activation and involved PLT activation, most probably induced by cross-linking 

the Fc -RIIa. 
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Material and Methods 

Antibodies 

CD36-specific abs were obtained from patients of a previously described 

cohort
18

.Ab detection was carried out using a commercially available enzyme-

linked immunosorbent assay (ELISA), monoclonal antibody immobilisation of 

PLT antigens (MAIPA) and flow cytometry (FC) with washed human PLTs. 

Patients 

Patient serum #1: patient serum #1 was from a 35 year old female with 

myelodysplatic syndrome. The patient suffered from PTR after multiple PLT 

transfusions. Serological diagnostic (ELISA) confirmed anti-CD36 abs in her 

serum. 

Patient serum #2: patient serum #2 was from  a 35 year old female who had 

suffered multiple abortions during her pregnancies. FNAIT was suspected, 

autopsy of the latest foetus showed petechiae, cranial haemorrhage and hydrops 

foetalis. ELISA confirmed anti-CD36 abs in the maternal serum. 

Monoclonal ab (mAb) against CD36 (mAb 4F9), produced from hybridoma cells 

was allocated by the working group of Dr. Sentot Santoso (Justus-Liebig-

University,Gießen, Germany). 
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Methods 

Binding and activation of PLTs by mAb 4F9 and patient sera 

EDTA-anticoagulated blood was collected from healthy CD36-positive donors 

(blood group 0) and spun for 10 minutes (min) at 200xg. After addition of 

prostaglandin E1 (PGE1, Sigma Aldrich, St. Louis, MO, USA) at 50 ng/mL, 

platelet rich plasma (PRP) was spun for 10 min at 700 x g. The resulting PLT 

pellet was washed twice with DPBS–EDTA-buffer (supplemented with PGE1) for 

10 min at 700xg, then resuspended in DPBS, and adjusted to a cell count of 4 x 

10
5
/µL with platelet poor plasma (PPP) of the same donor.    

       25 µL of the PLT suspension were then incubated with either 25 µL of 

patient serum or 1 µg of mAb 4F9 for 45 min at room temperature (RT). For the 

determination of PLT activation, positive controls were incubated with 5 µL of 

thrombin receptor agonist 6 (TRAP-6) for 15 min, all samples were then fixed in 

paraformaldehyde (4%) for 20 min at RT. After fixation, the samples were 

washed three times for 5 min at 700xg. Staining was carried out using prediluted 

FITC-conjugated anti-human IgG (for samples with patient serum) and prediluted 

FITC-conjugated anti-mouse IgG (for samples with mAb 4F9) (both: Dako, 

Glostrup, Denmark) as isotype controls and prediluted PE-Cy5-conjugated anti-

human CD62p (Becton Dickinson, Franklin Lakes, NJ, USA) for 30 min in the 

dark. After a final wash for 5 min at 700xg, samples were analysed using FC500 

flow cytometer (Beckman Coulter, Brea, CA, USA). 
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Aggregometry 

In a modified aggregometry assay, wild type (WT) PLTs were extracted from 

citrated whole blood by centrifugation for 10 min at 120xg and then stimulated 

with a titration of adrenaline (5 µmol/µL -0.75 µmol/µL) to determine the 

subthreshold concentration (highest concentration of stimulant without 

aggregation). This procedure was repeated for every PLT donor. The PLTs were 

then stimulated with 

(a) 10 µL adrenaline (subthreshold concentration) + 10 µL mAb 4F9 (0.05 

µg/µL) 

(b) 10 µL mAb 4F9 (0.05 µg/µL)  + 10 µL of saline  

(c) 10 µL of saline + 10 µL of adrenaline (subthreshold concentration)  

(d) or 10 µL adrenaline only (subthreshold concentration) 

PLT aggregation was evaluated by reduction of light transmission over time for 

450 s. 

Animal model 

We assessed the biologic effects of anti-CD36 abs on human PLT survival in a 

NOD/SCID mouse model
19,20

. PLTs for the injection were prepared as described 

before
21

. Briefly, resting human PLTs from healthy donors (CD36-positive, blood 

group 0) were isolated from citrate-anticoagulated whole blood under the addition 

of PGE1 and adjusted to a final concentration of 2x10
6 

cells/µL. After a rest of 30 

min, 200 µL of the PLT suspension was then injected into sex- and age-matched 

NOD/SCID mice (8-16 weeks old, Charles River Laboratories, Ben Harbor, ME, 

USA) via one of the lateral tail veins. After 30 min, 200 µL of either IgG 
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extracted from anti-CD36 positive patient serum (10 µg/µL) or mAb 4F9 (0.05 

µg/µL) were injected. IgG fractions were obtained by spin purification using 

Melon Gel IgG spin purification kit (Thermo Fisher Scientific, Walthem, MS, 

USA) according to the manufacturer’s instructions. 

Survival of human PLTs was determined from murine blood samples directly 

before ab injection (30 min after PLT injection) and time points 1 h, 2 h and 5 h 

after injection of abs: 2 µL of murine blood were collected into 30 µL of acid-

citrated dextrose anticoagulant and directly prepared using PerFix-nc Kit 

(Beckman Coulter, Brea, CA, USA) as instructed by the manufacturer with minor 

modifications. Briefly, blood samples were fixed for 15 min, lysed and then 

stained with prediluted PE-Cy5-conjugated anti-human CD41 (0.2 µg/µL, Becton 

Dickinson, Franklin Lakes, NJ, USA) and prediluted FITC-conjugated anti-mouse 

CD41 mAb (0.2µg/ µL, Biolegend, San Diego, CA, USA) or isotype matched 

controls (Biolegend, CA, USA and Becton Dickinson, Brea, CA, USA) for 30 min 

at RT. Data Acquisition from samples was performed using FC500 flow 

cytometer. PLTs were distinguished from other cells by means of size [forward 

scatter, FSC] and granularity [side scatter, SSC]. Human PLT percentage in the 

mouse circulation prior to the second injection was set as baseline 100 % to 

calculate the percentage of remaining human PLTs in the following samples. 

Preincubation protocol 

To improve ab-mediated PLT elimination, PLTs were incubated with citrated 

patient sera prior to the injection: human PLTs were therefore isolated from whole 

blood as described above. A total of 2x10
8 

PLTs was then transferred into a tube 

containing 200 µL of citrated patient- or control serum. Control serum was from 
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healthy donors of blood group AB with no PLT-reactive abs. After incubation for 

30 min at 37 °C, the PLT-serum-suspension was injected into the mice. Human 

PLT percentage was determined at time points 30 min (baseline), 1 h, 2 h and 5 h 

after injection. 

C1q- free protocol 

To assess the role of complement components in the PLT elimination process, 

IgG fractions were isolated from patient sera as described above and then 

transferred into either citrated C1q-depleted serum (Quidel, San Diego, CA, USA) 

or citrated negative control serum (from healthy donors of blood group AB with 

no PLT-reactive abs. The resulting concentration of IgG in the serum 

approximated 10 µg/µL. This suspension sera was then preincubated with the 

PLTs and injected into the mice as described above. IgG fractions isolated from 

normal human serum and spiked into either C1q-free serum or negative control 

serum served as controls. 

Ethics 

All studies involving human subjects and animals were approved by the local 

Ethics Committee and were conducted in accordance with the Declaration of 

Helsinki. All animal studies were approved by the Animal Ethics Committee of 

the state Mecklenburg-Vorpommern. 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 5.0. Nonparametric tests 

were used for data not following normal distribution. All analyses were two-
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tailed; a p-value of <0.05 was assumed to represent statistical significance. All 

data are given as median with range if not otherwise specified. 
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Results 

Effect of anti - CD36 Abs on PLTs in vitro 

Patient serum #1 showed strong reactivity to CD36-positive PLTs in solid phase 

ELISA as well as in MAIPA. Binding of the patient abs was successfully inhibited 

in MAIPA by the addition of both mAb 4F9 and a second mAb against CD36 

(FA6). Strong binding of the patient abs from serum #2 to PLTs was confirmed in 

FC (median of the fluorescent intensity (MFI) 77.7). Patient serum #1 showed 

similar reactivity to CD36 in ELISA compared to patient serum #2. In MAIPA, 

binding of these abs to CD36 could however only be inhibited by the addition of 

mAb 4F9, not by addition of mAb FA6. In FC, the serum showed weaker binding 

to PLTs compared to patient serum #2 (MFI 36.7). 

 Binding of mAb 4F9 to PLTs induced strong PLT activation, as determined by 

the expression of P-selectin (MFI 52.4, range [64.7-30.5], compared to 4.4, [6.0-

2.6] in negative control samples and 37.2, [49.5-20.6] in TRAP-6 activated 

positive controls. This PLT activation was only partially inhibited by adding mAb 

IV.3, a blocking agent of PLT FC receptor IV.3 (MFI 32.6, [79.9-27.7] (n=4 

each).   The effect of the patient sera #1 and #2 on PLT activation status was 

equally determined by FC. Patient serum #1 did not induce significant PLT 

activation in FC (MFI 4.7, [12.1-2.2] compared to 4.1, [6.0-0.7] in negative 

controls, n=6 each) whereas patient serum #2 induced strong PLT activation (MFI 

26.4, [37.3-16.1], n=4). Addition of mAb IV.3 was able to reduce this PLT 

activation, but did not entirely inhibit it (MFI patient serum #2 without IV.3 33.8, 

[37.3-16.1] compared to 15.4, [16.6-8.3] with mAb IV.3 (n=3 each), respectively 

(figure 1a). 
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In a second approach, mAb 4F9 was used as a stimulant to induce PLT 

aggregation in aggregometry (n=3). We found that mAb 4F9 enhanced 

epinephrine-mediated PLT aggregation in PRP. Surprisingly, the Ab was also 

capable to induce PLT aggregation in the absence of agonists (figure 1b for a 

representative example). 

Elimination of anti-CD36 abs in vivo 

Injection of mAb 4F9 resulted in a rapid and profound clearance of human PLTs 

from the circulation (median human PLT percentage at time point 1 h after 

injection 13 %, [30-10 %]). In contrast, injection of isotype control ab led to no 

significant PLT clearance in the mice (human PLT percentage at time point 1 h 

after injection 95 %, [110-68 %], n=4 each) (figure 2). 

Injection of IgG fractions from patient serum #2 induced strong and rapid PLT 

elimination: median human PLTs  time point 1 h after injection were 34 %, [42-31 

%] compared to 91 %, [103-80 %] in negative control IgG fractions. In contrast, 

IgG fractions from patient serum #1 failed to induce significant PLT clearance in 

this setting (human PLTs at time point 1 h after injection 81 %, [102-59 %], 

human PLTs at time point 5 h after injection 78 %, [90-65 %], n=4, each) (figure 

2). 

Preincubation protocol 

To investigate if the anti-CD36 abs in patient serum #1 were of low avidity, PLTs 

were incubated with the citrated (3.8 % of final volume) patient serum prior to 

their injection. Using this approach, remaining human PLTs at time point 1 h after 

injection were 43 %, [43-33 %] compared to 79 %, [85-46%] in negative controls 
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(mice injected with PLTs preincubated with citrated control serum from a healthy 

donor). A vast majority of preincubated PLTs had been cleared from the mouse 

circulation at time point 5 h after injection, with remaining human PLTs 

comprising 10 %, [14-8 %] compared to 46 %, range [51-43 %] in control mice, 

respectively (n=3 each, figure 3). The same experimental setting was used with 

patient serum #2 (n=1) and similar PLT elimination pattern was seen with this 

serum (data not shown). 

Complement - free protocol 

To verify the role of complement in anti-CD36 ab-mediated PLT elimination, 

patient IgG fractions were isolated and spiked into C1q-free serum to preclude the 

activation of classical complement pathway in the elimination process. The 

suspension was then preincubated with the PLTs and injected, both as described 

above. Remaining PLTs at time point 1 h after were 52 %, [60-43 %] in mice 

injected with in IgG fractions in C1q-free serum. In mice injected with IgG in 

normal control serum human PLTs were 51 %, [60-43 %], n = 3 each. At time 

point 2 h after injection, human PLTs in mice injected with patient IgG in C1q-

free serum were 37 %, [64-35 %] compared to 51 %, [64-51 %] with patient IgG 

in normal serum. In mice with control IgG in normal control serum, human PLTs 

at time point 1 h were 75 %, [100-51 %] and 75 %, [95-56%] at time point 2 h 

(n=3) (figure 4). 
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Discussion 

Throughout the past decades, CD36 has found to play a key role in lipid 

metabolism, insulin resistance and artherogenesis. Despite a relatively high 

incidence of CD36 deficiency in Asians, the mechanisms of anti-CD36 ab-

mediated thrombocytopenia remain unclear.  

To our knowledge, there is no previous report on the capacity of anti-CD36 abs to 

induce PLT elimination in vivo.  Injection of anti-CD36 abs (both mAb and 

patient IgG) induced rapid PLT clearance in our NOD/SCID mouse model. In this 

work, we also show that anti-CD36 abs can induce PLT activation; this hence 

confirms Wakamoto and colleagues’ report from β00522
. Although it has long 

been known that mAbs targeting CD36 are capable of inducing PLT activation, 

this had not been previously shown for anti-CD36 antisera. Based on the finding 

that blocking of the FcyIIA-receptors led to a decrease in PLT activation, we 

assume that this latter is mainly mediated by cross-linking of the Fc IIA-

receptors. In our in vivo experiments we observed that human PLT clearance 

persisted in the absence of C1q, which suggests that classical complement 

activation is not directly involved in the process. As other possible mechanisms of 

complement activation were described, additional experiments are needed to 

surely exclude complement –mediated processes as a major component of anti-

CD36 mediated PLT elimination
27,28,29

.                 

In their work, Wakamoto and colleagues also address some problems with anti-

CD36 patient sera which we experienced similarly: firstly, anti-CD36 patient sera 

are very rare to find. In addition, they report high heterogeneity in the PLT 

response to anti-CD36 abs, which they explain with the high variability of anti-
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CD36 expression in the test PLTs. Not only is this is consistent with other works 

(e.g. from Ghosh et al.), it might also explain why we found some test PLTs to get 

activated more than others upon incubation with the patient abs
23

. A quantification 

of CD36 on the surface of the test PLTs seems a valuable step to exclude that 

there is a certain threshold of CD36 molecules as conditio sine qua non for the 

induction of thrombocytopenia.       

Activation of PLTs has recently been implicated to play a major role in some 

forms of FNAIT: in a mouse model, Li and colleagues demonstrated that anti-

GPIbIX abs induced PLT micro-aggregation and fibrin deposition in the murine 

placenta, which ultimately led to miscarriage. They were able to prevent this by 

treating the mother mice with warfarin. Based on their findings, we suggest that 

PLT activation by anti-CD36 abs might induce similar events, leading to the high 

rate of miscarriage in woman with anti-CD36 abs. To develop further, the 

injection of anti-CDγ6 F(ab’)β - fragments to prevent  maternal Abs from binding 

their target antigen, as recently proposed as therapeutic option, seems 

intriguing
21,30,31

.  Additional experiments are therefore needed to clarify the 

thrombogenic potential of anti - CD36 abs.  
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