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1 Introduction 
Protamine (PRT) is an arginine-rich, positively charged protein with a molecular mass 

of approximately 5.8 kDa (1). The major physiological function of PRT is the 

stabilization of DNA into the sperm head during spermatogenesis. This occurs when 

histones are replaced by PRT. This protein, isolated from salmon fish, is used in 

medicine as a rapidly-acting antidote to heparin, especially to neutralize the 

anticoagulant effect of high heparin concentrations required for anticoagulation during 

cardiac surgical procedures using cardiopulmonary bypass (CPB) and as a supplement 

of insulin in Neural Protamine Hagedorn (NPH) insulin to retard the onset and extend 

the duration of insulin action (1-3). 

In the medical use of PRT, associations with various side effects have been 

reported, including anaphylactic reactions, systemic hypotension and pulmonary 

vasoconstriction with secondary right heart failure (4-7). These side effects are 

associated with complement activation (6, 8-10) and generally correlated with the 

development of immunoglobulin of class E (IgE) against PRT (11-13). After 

administration of PRT, in addition to allergic reactions, postoperative 

thrombocytopenia has been occasionally observed (14). The high immunogenicity of 

PRT has been well known for a long while (15). Antibodies against PRT from the 

immunoglobulin class G (IgG) have been found in about 40% of diabetes mellitus 

patients who had received PRT-containing insulin (NPH insulin) and in 30% of 

vasectomized men (15-17). 

The side effects of PRT often occur after its administration for heparin reversal 

at the end of CPB surgery (17-19), i.e. after successive administration of heparin and 

PRT. This suggests that both PRT and heparin are involved in the pathophysiology of 

these reactions. 

Chudasama et al. could show that PRT and heparin form multimolecular 

complexes and demonstrated that these complexes have high immunogenicity in an in 

vivo mouse model (20). In patients underwent cardiac surgery, high rate of antibodies 

against PRT/heparin complexes has also been reported (21)(22)(23). Some of these 

studies reported on thrombocytopenia which was more pronounced than typically 

expected after CPB surgery (21, 23). Due to these findings, several groups were 
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motivated to systematically examine the incidence and clinical relevance of anti-

PRT/heparin antibodies, those that are present during cardiac surgery, as well as those 

that are generated after heart surgery. 

 

In this thesis, we will focus on studies investigating the incidence, immune response 

and clinical relevance of anti-PRT/heparin antibodies, but also provide insights into 

recent advances in understanding the mechanisms of platelet activation and destruction 

by these antibodies. 

 

The overall purpose of the presented studies was to provide deeper insights into the 

immune response against PRT/heparin complexes and the biological consequence of 

the formed antibodies with a special focus on the interaction with platelets. 

 

The following aims have been addressed in this work: 

1. To investigate the incidence and clinical relevance of anti-PRT/heparin 

antibodies in patients undergoing cardiac surgery (Bakchoul, Zöllner et al., 

Blood 2013 [see 6.1]). 

 

2. To analyze the properties of the immune response against PRT/heparin 

complexes (Bakchoul, Zöllner et al., Blood 2013 [see 6.1], Bakchoul, Assfalg, 

Zöllner et al., J Thromb Haemost. 2014 [see 6.2] and article IV [in 

preparation]). 

 

3. To study the impact of anti-PRT/heparin antibodies on platelet activation in the 

presence of Neutral Protamine Hagedorn insulin as new feature of antibodies 

against protamine/heparin complexes (Zöllner et al., in preparation [see 6.3]).
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2 Methods, results and discussion 

2.1 Anti-protamine/heparin antibodies: Incidence, clinical relevance 
and pathogenesis in cardiac surgery patients (Study I) 

Heparin, the most widely used anticoagulant for interventional and surgical 

procedures, forms multimolecular complexes with positively charged proteins, such as 

platelet factor 4 (PF4), neutrophil-activating protein-2 (NAP-2) and interleukin 8 (IL-

8) (24, 25). In the study I, a similar immune reaction against PRT was observed in 

patients undergoing cardiac surgery (Bakchoul, Zöllner et al., Blood 2013 [see 6.1]).   

In a case-control study enrolling 591 patients underwent CPB surgery, 

approximately 10% of patients had anti-PRT/heparin IgG antibodies at baseline, 18% 

at postoperative day 6 and 27% by postoperative day 10 (figure 1) (Bakchoul, Zöllner 

et al., Blood 2013 [see 6.1]). 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

Figure 1: Incidence of anti-PRT/heparin IgG antibodies in 591 patients underwent CPB surgery. The binding 

of patients’ IgG to PRT/heparin complexes was studied using an enzyme immunoassay. Blood samples were 

collected before surgery (day 0), as well as 6 and 10 days postoperatively. In a subgroup of 161 patients, a further 

blood sample was taken more than 120 days after CPB surgery for a long-term follow-up. Each symbol represents 

an individual patient and lines indicate the median. 
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To investigate the reason for this high immunogenicity, we analyzed potential 

heparin-induced alternations in the protein structure of PRT using circular dichroism 

(CD) spectroscopy. Increasing heparin concentrations decreased the ellipticity values 

indicating a decrease (change) in the respective secondary structure content of PRT on 

a qualitative level (figure 2). 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Figure 2: Heparin-induced changes in the secondary structure of PRT. The conformational changes in the 

secondary structure of PRT upon interaction with unfractionated heparin was investigated using circular dichroism 

(CD) spectroscopy. Note that increasing heparin concentrations decreased the ellipticity values (mean residue delta 

epsilon [MRDE]) indicating a change in the secondary structure of PRT. 

 

In the well-characterized heparin-induced thrombocytopenia (HIT) syndrome, 

the most clinically important anti-PF4/heparin antibodies are those which activate 

platelets (Bakchoul, Zöllner et al., Int J Lab Hematol., 2014) (26). The capability of 

anti-PRT/heparin antibodies to activate platelets was assessed by the heparin-induced 

platelet aggregation (HIPA) test with minor modification. Platelet-activating anti-

PRT/heparin antibodies were detected in 7 sera at baseline and in 24 sera 10 days post-

surgery. Anti-PRT/heparin antibodies activated platelets only in the presence of PRT 

and the lag time to platelet activation was typically reduced by adding heparin (0.2 

international unit [IU]/mL) from median time to platelet aggregation of 25 min (range 

5-40 min) to 15 min (range 5-30 min), respectively. The platelet aggregation was 

inhibited by high concentration of heparin (100 IU/mL) and by blocking the Fcgamma 

receptor IIa (FcγRIIa). 
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Conclusion I:  Anti-PRT/heparin IgG antibodies are frequent in patients 

undergoing CPB surgery. A subset of these antibodies are able to activate platelets 

in the presence of PRT and heparin in a FcγRIIa-dependent manner. 
 

To analyze the biological effect of anti-PRT/heparin antibodies we used the 

NOD/SCID (non-obese diabetic/severe combined immunodeficiency) mouse model 

(Bakchoul, Zöllner et al., Blood 2013 [see 6.1]). The human platelet survival was 

strongly decreased by the addition of PRT and heparin together with anti-PRT/heparin 

IgG antibodies (platelet clearance after 5 h: 77%, range 72-80%), while destruction of 

human platelets was only slightly effected by anti-PRT/heparin IgG antibodies in the 

presence of PRT alone (platelet clearance after 5 h: 23%, range 20-29%) (figure 3). 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Figure 3: Platelet-activating anti-PRT/heparin antibodies cause platelet activation and destruction in a 
heparin-dependent manner in vivo. The injection of IgG fraction of anti-PRT/heparin antibody-positive sera 

induced a rapid clearance of human platelets from the mouse circulation in the presence of PRT and heparin (red 

line), but not in the presence of PRT alone (blue line). Data are presented as median and range. 
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The clinical impact of IgG antibodies against PRT/heparin complexes was 

analyzed in the clinical study using multivariate analysis. Patients with platelet-

activating anti-PRT/heparin antibodies before surgery showed a prolonged decrease in 

platelet count compared to patients with non-platelet-activating antibodies and to 

antibody-negative patients. In addition, two of the seven patients (28.6%) with 

platelet-activating anti-PRT/heparin antibodies developed arterial occlusions, 

compared to nine thromboembolic events occurring in the remaining 584 (1.5%) 

patients by day seven. Neither hospital length of stay nor mortality differed between 

these two groups. 

 

Conclusion II: Platelet-activating anti-PRT/heparin IgG antibodies are able 

to induce platelet destruction in vivo and might be responsible for postoperative 

thromboembolic complications. 

 

 

2.2 The immune response against protamine/heparin complexes 

(Study II) 
The immune response against PRT/heparin complexes after cardiac surgery was 

further analyzed using an in-house enzyme immunoassay (EIA) that separately detects 

IgG and IgM. A new IgG immunization (seroconversion) against PRT/heparin 

complexes was observed in 9.7% and in 13.3% patients at postoperative day 6 and 10, 

respectively (article IV, in preparation). Among these patients, 25% and 19%, 

respectively, developed anti-PRT/heparin IgM at any time. The relatively fast 

development of IgG with no general preceding IgM formation suggests a previous 

contact with the antigen(s) itself or other antigens with molecular mimicry. 

We and others found an association between anti-PRT/heparin IgG antibodies 

detected before cardiac surgery and diabetes mellitus (DM; 63.2 and 54.6%, 

respectively, of all immunized patients), which was higher than the frequency of DM 

among non-pre-immunized patients (37.0%) (Bakchoul, Zöllner et al., Blood 2013 

[see 6.1]) (27). To investigate the cross-reactivity of antibodies against PRT/heparin 

complexes with NPH insulin, we tested four sera containing anti-PRT/heparin IgG 
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antibodies in competitive EIA. The binding of almost 80% of these antibodies to 

PRT/heparin complexes was inhibited by NPH insulin (1 mg/mL native or NPH 

insulin), which contains PRT in complex with zinc insulin (Zöllner et al., in 

preparation [see 6.3]). These results indicate that in DM patients a previous exposure 

to PRT-tagged insulin (NPH insulin) can trigger an immune response against 

PRT/heparin complexes. Still 37% of non-DM patients with no obvious history of 

CPB showed IgG prior to cardiac surgery suggesting that the immune response to 

PRT/heparin complexes might be triggered by other (mimicking) antigens. 

To address this hypothesis, patients with liver transplantation (Bakchoul, 

Assfalg, Zöllner et al., J Thromb Haemost., 2014 [see 6.2]) were investigated for IgG 

against PRT/heparin complexes (article IV, in preparation). These patients did not 

receive PRT during transplantation surgery. In this study, 6 out of 38 (15.8%) patients 

had IgG against PRT/heparin complexes at baseline. No history of cardiac surgery or 

insulin treatment was identified in these patients. During the observation period of 3 

weeks, 3 out of 32 (9.4%) patients seroconverted for IgG against the complexes 

despite the strong iatrogenic triple immunosuppression by calcineurin-inhibitors 

(tacrolimus: Prograf, Astellas Ireland Co. Ltd., Killorglin, Ireland), mycophenolic acid 

(mycophenolat-mofetil: Cell Cept, F. Hoffmann-La Roche Ltd., Basel, Switzerland) 

and corticosteroids (prednisolone: Solu-Decortin, Merck KGaA, Darmstadt, 

Germany). Of these three patients, 1 patient developed a primary immune response 

(IgM formation preceded IgG formation) and 2 an isolated IgG immune response 

against PRT/heparin complexes. These results suggest that an isolated IgG 

immunization against PRT/heparin complexes can be detected even in PRT-naiive 

patients and be developed in a T cell-independent way. 

Lee et al. demonstrated that anti-PRT/heparin antibodies from immunized 

patients (and an IgG3 monoclonal anti-PRT/heparin antibody) show a strong binding 

to human histones (H) of the class H1, H2b, H3.1, H4 and core histones (28). To 

investigate the binding of anti-PRT/heparin IgG antibodies to histones, we tested sera 

containing heparin-dependent anti-PRT/heparin antibodies (no binding to PRT alone) 

in a commercially available histone EIA (Fa) and found IgG binding to histones (pool 

of H1-4) in 7/10 patients (70%) sera (figure 4A) (article IV, in preparation). In our 
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study (liver transplantation), anti-PRT/heparin IgG antibodies were detected in 6/38 

(15.8%) patients prior to transplantation, 5/6 (83.3%) of these patients tested also 

positive for anti-histone IgG antibodies (figure 4B). Thus, an autoimmune response 

against histones may be another origin for an immunization of anti-PRT/heparin 

antibodies. These observations fit to the assumption that inflammatory conditions are 

associated with histone release by neutrophil activation, which could trigger an anti-

histone immune response, and presumable cross-reactivity with PRT/heparin 

complexes. 

 

Conclusion III: The high rate of IgG pre-immunization against PRT/heparin 

complexes might be caused by a previous exposure to PRT-tagged insulin, NPH 

insulin, in diabetic patients. Other antigens such as histones may explain antibody 

formation in PRT naiive patients. 
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Figure 4: Cross-reactivity of anti-PRT/heparin antibodies with human histones. Sera containing anti-

PRT/heparin IgG antibodies of A) in-hospital patients (or healthy controls) or B) patients with liver transplantation 

(one patient had a graft rejection [grey dot]) were investigated for cross-reactive antibodies. Each symbol represents 

an individual patient and lines indicate the median of optical density (OD); not significant (ns). 
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2.3 Study on the cross-reactivity of anti-PRT/heparin antibodies 

with Neutral Protamine Hagedorn (NPH) insulin (Study III) 
Beside the use as antagonist for heparin, PRT is also used in diabetic therapy as 

adjunct of insulin (NPH insulin). The cross-reactivity of heparin-dependent anti-PRT 

antibodies with NPH insulin was investigated using two different variants of EIA. In 

the first one, microtiter plates were coated with 1 µg/mL NPH insulin. A total of 21 

out of 80 (26.3%) sera containing heparin-dependent (no binding to PRT alone) anti-

PRT/heparin IgG antibodies showed significant binding to the immobilized NPH 

insulin (figure 5). In the second variant, the cross-reactivity of anti-PRT/heparin IgG 

antibodies was confirmed by addition of NPH insulin as competitive antigen (1 

mg/mL). Binding of heparin-dependent anti-PRT/heparin antibodies was significantly 

inhibited by NPH insulin (83.3%, range 76.2-84.0%, compared to native insulin, 

p=<0.001) (figure 6). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: Binding of anti-PRT/heparin antibodies to NPH insulin. The binding of patients’ anti-PRT/heparin 

IgG antibodies (or from healthy controls) to NPH insulin was investigated using an enzyme immunoassay. These 

patients underwent cardiopulmonary bypass surgery and were tested negative for antibodies against PRT alone. 

Each symbol represents an individual patient and lines indicate the median of optical density (OD); one patient 

(grey dot) tested positive for IgG binding to native insulin. 
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Figure 6: Cross-reactivity of anti-PRT/heparin antibodies with NPH insulin. Patients’ sera containing anti-

PRT/heparin IgG antibodies were incubated on PRT/heparin-coated plates in the presence or absence of NPH 

insulin (competitive antigen). IgG binding in the absence of NPH insulin (buffer) was defined as 100%. Native 

insulin served as control. Lines indicate the median and range of IgG binding. 

 

Conclusion IV: Anti-PRT/heparin IgG antibodies bind NPH insulin, but not 

native insulin. 

 

The impact of anti-PRT/heparin antibodies on platelet activation in the 

presence of NPH insulin was investigated using flow cytometry (FC). Platelets were 

incubated with insulin (50 µg/mL; native or NPH insulin) and patients’ sera containing 

platelet-activating anti-PRT/heparin antibodies. These antibodies induced significant 

platelet activation (increase in CD62P [P-selectin] expression on the platelet surface) 

in the presence of NPH insulin (figure 7). Platelet activation was heparin-dependent, 

since unfractionated heparin (UFH) at low concentration (0.1 IU/mL) significantly 

enhanced the CD62P expression, whereas high concentration of UFH (10 IU/mL) 

completely inhibited this activation. Specific FcγRIIa-mediated platelet activation was 

confirmed using the FcγRIIa–blocking monoclonal antibody IV.3. 
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Figure 7: Anti-PRT/heparin antibody-mediated platelet activation in the presence of NPH insulin. The anti-

PRT/heparin antibody-mediated platelet activation (CD62P expression) in the presence of NPH insulin and UFH 

was examined using flow cytometry. These antibodies induced CD62P expression on platelet surface in the 

presence of NPH insulin, but not native insulin. These platelet activation was heparin-dependent and occurred in a 

FcγIIa receptor-dependent pattern. Data are presented as median and range of mean fluorescence intensity (MFI).  

 

Next, the minimum concentration of NPH insulin required for platelet 

activation by anti-PRT/heparin antibodies was investigated. NPH insulin and heparin 

(UFH or low molecular weight heparin [LMWH]) were titrated starting from the 

optimal concentration of 50 µg/mL and 0.1 IU/mL, respectively. The concentration of 

6.25 µg/mL NPH insulin and 0.0125 IU/mL heparin (UFH or LMWH) was required 

for antibody-mediated platelet activation. This NPH insulin concentration is 

approximately 8-fold higher than plasma concentration expected after subcutaneous 

administration of NPH insulin of 22.8 µU/mL (correspond to 0.8 µg/mL) (29). 

Furthermore, platelet activation in the presence of 6.25 µg/mL NPH insulin was 

induced by heparin in a concentration until 0.0031 IU/mL (figure 8A). Platelet 

activation was not observed in the presence of heparin at therapeutic doses. However, 

anti-PRT/heparin antibodies induced significant increase of P-selectin expression in 

the presence of low concentration of heparin even below prophylactic levels (0.05 and 

0.1 IU/mL) and NPH insulin higher than 6.25 µg/mL (figure 8B). 
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Conclusion V: Anti-PRT/heparin IgG antibodies activate platelets in the 

presence of NPH insulin in a heparin-dependent way. The minimum concentration 

of heparin needed for platelet activation is below therapeutic levels.  

 

 
 

 
 

Figure 8: Minimum concentration of heparin required for the antibody-mediated platelet activation in the 
presence of NPH insulin. Using flow cytometry, patient’s anti-PRT/heparin antibody-mediated platelet activation 

(CD62P expression on the platelet surface) was investigated in the presence of A) 6.25 µg/mL NPH insulin and 

increasing concentration of heparin (unfractionated heparin [UFH] or low molecular weight heparin [LMWH]) or 

B) in the presence of 0.1 IU/mL heparin (UFH or LMWH) and increasing concentrations of NPH insulin. Data are 

presented as median and range of mean fluorescence intensity (MFI); not significant (ns).  
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3 Recapitulation and future perspectives 
PRT is used in medicine as a rapidly-acting antidote of UFH, to neutralize the 

anticoagulation function of heparin during cardiac surgery requiring CPB and as a 

stabilizer of some insulin preparations to retard the onset and prolong insulin action. In 

this thesis, we analyzed the immune response against PRT/heparin complexes in 

patients who received PRT at the end of cardiac surgery and in patients who were not 

exposed to PRT. In the study I, we showed that almost 27% of patients who underwent 

CPB surgery developed IgG against PRT/heparin complexes by day 10 after surgery 

(Bakchoul, Zöllner et al., Blood 2013 [see 6.1]). Our results are in accordance with the 

study of Lee et al. who showed that 30% of patients are immunized after CPB surgery 

(27). In our study, we observed a rapid IgG formation against complexes of 

PRT/heparin without general preceding IgM formation (article IV, in preparation) 

which is typical for a secondary immune response. In general, the adaptive immune 

response against protein-antigens is regulated by the cellular components of the 

immune system (B and T cells). Exposure to antigens may trigger the antibody 

formation from B cells either through T-helper cells (CD4; T cell-dependent) or in a T 

cell-independent way (30). In the T cell-dependent pattern, B cell activation by T cells 

result in B lymphocyte differentiation (Ig class switch and somatic hypermutation) and 

proliferation into memory B cells and/or plasma cells (antibody secreting cells)(31). A 

re-exposure to an antigen induces a strong production of IgG from the plasma/memory 

B cells (without or concomitantly with low IgM levels) within a few days (figure 9) 

(31) (32). In our study (Bakchoul, Zöllner et al., Blood 2013 [see 6.1]), approximately 

50% of cardiac surgery patients who seroconverted for IgG against PRT/heparin 

complexes after surgery developed a typical profile of a secondary immune response 

(lack of preceding IgM). This observation indicates a previous contact with 

immunogenic protein/heparin complexes or other antigens with molecular mimicry. 

We were able to identify cross-reactivity of heparin-dependent anti-PRT antibodies 

with NPH insulin. Although the predominant IgG immune response may be explained 

by a previous exposure to PRT-containing insulin (NPH insulin) in diabetic patients, 

no plausible exogenous trigger could be identified for seroconverted non-DM patients 

or those who did not underwent CPB surgery (liver transplantation study).  
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Figure 9: Classical immune response after antigen challenge. (adapted from 32Schütt und Bröker, 2009) 

 

Liver transplantation is associated with a high release of nuclear antigens 

presumably from damaged hepatic cells due to peritransplant ischemia/reperfusion 

injury and posttransplant rejection (33). During cell apoptosis histones are translocated 

from the nucleus to the cytoplasm. We speculated that the cross-reactivity of IgG 

between histones and PRT/heparin complexes may be in the context of production of 

antinuclear autoantibodies. In our cohort (liver transplantation), 16% of the patients 

were tested positive for anti-PRT/heparin IgG antibodies prior to surgery. 

Approximately 83% of the patients were tested positive for anti-histone IgG 

antibodies. In addition, two patients seroconverted for IgG against PRT/heparin 

complexes after transplantation, although no exogenous PRT has been given to these 

patients peri-operatively. These results suggest that an autoimmune response might be 

triggered by histone release, and probably misdirected against PRT/heparin 

complexes. The clinical impact of cross-reactive anti-PRT/heparin antibodies in 

patients with liver transplantation needs further investigations, since one out of six 

patients with anti-PRT/heparin IgG antibodies prior to liver transplantation developed 

graft rejection. This observation may indicate that anti-PRT/heparin antibodies could 

be potentially a suitable prognostic marker of transplantation failure or graft damage. 
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In addition, bacterial lipopolysaccharides (LPS) bind to histone H1 (34), which 

is present on the surface of monocytes (35). One can speculate that LPS substitutes for 

heparin and forms a complex with histones that are recognized by heparin-dependent 

anti-PRT antibodies.  

In patients underwent CPB surgery (Bakchoul, Zöllner et al., Blood 2013 [see 

6.1]), platelet-activating anti-PRT/heparin antibodies at baseline were associated with 

prolonged decline in platelet counts compared to antibody-negative patients (36). 

Taking the short plasma half-life of PRT into consideration, the cross-reactivity of 

anti-PRT/heparin antibodies with histones may be a potential explanation, beside the 

cross-reactivity with NPH insulin, for the delayed recovery in platelet count observed 

in our study. Histones released during postsurgical inflammation or sepsis (37), or 

even disseminated intravascular coagulation (DIC) (38) could bind to monocytes 

which could then be activated by anti-PRT/heparin antibodies in a way similar to HIT 

antibodies. Joglekar et al. demonstrated that PRT is taken up into dendritic cells and 

heparin-dependent into monocytes (39). This finding could be another explanation for 

the delayed recovery in platelet count. 

We and others found an association between a history of DM and anti-

PRT/heparin IgG antibody formation in patients undergoing cardiac surgery 

(Bakchoul, Zöllner et al., Blood 2013 [see 6.1] and Lee et al. (27)). We determined a 

cross-reactivity of 26% of anti-PRT/heparin IgG antibodies with NPH insulin 

suggesting that NPH insulin may be trigger the immune response against PRT/heparin 

complexes in DM patients receiving NPH insulin (Zöllner et al., in preparation [see 

6.3]). In addition, an increased risk for postsurgical thromboembolic complications 

was reported (Bakchoul, Zöllner et al., Blood 2013 [see 6.1] and Panzer et al. (40)) in 

DM patients. We hypothesized that the interaction between anti-PRT/heparin 

antibodies and NPH insulin may result in platelet activation. We thought to investigate 

platelet activation in the presence of NPH insulin and anti-PRT/heparin antibodies 

using functional assay. Platelet activation in the HIPA test is determined visually by 

the formation of aggregates shifting the suspension from turbid to transparent 

(Bakchoul, Zöllner et al., Int J Lab Hematol., 2014 [see 6.2]). However, NPH insulin 

is a turbid solution making the visual determination of aggregate formation very 
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challenging. Therefore, we developed a new functional assay using FC by measuring 

P-selectin expression on platelet surface after incubation with patient’s serum 

containing anti-PRT/heparin IgG antibodies in the presence of NPH insulin and 

heparin. Using this assay, we observed that these antibodies are able to activate 

platelets in the presence of NPH insulin (Zöllner et al., in preparation [see 6.3]). This 

activation was heparin-dependent and occurred in a FcγRIIa-dependent way. 

Interestingly, concentrations of heparin (UFH or LMWH) required for platelet 

activation were below therapeutic levels. The concentration of NPH insulin needed for 

platelet activation was approximately 8-fold higher than those estimated to be 

biologically available in plasma after subcutaneous injection. We could show that 

platelets bind and internalize PRT/heparin complexes (Jouni, Zöllner et al., 

Thrombosis and haemostasis, 2015)(41). The uptake of proteins, such as PRT, into 

dendritic cells and heparin-dependent into monocytes was demonstrated by Joglekar et 

al. (39). A re-expose of PRT and/or PRT/heparin complexes, e.g. from platelet storage 

pools to the surface of platelets, could increase plasma concentration of PRT and/or 

PRT/heparin and duration of antigen presentation. If this is also the case for PRT-

tagged insulin (NPH insulin) one can imagine that the minimum serum concentration 

of NPH insulin needed for the anti-PRT/heparin antibody-mediated platelet activation 

can be achieved during diabetic therapy. 

Recently, we could demonstrate that partially desulfated heparin (ODSH) 

possess minimal anticoagulant function in vitro and inhibits the anti-PRT/heparin 

antibody-mediated platelet activation and destruction in vitro and in vivo (Jouni, 

Zöllner et al., Thrombosis and haemostasis, 2015) (41). In case that the anti-

PRT/heparin antibody-mediated platelet activation in the presence of NPH insulin is 

clinically relevant, a combined administration of ODSH and heparin may be a future 

option to reduce anti-PRT/heparin antibody-mediated complications in DM patients. 

Moreover, low molecular weight protamine (LMWP) could be another opportunity to 

reduce possible anti-PRT/heparin antibody-mediated thromboembolic complications. 

It was shown that LMWP (42), a synthetized peptide fragment, completely neutralizes 

the anticoagulant function of heparin (UFH and LMWH) and is less antigenic than 

PRT. In addition, the ability of this peptide to retard insulin adsorption by the 
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formation of an insoluble LMWP/insulin complex, making it a less toxic intermediate-

acting insulin product than NPH insulin (42). We were able to demonstrate that 

LMWP/heparin complexes are not recognized by platelet-activating anti-PRT/heparin 

antibodies (article IV, in preparation). These properties suggest the ability of LMWP 

to reduce the antigenicity and immunogenicity of PRT and PRT-tagged insulin (NPH 

insulin) as well as the adverse reactions to PRT. 
Taken together, our findings suggest that a treatment with NPH insulin is a 

potential trigger for the anti-PRT/heparin immune response in insulin-dependent 

diabetic patients. We further speculate that DM patients with platelet-activating anti-

PRT/heparin antibodies may have an enhanced risk for thromboembolic complications 

if treated with NPH insulin while receiving prophylactic heparin. All these findings 

justify further in vivo investigations to assess the clinical impact of the interaction 

between anti-PRT/heparin antibodies and PRT-mimicking antigens, such as NPH 

insulin or histones. 
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4 Summary 
Protamine (PRT) is a positively charged protein, which is widely used in medicine as 

an adjunct to certain preparations of insulin and as a rapidly-acting antidote for 

heparin, particularly to neutralize the effects of high heparin concentrations needed for 

anticoagulation during cardiac surgical procedures using cardiopulmonary bypass. It 

has been demonstrated that PRT and heparin form multimolecular complexes and that 

these complexes have high immunogenicity in a mouse model.  

Studies in this thesis provide new insights into the pathophysiology of anti-

PRT/heparin antibodies. The results of study I showed that the administration of PRT 

combined with heparin is responsible for high immunoglobulin G (IgG) immunization 

after cardiac surgery. A subset of these antibodies was able to induce platelet 

activation in a way similar to that observed by heparin-induced thrombocytopenia 

(HIT). Using an animal model, we demonstrated that anti-PRT/heparin antibodies are 

capable of platelet destruction in the presence of PRT and heparin. Moreover, our data 

suggests that platelet-activating anti-PRT/heparin antibodies at surgery are potentially 

associated with postoperative thrombocytopenia and an increased risk for 

thromboembolic events. In study II, the immune response against PRT/heparin 

complexes was investigated. This study showed a relatively fast development of IgG 

with no general preceding IgM formation. In addition, patients undergoing liver 

transplantation developed anti-PRT/heparin antibodies without previous exposure to 

PRT. These results suggest that a previous contact with the antigen(s) itself or other 

antigens with molecular mimicry induced this immune response. In fact, we were able 

to identify Neutral Protamine Hagedorn (NPH) insulin and core histones (DNA-

binding proteins) as potentially antigenic candidates for a previous immunization. 

Furthermore, the findings of study III demonstrate the ability of anti-PRT/heparin 

antibodies to activate platelets in the presence of NPH insulin in a heparin-dependent 

way suggesting that diabetic patients may have an enhanced risk for thromboembolic 

complications if treated with NPH insulin and possibly while receiving prophylactic 

heparin. These observations justify further clinical investigations to assess the impact 

of the interaction between anti-PRT/heparin antibodies and PRT-mimicking antigens, 

such as NPH insulin or histones. 
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Key Points

• Immunization against

protamine/heparin complexes

was frequently observed in

patients undergoing cardiac

surgery.

• Platelet-activating anti–

protamine-heparin antibodies

are a potential risk factor for

early postoperative thrombosis

and thrombocytopenia.

Protamine, which is routinely used after cardiac surgery to reverse the anticoagulant

effects of heparin, is known to be immunogenic. Observing patients with an otherwise un-

explained rapid decrease in platelet count directly after protamine administration, we

determined the incidence and clinical relevance of protamine-reactive antibodies in

patients undergoing cardiac-surgery. In vitro, these antibodies activated washed platelets

in a FcgRIIa-dependent fashion. Using a nonobese diabetic/severe combined immunode-

ficiency mouse model, those antibodies induced thrombocytopenia only when protamine

and heparin were present but not with protamine alone. Of 591 patients undergoing car-

diopulmonary bypass surgery, 57 (9.6%) tested positive for anti–protamine-heparin anti-

bodies at baseline and 154 (26.6%) tested positive at day 10. Diabetes was identified as

a risk factor for the development of anti–protamine-heparin antibodies. In themajority of the

patients, these antibodies were transient and titers decreased substantially after 4 months

(P < .001). Seven patients had platelet-activating, anti–protamine-heparin antibodies at

baseline and showed a greater and more prolonged decline in platelet counts compared

with antibody-negative patients (P5 .003). In addition, 2 of those patients experienced early arterial thromboembolic complications vs 9

of 584 control patients (multivariate analysis: odds ratio, 21.58; 95% confidence interval, 2.90-160.89; P5 .003). Platelet-activating anti–

protamine-heparin antibodies show several similarities with anti–platelet factor 4-heparin antibodies and are a potential risk factor for

early postoperative thrombosis. (Blood. 2013;121(15):2821-2827)

Introduction

Protamine, a positively charged DNA-binding protein purified from

salmon sperm, is administered as protamine sulfate to neutralize the

anticoagulant activity of heparin (eg, after cardiopulmonary bypass

surgery)1-5 and as a stabilizer of insulin.6 Protamine is immunogenic,

and anti-protamine antibodies are found in patients treated with

insulin.6,7 We found anti–protamine-heparin antibodies in patients

undergoing cardiac surgery,8,9 and Chudasama et al showed high

immunogenicity of protamine-heparin complexes in a mouse

model.10 Some of these features resemble immunogenicity of

complexes between heparin and positively charged platelet factor 4

(PF4), which are well known to induce the causative antibodies of

heparin-induced thrombocytopenia, a prothrombotic adverse drug

reaction.5,11

After observing patients with acute thrombocytopenia, which was

more pronounced than typically expected after cardiopulmonary

bypass surgery because of dilution and consumption, we systemati-

cally addressed the presence and potential clinical relevance of anti–

protamine-heparin antibodies in patients undergoing cardiopulmonary

bypass surgery, and characterized the interaction of these antibodies

with platelets. We found that platelet-activating anti–protamine-

heparin antibodies, present at the time of protamine application, are

associated with more pronounced thrombocytopenia and may be a risk

factor for early thromboembolic complications in patients undergoing

cardiac surgery.

Materials and methods

Patients and sera

The index patient raising suspicion for protamine-induced complications had

been referred for laboratory assessment of heparin-induced thrombocytopenia.

To define the frequency of anti–protamine-heparin antibodies at the time of

cardiac surgery, and the formation of anti–protamine-heparin antibodies after

cardiopulmonary bypass, we investigated serum samples of a previously

reported cohort of 591 patients undergoing cardiopulmonary bypass surgery.12
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Samples were obtained preoperatively (day 0), day 6 and day 10 post-

operatively, and from a subgroup 120 days postoperatively, and were stored

at 280°C until use. All patients had received protamine to neutralize heparin

given during surgery. All patients had been screened for PF4/heparin anti-

bodies. All thromboembolic complications were objectively documented at

diagnosis and had already been adjudicated in the aforementioned study, and

only then we assessed the patients in a blinded fashion for protamine-reactive

antibodies.

Clinical diagnoses were identified according to the patient hospital chart

information. Diabetes was defined as either use of hyperglycemic agents or

other data according to outpatient records. Hypertension was defined as

a systolic blood pressure of more than 140 mm Hg, a diastolic blood pressure

of more than 90 mm Hg, or use of antihypertensive therapy at the time of

hospital admission. Previous myocardial infarction was defined as either self-

reported history or electrocardiographic evidence at hospital admission. Con-

gestive heart failure (CHF) was defined according to outpatient reports or

current manifestations suggestive of CHF and impaired heart ejection fraction

on echocardiography. Peripheral vascular disease was defined as self-reported

history or other data according to outpatient reports.

Serological studies

In vitro, we assessed anti-protamine and anti–protamine-heparin IgG antibodies

by enzyme immunoassay (EIA) using microtiter plates coated with protamine

sulfate (20 mg/mL; Sigma-Aldrich, Munich, Germany) in a phosphate buffer

(pH 7.5) or with protamine-heparin complexes (a mixture of 20 mg/mL of

protamine sulfate with an excess of unfractionated heparin). In both cases,

plates were saturated with goat serum. Bound antibodies were detected by

goat anti-human IgG (cutoff value, 0.50; optical density [OD], 450 nm).

As a “functional” (platelet activation) assay, we used the heparin-induced

platelet activation assay (HIPA)13 with minor modifications. Serum was

incubated with washed platelets of 4 donors (tested individually) under 6 test

conditions: (1) buffer, (2) protamine (2 mg/mL), (3) heparin (0.2 IU/mL), (4)

protamine (2 mg/mL) and heparin (0.2 IU/mL), (5) protamine (2 mg/mL) and

heparin (100 IU/mL), and (6) protamine (2 mg/mL) and heparin (0.2 IU/mL)

and the FcgIIa receptor-blocking monoclonal antibody IV.3 (10mg/mL) (final

concentrations). Platelet aggregation with at least 2 platelet donors’ sus-

pensions in the presence of protamine (or protamine and 0.2 IU/mL of

heparin), but not buffer or heparin alone, was deemed positive. Laboratory

personnel were blinded to the patients’ clinical data. Serial samples from

individual patients were assessed in parallel to avoid interassay variation.

Anti–PF4-heparin antibodies were investigated by an in-house PF4-

heparin assay14 and the HIPA test.13 The index patient was assessed by two

EIAs for PF4-heparin antibodies: (1) Asserachrom HPIA (Diagostica Stago,

Asnières, France) and (2) GTI-IgG (Gen-Probe GTI Diagnostics, Brookfield,

WI), and an EIA that is also able to detect anti-IL8 and anti-NAP2 anti-

bodies,15 and by HIPA.

Animal model

We assessed the biologic effects of anti–protamine-heparin antibodies in

a nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mouse

model.16,17 Human platelets supplemented with heparin (0.6 IU/mL), prot-

amine (6 mg/mL), heparin (0.6 IU/mL) and protamine (6 mg/mL), or buffer

were injected into NOD/SCID mice (The Jackson Laboratory, Bar Harbor,

Maine). After 30 minutes (baseline), the IgG fraction of anti–protamine-

heparin antibody-positive sera (or controls) was intraperitoneally injected.

Survival of human platelets in the mouse circulation and their activation status

were assessed (platelet count; CD62p expression) after 60, 120, and 300

minutes. Platelet activation dependency on platelet FcgIIa receptors was

investigated using IV.3 F(ab)92-fragments.

Structural studies

Changes in the secondary structure of protamine on interaction with heparin

were studied by circular dichroism spectroscopy in a 5-mm cuvette (Hellma,

Müllheim, Germany) using far UV circular dichroism spectra. Wavelength

between 185 and 260 nm were recorded using a Chirascan circular dichroism

spectrometer (Applied Photophysics, Leatherhead, UK). Protamine (60mg/mL)

was incubated with increasing heparin concentrations at 20°C. Spectra of

protamine and protamine-heparin complexes were corrected for baselines,

path length, and concentrations to obtain wavelength-dependent mean residue

d e values of the protamine–heparin complexes.

Statistical analysis

Statistical analyses were performed using GraphPad prism 5. Nonparametric

tests were used when data failed to follow a normal distribution. Platelet

counts and early postsurgery thrombotic complications were compared in

relationship to antibody status. Analysis-of-covariance models to assess the

association between antibody status and thromboembolic complications or

platelet count were performed by multiple linear regression analysis using

SPSS version 20 software (SPSS, Chicago, IL). Models were adjusted for the

presence diabetes, hypertension, previous myocardial infarction, CHF, and

peripheral vascular disease. Group comparison was performed using the

Wilcoxon rank-sum test, and the Fisher exact test with categorical variables.

All analyses were 2-tailed; a P value of , .05 was assumed to represent

statistical significance.

Ethics

This prospective study has been approved by the ethical committee of the

Ernst-Moritz-Arndt University; all patients gave informed consent in ac-

cordance with the Declaration of Helsinki. The animal studies were approved

by the local authorities.

Results

Index patient

A 50-year-old man underwent mitral valve replacement/aortic valve

reconstruction with heparin anticoagulation for cardiopulmonary

bypass; the protamine platelet count after protamine administration

decreased abruptly from 100 3 109/L to 26 3 109/L. Thereafter,

platelet counts increased to 88 3 109/L (day 6). As cardiac function

did not recover, the patient was scheduled for a cardiac-assist device

placement. Protamine was given again after the cardiopulmonary

bypass procedure, and the platelet count again decreased abruptly from

80 3 109/L to 31 3 109/L. Heparin was replaced by argatroban

because of suspected heparin-induced thrombocytopenia, with platelet

count recovery. However, on postoperative day 7, the patient tested

negative for anti–PF4-heparin antibodies in the serum (2 immuno-

assays and a heparin-induced platelet activation test) and anti-IL8 and

anti-NAP2 antibodies (1 immunoassay and 1 functional assay). How-

ever, he tested strongly positive for the presence of protamine and

heparin on the anti–protamine-heparin immunoassay and functional

assay (a preoperative blood sample was not available for testing).

Anti-protamine and anti–protamine-heparin antibodies in

591 patients undergoing cardiac surgery

In this cohort study, 591 patients were enrolled, of whom 14 (2.4%)

tested positive for anti-protamine IgG antibodies (only protamine-

coated) before surgery (mean OD, 0.96 6 0.55). By day 6, an

additional 16 (2.8%) of 578 patients seroconverted to an OD of more

than 0.5 (mean OD, 1.136 0.61); by day 10, an additional 19 (3.3%)

of 578 patients had seroconverted (mean OD, 1.46 6 0.76)

(Figure 1). Three patients no longer had seropositivity (n 5 1 until

day 6; n 5 2 until day 10). In total, 46 (8.0%) of 578 patients tested

positive for anti-protamine IgG at day 10 postsurgery.

However, an even greater number of patients tested positive

for anti–protamine-heparin IgG antibodies (protamine-heparin com-

plexes coated): 57 (9.6%) of 591 tested positive at baseline (mean
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OD, 1.156 0.55), 52 (9.0%) of 578 seroconverted (mean OD, 1.356

0.74) at day 6, and 154 patients (26.6%) tested positive (mean OD,

1.47 6 0.78) by day 10 (Figure 1). Twenty patients no longer sero-

positivity (n 5 8 until day 6; n 5 12 until day 10).

In the functional assay (Figure 2), 24 (15.6%) of the anti–

protamine-heparin IgG-positive sera induced platelet activation in

the presence of protamine. The reaction was enhanced (shortened lag

time) when 0.2 IU/mL of heparin were added (median, 25 minutes

[range, 5-40 minutes] vs 14 minutes [range, 5-35 minutes]; P5 .047).

Platelet activation was inhibited by 100 IU/mL of heparin and by the

FcgIIa receptor-blocking IV.3 antibody. None of the sera reacted in

the presence of buffer, but 5 sera reacted weakly in the presence of

heparin. Interestingly, all but 2 of the platelet-activating sera showed

increased binding to protamine-heparin (mean OD, 2.08 6 0.74)

compared with protamine alone (mean OD, 1.88 6 0.96; P 5 .025).

Only 1 of 24 sera that activated platelets in the presence of

protamine-heparin also showed the typical pattern found in heparin-

induced thrombocytopenia,18 that is, activation of platelets in the

presence of 0.2 IU/mL of heparin within 30 minutes (indicated by the

open circle in Figure 2). Of the 154 patients with anti–protamine-

heparin IgG antibodies, 97 (63.0%) also tested positive for anti–PF4-

heparin IgG.

Association of platelet-activating anti–protamine-heparin

antibodies with postoperative outcomes

In patients with IgG antibodies against protamine-heparin, a history of

diabetes was identified as a risk factor for preoperative seropositivity

(62.0% vs 36.5%; P, .001). Unfortunately, we did not have available

the specific type of treatment the patients had received before hospital

admission (insulin or oral hypoglycemic agents). No significant differ-

ence was observed regarding a history of hypertension (100%vs 90.4%;

P5 .221), previous myocardial infarction (6% vs 12.4%; P5 .346), or

peripheral vascular disease (14.0% vs 17.4%; P 5 .635) (Table 1).

As protamine is given near the end of surgery, patients with

platelet-activating protamine-reactive IgG antibodies present before

surgery might be at higher risk for adverse outcomes. Indeed, the 7

patients with platelet-activating, anti–protamine-heparin antibodies

before surgery showed a more pronounced and prolonged decrease in

platelet counts compared with the 50 patients with non–platelet-

activating anti–protamine-heparin antibodies (Figure 3). Of note, the

platelet count course in patients with nonactivating anti–protamine-

heparin antibodies did not differ significantly from that in antibody-

negative patients (Figure 3). Analysis of covariates and adjustment

of the risk to the presence of diabetes, hypertension, previous

myocardial infarction, and peripheral vascular disease showed that

patients with platelet-activating anti–protamine-heparin antibodies

had significantly lower postoperative platelet counts than those with

nonactivating anti–protamine-heparin antibodies and those testing

negative for such antibodies (P 5 .004; P 5 .005, respectively).

The most important clinical finding is that 7 patients with platelet-

activating anti–protamine-heparin antibodies at baseline had an

Figure 1. Prevalence of anti-protamine and anti–protamine-heparin antibodies

in patients undergoing cardiac surgery at different time points. Binding of IgG

to either protamine (left) or protamine-heparin complexes (right panel) was assessed

by EIA in patients undergoing cardiopulmonary bypass (n 5 591) before surgery

(day 0) and at day 6 and day 10 after surgery. In a subgroup of 161 patients, a follow-

up sample was available more than 120 days after surgery.

Figure 2. Serological characterization of anti–

protamine-heparin antibodies: anti–protamine-

heparin antibodies are capable of platelet activation

in a heparin-dependent manner via cross-linking

FcgIIa receptors. Heat-inactivated sera from patients

with anti–protamine-heparin antibodies were incubated

with washed platelets in the presence of buffer,

heparin (0.2 IU/mL), and protamine (2 mg/mL) with or

without heparin (0.2 IU/mL). Inhibition studies were per-

formed with protamine plus high heparin (100 IU/mL) or

protamine (2 mg/mL) plus heparin (0.2 IU/mL) in the

presence of FcgIIa receptor-blocking antibody (IV.3).

Platelet aggregation was determined by change in tur-

bidity of the suspension and assessed every 5 minutes,

as described.13
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increased risk for early thromboembolic complications. In 2 (28.6%)

of these 7 patients, arterial occlusions developed (symptomatic early

coronary bypass occlusion in 1 patient, diagnosed at day 2; and,stroke

in the other patient, diagnosed at day 3), compared with 9 throm-

boembolic events occurring by day 7 in the remaining 584 (1.5%) of

591 patients (odds ratio, 25.6; 95% confidence interval, 4.37-149.59;

P 5 .006). After adjustment for the presence of diabetes, arterial

hypertension, previous myocardial infraction, CHF, and periph-

eral vascular disease at baseline by use of logistic regression

analysis, platelet-activating protamine-heparin antibodies remained

an independent risk factor for early thromboembolic complications

(odds ratio, 21.58; 95% confidence interval, 2.90-160.89; P5 .003).

In all 11 patients with thromboembolic complications after surgery,

heparin-induced thrombocytopenia had been ruled out by a negative

test result for platelet-activating anti–PF4-heparin antibodies (HIPA),

although 2 patients tested weakly positive for PF4-heparin IgG

antibodies at day 6 (OD, 0.53; and OD, 0.82). These 2 patients had

no platelet-activating protamine-heparin antibodies. Neither mortal-

ity nor hospital length of stay differed between the groups.

Persistence of anti–protamine-heparin antibodies

Of the 161 patients in our long-term follow-up study, 43 (26.7%)

tested positive for anti–protamine-heparin antibodies at day 10, but

only 18 (11.2%) continued to test positive on EIA after more than 120

days of follow-up (P, .001). These 18 patients also had considerably

decreased OD (P , .001; Figure 1); of these, 12 (66%) had diabetes.

In vivo characterization of anti–protamine-heparin antibodies

(animal model)

In the NOD/SCIDmouse model (Figure 4), the addition of protamine

and heparin together with anti–protamine-heparin IgG strongly de-

creased platelet survival rate to 23% (range, 20%-28%), whereas

destruction of human platelets was only minimally enhanced by anti–

protamine-heparin IgG in the presence of protamine alone (platelet

survival rate, 77%; range, 71%-80%). Platelet destruction was largely

inhibited by FcgIIa-inhibiting IV.3 F(ab)92-fragments (platelet sur-

vival rate, 65%; range, 45%-70%). No enhanced platelet clearance

was observed by the administration of IgG from healthy donors in the

Table 1. Demographics of 591 patients who received protamine during cardiopulmonary bypass surgery

Patient characteristics

Total no. of patients:

591 (100%)

Status of protamine-heparin IgG-antibodies at baseline

P value

No antibodies

(n 5 534; 90.4%)

Non–platelet-activating

antibodies (n 5 50; 8.4%)

Platelet-activating

antibodies (n 5 7; 1.2%)

Age (y) 67.5 6 9.5 67.5 6 9.7 67.6 6 7.6 72.3 6 8.7 .414

Female sex (%) 162 (27.4) 145 (27.2) 16 (32.0) 1 (14.3) .688

Body mass index 29.0 6 4.6 28.9 6 4.6 30.3 6 4.3 28.9 6 4.1 .281

Diabetes (%) 233 (39.4) 195 (36.5) 31 (62.0) 7 (100) , .001

Hypertension (%) 539 (91.2) 483 (90.4) 50 (100.0) 6 (85.7) .221

Previous myocardial infarction (%) 70 (11.8) 66 (12.4) 3 (6.0) 1 (14.3) .346

Congestive heart failure (%) 5 (0.8) 2 (0.4) 3 (6.0) 0 (0) .001

Peripheral vascular disease (%) 102 (17.3) 93 (17.4) 7 (14.0) 2 (28.6) .635

Figure 3. Platelet counts of patients after cardio-

pulmonary bypass. Patients were grouped depending

on the presence of anti–protamine-heparin antibodies

(absent, group A [n 5 534]) and the capability of these

antibodies to activate platelets in vitro (non–platelet-

activating anti–protamine-heparin antibodies, group

B [n 5 50]; platelet-activating anti–protamine-heparin

antibodies, group C [n 5 7]). The means of platelet

counts at the corresponding day after surgery are

plotted. The insert table shows the P values comparing

the different platelet count curves with each other.
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presence of protamine and heparin (platelet survival rate, 76%; range,

72%-80%) (Figure 4). Platelet counts were compared at 330 minutes

after injection of anti–protamine-heparin IgG.

Decreased platelet survival rate by anti–protamine-heparin anti-

bodies was associated with platelet activation (Figure 4, right panel).

The platelet activation marker human CD62p at 150 minutes was

much higher expressed in the presence of patient IgG and protamine

and heparin (median fluorescence intensity, 117; range, 100-140; 84%

of human platelets were positive) compared with protamine alone

(median fluorescence intensity, 48; range, 45-68, P 5 .028; 32% of

human platelets were positive). Platelet activation by patient IgG was

inhibited by IV.3 F(ab)92-fragments (median fluorescence intensity,

35; range, 30-45; P5 .029; 43% of human platelets were positive). In

the presence of buffer and anti–protamine-heparin IgG, huCD62p

expression was minimal (median fluorescence intensity, 25; range, 18-

28; 12% of human platelets were positive). Control IgG did not in-

crease CD62p expression on circulating platelets either in the presence

of buffer (median fluorescence intensity, 34; range, 30-45) or prota-

mine alone (median fluorescence intensity, 36.5; range, 30-42), or pro-

tamine and heparin (median fluorescence intensity, 40; range, 35-46).

Characterization of protamine–heparin complexes

In circular dichroism spectroscopy, the spectrum of protamine

showed a negative band at 198 nm, which is usually attributed to the

presence of random coil structures (Figure 5). Increasing heparin

concentrations decreased the ellipticity values, indicating a decrease

in the respective secondary structure content on a qualitative level.

Discussion

This study shows that the preoperative presence of platelet-activating

anti–protamine-heparin antibodies in cardiac surgery using heparin

anticoagulation during cardiopulmonary bypass with protamine

neutralization is associated with early and prolonged postoperative

thrombocytopenia and indicates that these antibodies may also be

associated with an increased risk for arterial thrombosis. This finding

bears several similarities to heparin-induced thrombocytopenia: both

disorders are characterized by IgG class antibodies that activate plate-

lets through FcgIIa receptors; both are associated with thrombocy-

topenia; and both heparin and protamine administration in association

with cardiac surgery are associated with very high frequencies (25%-

50%) of subsequent, but transient, formation of anti–PF4-heparin

and anti–protamine-heparin antibodies, respectively. However, a major

clinical difference exists between protamine-induced thrombocytope-

nia and heparin-induced thrombocytopenia: whereas protamine-induced

thrombocytopenia seems to be associated with early-onset throm-

bocytopenia and, potentially, with early thrombotic events (as

a consequence of antibodies already detectable at the time of sur-

gery), heparin-induced thrombocytopenia more commonly causes

thrombocytopenia and thrombosis at 1 to 2 weeks after surgery

Figure 4. Anti–protamine-heparin antibodies cause

platelet activation and destruction in vivo in a

heparin-dependent manner via cross-linking the

FcgIIa receptor. Human platelets supplemented with

protamine, or protamine-heparin, or protamine-heparin

and F(ab)´2 fragments of the FcRgIIa-inhibiting mono-

clonal antibody IV.3, or buffer were injected retro-

orbitally into NOD/SCID mice. After 30 minutes (base-

line), the number of circulating human platelets was

estimated (100%), and the IgG fractions of patient sera

containing anti–protamine-heparin antibodies (or the IgG

fraction from healthy control participants) were injected

intraperitoneally. The percentage survival of human

platelets was measured after 60, 120, and 300 minutes.

Results are shown as a median (range) of experiments

performed with anti–protamine-heparin antibodies ob-

tained from 7 patients after CPB (A). Expression of the

platelet activation marker human CD62p was estimated

at 30, 60, and 120 minutes after platelet injection (B).

The control IgG fraction did not cause platelet elimina-

tion (A, open circles and dashed line) and minor ex-

pression of CD62p (median fluorescence intensity, 40;

range, 35-46) at 120 minutes after platelet injection in

the presence of protamine-heparin (not shown).

Figure 5. Changes in the secondary structure of protamine upon interaction

with heparin. The complex formation was carried out at 20�C directly within the

circular dichroism cuvette and was recorded using far UV circular dichroism spectra

(185-260 nm) with a Chirascan circular dichroism spectrometer. The spectra of

protamine and of protamine-heparin complexes were corrected for the baselines,

path length, and concentration to obtain the wavelength-dependent mean residue d e

values of the protamine-heparin complexes. Note that increasing heparin concen-

trations decreased the ellipticity values, indicating a decrease in the respective

secondary structure content on a qualitative level.
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because of newly formed antibodies that become detectable begi-

nning ;5 days after surgery.19,20

Although we found that 26.6% of patients tested positive for anti–

protamine-heparin antibodies at day 10 after cardiac surgery, which is

similar to findings reported by Lee et al21 and Pouplard et al,22 only

a small subset of these antibodies seem to be clinically relevant. Aswith

heparin-induced thrombocytopenia, anti–protamine-heparin antibodies

of IgG class with platelet-activating properties evince greater path-

ogenicity than do non–platelet-activating anti–protamine-heparin anti-

bodies, particularly when present before surgery. The preoperative

presence of these antibodies is associated with a more pronounced

decrease in postsurgery platelet counts and might even be associated

with an increased risk for new arterial thrombotic complications. In our

study, 7 patients (1.2%) had these platelet-activating antibodies present

before cardiac surgery, of whom early symptomatic bypass graft

reocclusion developed in the first patient (day 2) and the other patient

experienced a thrombotic stroke (confirmed at day 3). Although such

findings may indicate that these antibodies are a risk factor for early

thrombotic complications after cardiac surgery, our study does not

establish a definite association because of the overall small number

of patients affected. In the studies of Lee et al21 and Pouplard et al,22

the protamine-heparin IgG antibodies were not associated with an

increased risk for new thrombosis. However, in these studies, the

analyses were not stratified for platelet-activating antibodies at baseline.

Thus, the clinical effects of the platelet-activating antibodiesmight have

been obscured by the presence of many non–platelet-activating

protamine-heparin antibodies, a phenomenon also well known in

heparin-induced thrombocytopenia.

An increased risk for early postoperative thrombotic complications

would present a contrast to the clinical picture of heparin-induced

thrombocytopenia after cardiac surgery. To date, immediate and very

early thrombotic complications attributable to the preoperative pre-

sence of platelet-activating anti–PF4-heparin antibodies has not been

reported, perhaps because of a protective anticoagulant effect of the

high amounts of heparin given at cardiac surgery. In contrast, for

patients with anti–protamine-heparin antibodies, the platelet-activating

effects of these antibodies coincide with an abrupt neutralization of the

anticoagulant effects of heparin by administration of protamine.

Our observation of a prolonged decrease in platelet counts in

patients with platelet-activating anti–protamine-heparin IgG antibodies

raisesmore questions. Protamine has a short half-life (;5minutes).23,24

As protamine is not a circulating endogenous protein like PF4, it is

unlikely that a mechanism similar to the one observed in delayed-onset

HIT25 (ie, cross-reactivity of PF4-heparin antibodies with PF4 bound to

glycosaminoglykans26) is also the cause for prolonged thrombocyto-

penia in patients with protamine-heparin antibodies. It is also unlikely

that the antibodies cross-react with epitopes of proteins other than

protamine. However, protamine-heparin complexes circulate much

longer than protamine alone, as shown by a rebound of the anti-

coagulant activity of heparin frequently seen several hours after

protamine application.27 Also, protamine attached to platelet surfaces

may circulate longer or is even taken up into platelet a granules such as

abciximab and is later reexposed.28 Another possibility to explain this

observation is that protamine-heparin-antibody complexes bind to

megakaryocytes and thereby impair megakaryocytopoiesis, as shown

for antibodies dependent on the glycoprotein IIb-IIIa antagonist,

eptifibatide.29 These theoretical considerations require further study.

In view of the high immunization rate and a prevalence of;4% of

platelet-activating anti–protamine-heparin antibodies at day 10 after

surgery, the transience of anti–protamine-heparin IgG antibodies is an

important finding of our study. Most patients who tested strongly

positive at day 10 after surgery tested negative in the follow-up

sample taken at more than 120 days after surgery, and the remaining

positive samples had a lower OD (Figure 1). Thus, if the patient

requires a second cardiac procedure after several months or years, the

anti–protamine-heparin antibodies will have likely disappeared, allo-

wing safe subsequent exposure to protamine. The transience of anti–

protamine-heparin antibodies resembles that reported for antibodies

implicated in heparin-induced thrombocytopenia.30However, if there

is subsequent exposure to protamine in patients who still have cir-

culating platelet-activating anti–protamine-heparin antibodies, a risk

for thrombotic complications might still be present.

We also provide further insights into the pathogenesis of thrombo-

cytopenia and thrombotic complications induced by anti–

protamine-heparin antibodies. These antibodies cause intravascular

platelet activation via the platelet FcgIIa receptor, both in vitro and in

vivo (mouse model). This mechanism also resembles the well-

characterized platelet activation pathway induced by anti–PF4-

heparin IgG. Of potential relevance for diabetic patients requiring

(protamine-containing) insulin products, intravascular platelet activa-

tion was only induced by anti–protamine-heparin antibodies, and only

if both protamine and heparin were given together. This is also fully

consistent with the observed risk for early arterial thrombosis in patients

with platelet-activating antibodies at the time of combined heparin and

protamine exposure. Cardiopulmonary bypass itself has prothrombotic

and hypercoagulable effects that are likely enhanced by concomitant

anti–protamine-heparin antibody-mediated platelet activation, thereby

increasing the overall risk for acute arterial thrombosis.

Protamine is purified from salmon sperm, and immunization ag-

ainst protamine can occur in patients with fish allergy1,31,32 and in

diabetic patients treated with protamine-containing insulin prepara-

tions.6,33 In addition, men who have undergone vasectomy develop

antibodies against protamine.7,8,31,34A limitation of our study was that

that we did not have available the types of antidiabetic treatment

the patients received before hospital admission (insulin or oral

hypoglycemic agents), and whether the patients had undergone vasec-

tomy. Therefore, we can only describe the association of diabetes with

an increased risk for development of these antibodies. Nevertheless, it

is tempting to hypothesize that protamine in insulin preparations may

enhance the risk for formation of anti–protamine-heparin antibodies,

but the anti-protamine antibodies seem to differ from those against

protamine-heparin complexes. Only a subset of antibodies reacting

with protamine-heparin complexes also bound to protamine alone, and

in our mouse model, the antibodies required both protamine and

heparin to cause platelet activation and thrombocytopenia. Protamine

forms immunogenic macromolecular complexes with heparin,10 and

we show by circular dichroism spectroscopy that protamine changes

its conformation when complexed with heparin. Thus, heparin binding

likely induces neoepitopes on protamine. Despite the similarities bet-

ween the immune responses to protamine-heparin and PF4-heparin,

the epitope(s) recognized by platelet-activating anti–protamine-

heparin antibodies seem to differ from those recognized by platelet-

activating anti–PF4-heparin antibodies: only one of the activating

anti–protamine-heparin antibodies caused platelet activation in the

presence of heparin alone, which would be a typical reaction pattern

for PF4–heparin-reactive antibodies.

We have recently shown that anti–PF4-heparin antibodies poten-

tially resemble an ancient bacterial host defense mechanism, by which

a danger signal epitope is expressed when the positively charged

protein PF4 binds to bacterial polyanions or heparin.35-37

Protamine seems to be another example of such a mechanism,

which may indicate that this type of rapid, but transient, immune

reaction toward conformationally altered proteins might be more

common than anticipated.
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Although our study, together with the recent observations of others

(Lee et al21 and Pouplard et al22), shows that anti–protamine-heparin

antibodies are frequent and are potentially clinically relevant, additional

multicenter prospective studies are required to further define the

prevalence and clinical consequences of anti–protamine-heparin anti-

bodies. Our study provided the laboratory tools to identify these

patients, to differentiate among the various types of anti-protamine

antibodies (particularly the pathogenic platelet-activating anti–

protamine-heparin antibodies), and to obtain a suitable animal

model to further study the pathogenesis of such antibodies.
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36. Krauel K, Pötschke C, Weber C, et al. Platelet

factor 4 binds to bacteria, [corrected] inducing

antibodies cross-reacting with the major antigen in

heparin-induced thrombocytopenia. Blood. 2011;

117(4):1370-1378.

37. Krauel K, Weber C, Brandt S, et al. Platelet factor

4 binding to lipid A of Gram-negative bacteria

exposes PF4/heparin-like epitopes. Blood. 2012;

120(16):3345-3352.

BLOOD, 11 APRIL 2013 x VOLUME 121, NUMBER 15 CLINICAL RELEVANCE OF ANTI-PROTAMINE–HEPARIN IgG 2827

For personal use only.on October 13, 2014. by guest  www.bloodjournal.orgFrom 

mailto:greinach@uni-greifswald.de
mailto:greinach@uni-greifswald.de
http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


36 

 

6.2 Study II: Anti-platelet factor 4/heparin antibodies in patients 

with impaired graft function after liver transplantation. J 
Thromb Haemost., 2014. 



ORIGINAL ARTICLE

Anti-platelet factor 4/heparin antibodies in patients with
impaired graft function after liver transplantation

T . BAKCHOUL ,* 1 V. ASSFALG ,† 1 H. Z €OLLNER ,* M. EVERT ,‡ A. NOVOTNY,† E . MATEVOSS IAN ,†

H. FR I ESS ,† D. HARTMANN,† G. HRON,* K . ALTHAUS ,* A . GRE INACHER* and N . H €USER†

*Institute for Immunology and Transfusion Medicine, Ernst-Moritz-Arndt University Greifswald, Greifswald; †Department of Surgery,

Klinikum rechts der Isar, Technische Universit€at M€unchen, Munich; and ‡Institute of Pathology, Ernst-Moritz-Arndt University Greifswald,

Greifswald, Germany

To cite this article: Bakchoul T, Assfalg V, Z€ollner H, Evert M, Novotny A, Matevossian E, Friess H, Hartmann D, Hron G, Althaus K, Greinacher

A, H€user N. Anti-platelet factor 4/heparin antibodies in patients with impaired graft function after liver transplantation. J Thromb Haemost

2014; 12: 871–8.

Summary. Background: Heparin, the standard periopera-

tive anticoagulant for the prevention of graft vessel

thrombosis in patients undergoing liver transplantation

(LT), binds to the chemokine platelet factor 4 (PF4).

Antibodies that are formed against the resulting PF4/hep-

arin complexes can induce heparin-induced thrombocyto-

penia. LT is a clinical situation that allows the study of

T-cell dependency of immune responses because T-cell

function is largely suppressed pharmacologically in these

patients to prevent graft rejection. Objectives: To investi-

gate the immune response against PF4/heparin complexes

in patients undergoing LT. Patients and Methods: In this

prospective cohort study, 38 consecutive patients

undergoing LT were systematically screened for anti-PF4/

heparin antibodies (enzyme immunoassay and heparin-

induced platelet aggregation assay), platelet count, liver

function, and engraftment. Results: At baseline, 5 (13%)

of 38 patients tested positive for anti-PF4/heparin IgG

(non-platelet-activating) antibodies. By day 20, an addi-

tional 5 (15%) of 33 patients seroconverted for immuno-

globulin G (two platelet-activating) antibodies. No

patient developed clinical heparin-induced thrombocyto-

penia. Two of six patients with graft function failure had

anti-PF4/heparin IgG antibodies at the time of graft

function failure. Graft liver biopsy samples from these

patients showed thrombotic occlusions of the microcircu-

lation. Conclusions: Anti-PF4/heparin IgG antibodies are

generated despite strong pharmacologic suppression of T

cells, indicating that T cells likely have a limited role in the

immune response to PF4/heparin complexes in humans.

Keywords: antibody response; liver transplantation;

platelet factor 4; platelets; vascular graft occlusion.

Introduction

Heparin treatment carries the risk for heparin-induced

thrombocytopenia (HIT), a prothrombotic disorder

caused by immunization against multimolecular com-

plexes formed between platelet factor 4 (PF4) and heparin

or other polyanions [1–3]. In HIT, immunoglobulin G

(IgG) antibodies against PF4/heparin complexes activate

platelets via the platelet FccIIa receptor, leading to intra-

vascular platelet activation, thrombocytopenia, and

increased thrombin generation [4–8]. Clinically, HIT is

characterized by a fall in platelet count > 50%, beginning

between day 5 and 10 of heparin therapy, often compli-

cated by new thrombotic events [9,10].

The immune response in HIT differs from typical

immune responses as anti-PF4/heparin IgG antibodies are

produced as early as days 4–5, even in heparin-na€ıve

patients [11–13]. Mouse models indicated that anti-PF4/

heparin antibodies production is dependent on T cells [14]

and that marginal-zone B cells play an important role in

the formation of these antibodies in response to active

immunization with PF4/heparin complexes [15]. Little is

known about the immune cell types involved in the

immune response to PF4/heparin complexes in humans.

Liver transplantation (LT) provides a unique opportunity

to assess the immune response against PF4/heparin com-

plexes in humans. Patients undergoing LT receive heparin

during the peritransplantation period as the standard

anticoagulant and their T-cell-dependent immune
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reactions are largely suppressed in the posttransplantation

period by the strong immunosuppressive regimen, which

is given to avoid graft rejection [16].

In the present study, we found a considerable propor-

tion of patients generating anti-PF4/heparin antibodies

despite T-cell suppression. Whether anti-PF4/heparin IgG

antibodies present at the time of graft failure during the

early posttransplantation period are directly related to

graft failure requires further study.

Materials and methods

Patients and study design

Deceased-donor, whole graft LT was performed using the

piggyback technique with side-to-side caval anastomosis

without inferior vena cava occlusion, as previously

described [17]. The postoperative therapeutic regimen in

the intensive care unit included triple immunosuppression

using calcineurin-inhibitors (tacrolimus: Prograf�, Astellas

Ireland Co. Ltd., Killorglin, Ireland; 7–11 ng mL�1 serum

trough level), mycophenolic acid (mycophenolat-mofetil:

Cell Cept�, F. Hoffmann-La Roche Ltd., Basel, Switzer-

land; 1–2 g d�1), and corticosteroids (prednisolone: Solu-

Decortin�, Merck KGaA, Darmstadt, Germany: 20–

125 mg d�1, stepwise reduction) with dose adjustment

when required. The standardized anticoagulant regimen

consisted of an initial treatment with unfractionated hepa-

rin (UFH) (activated partial thromboplastin time [APTT]

controlled; UFH: Heparin-Calcium-ratiopharm�, Ratiop-

harm GmbH, Ulm, Germany) starting after reperfusion of

the liver graft. UFH was usually switched to low molecu-

lar weight heparin (LMWH) in prophylactic doses

(LMWH: certoparin, Monoembolex�, Novartis AG,

Basel, Switzerland) on days 3–4 after transplantation.

Perioperatively, patients were monitored daily for plate-

let count and liver function (alanine aminotransferase

[ALT], aspartate aminotransaminase [AST], bilirubin,

cholinesterase, APTT, prothrombin time [PT], and serum

proteins). To investigate a potential association between

antibody status and graft failure, two additional parame-

ters, which have been reported to predict graft failure

after LT [18,19], were analyzed: a-glutathione S-transfer-

ase (a-GST) using an enzyme immunoassay (EIA) kit

(TECOmedical GmbH, B€unde, Deutschland) and c-glut-

amyl transferase (c-GT).

Liver engraftment was additionally evaluated using

color Doppler and duplex sonography. In the case of a

pathologic finding, a percutaneous fine needle liver biopsy

sample was taken for histologic investigations.

Diagnosis of HIT and serologic investigations for anti-PF4/

heparin antibodies

The clinical probability of HIT was determined using the

4Ts pretest clinical scoring system when HIT was clinically

suspected [20–22]. In the 4Ts system, the risk of HIT is

considered to be low (score ≤ 3), intermediate (4–6), or

high (7–8). In patients with an intermediate to high 4Ts

score, anticoagulation with heparin was switched to dan-

aparoid (Orgaran�, Essex Pharma, Munich, Germany).

Blood samples were collected prospectively at 2-day

intervals starting at the day of surgery (before surgery)

until postoperative day (POD) 20. Sera were isolated by

centrifugation and frozen at –20 °C on the day of collec-

tion at the Munich Transplant Centre. Sera were sent for

batch analysis to the Greifswald laboratory. All samples

were tested for anti-PF4/heparin antibodies by using an

in-house EIA that separately detects IgG, IgA, and IgM

antibodies and the heparin-induced platelet aggregation

(HIPA) assay, as previously described [1,23]. In the EIA,

optical densities (OD) ≥ 0.5 were defined as positive.

Seroconversion for anti-PF4/heparin IgG antibodies was

defined as an increase in OD of ≥ 0.5. In the HIPA test,

a sample was defined as reactive (positive) if platelets of

at least two of four donors aggregated within 30 min in

the presence of 0.2 IU mL�1 heparin (reviparin) but not

in the presence of 100 IU mL�1 heparin (UFH). Each

test included a diluted internal standard HIT serum as

control.

Laboratory personnel were unaware of the clinical data

and serological investigations were performed in batches

for each patient directly after thawing the sera to avoid

interassay variations.

Ethics

All liver grafts were allocated via the Eurotransplant

Foundation in Leiden, the Netherlands. All patients gave

informed consent for general data ascertainment and

blood sample investigations before LT. The study was

approved by the institutional review board at the Munich

Transplant Center, registered at the ClinicalTrials.gov

Protocol Registration System (NCT 01654848). The data-

base analysis was performed according to ethical stan-

dards given in the Declaration of Helsinki 2000 and the

Declaration of Istanbul 2008.

Statistical analyses

Statistical analyses were performed using GraphPad

Prism 5� (GraphPad, La Jolla, CA, USA) and SPSS

18.0 software (IBM, Chicago, IL, USA). Non-parametric

tests were used when data failed to follow a normal dis-

tribution. Correlations were calculated using the non-

parametric Spearman rank-sum test. Univariate compari-

son of data was performed using the Wilcoxon rank-

sum test with continuous variables and Fisher’s exact

test with categorical variables, respectively. All data are

given as median (minimum to maximum range), and

two-tailed P < 0.05 values were considered statistically

significant.
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Overall, the relationship between the detection of anti-

bodies and 47 clinical, demographic, and donor- and reci-

pient-specific variables potentially associated with the

formation of anti-PF4/heparin antibodies was investigated

using Fisher’s exact test, Student’s t test, and v
2 test. Fac-

tors that were significantly correlated to the development

of antibodies or HIT by univariate analysis were included

into a multivariate model, and binary logistic regression

analysis was performed.

Results

Study cohort

Thirty-eight patients (26 [68%] men and 12 [32%] women

with a median age of 55 years [39–70 years]) underwent

LT between December 2009 and May 2011. Demograph-

ics and clinical features at baseline are summarized in

Table 1.

Successful engraftment was documented in 34 patients

and re-transplantation was performed in 4 patients due to

graft function failure (PODs 2, 8, 9, and 14). No patient

died during the study period (20 days). Nine patients died

during the long-term follow-up (2 years) after a median

of 124 days (56–611 days).

Incidence of antibodies against PF4/heparin complexes in

patients undergoing LT

At baseline, 5 (13.2%) of 38 patients were positive for

anti-PF4/heparin IgG, 3 (7.9%) of 38 were positive for

IgA, but 22 (57.9%) of 38 were positive for IgM. Of these

22 IgM-positive sera, only two were inhibited by high

heparin. The high number of positive reactions might be

an artifact caused by hyperglobulinemia in patients with

liver cirrhosis; we therefore did not further analyze the

anti-PF4/heparin IgM antibodies.

Despite immunosuppression, 5 (15.2%) of 33 patients

seroconverted for IgG after LT. Their antibody levels

progressively increased from a median OD 0.25 (0.10–

0.34) at baseline to 0.28 (0.15–0.44) at POD 6 and to 0.70

(0.40–1.47) at POD 10 (Fig. 1, P = 0.015); among these 5

patients, 2 became positive for heparin-dependent plate-

let-activating antibodies starting at POD 8 and 10, respec-

tively (Fig. 1). Serum trough levels of tacrolimus did not

differ between patients who developed anti-PF4/heparin

IgG antibodies and those who did not (Fig. S1).

In contrast, antibody levels decreased in four of five

patients who tested positive at baseline from OD 0.73

(0.54–2.11) to 0.68 (0.30–1.02) at POD 6 and to 0.56

(0.37–0.84) at POD 10. None of these patients showed

platelet-activating antibodies.

No significant difference in the dynamics of platelet

counts was observed during the posttransplantation

observation period in regard to the anti-PF4/heparin IgG

antibody status.

HIT in patients undergoing LT

HIT was clinically suspected in 6 (15.8%) of 38 patients

at median POD 6 (POD 3–10). The 4Ts scores ranged

from 4 to 5 and heparin therapy was switched to danap-

aroid (median daily dosage of 1500 IU [750–1500 IU]).

Neither bleeding events nor thromboembolic complica-

tions occurred in these patients during the 20-day follow-

up period. Only one of these patients tested positive for

anti-PF4/heparin IgG antibodies by EIA (and one for

IgA) and none of them tested positive in the HIPA

assay. This makes HIT very unlikely in these patients

[24].

Table 1 Demographics and baseline anti-PF4/heparin antibody status of 38 patients who underwent LT

Patient characteristics

Total

n = 38, (100%)

Status of anti-PF4/heparin antibodies at baseline

No antibody n = 8 IgG n = 5 IgA n = 3 IgM n = 22 IgG/A/M n = 27

Age, y, median (range) 55 (39–70) 56 (39–67) 54 (41–58) 55 (45–58) 54 (44–70) 54 (41–70)

Female, n (%) 12 (32) 4 1 1 6 8

MELD (Model of End-stage Liver

Disease) score, median (range)

labMELD, median (range)

27 (8–40)

17.5 (6–40)

34 (13–40)

33 (12–40)

26 (17–40)

26 (12–38)

28 (8–38)

29 (10–35)

26 (10–36)

22 (6–40)

25 (8–40)

14 (6–40)

Ethyl-toxic liver cirrhosis, n (%), with

hepatocellular carcinoma, n (%)

8 (21.5)

8 (21.5)

3 (37.5)

―

1 (20.0)

1 (20.0)

―

2 (66.7)

4 (18.2)

6 (27.3)

4 (14.8)

6 (22.2)

Hepatitis C and B–related liver

cirrhosis, n (%)

7 (18.4) 2 (25.0) 1 (20.0) ― 3 (13.7) 4 (14.8)

Fulminant/ acute hepatic failure,

n (%)

3 (7.9) 1 (12.5) ― ― 1 (4.5) 1 (3.7)

Hemangioendothelioma, n (%) 2 (5.3) 1 (12.5) ― ― 1 (4.5) 2 (7.4)

Primary hepatocellular carcinoma,

n (%)

2 (5.3) ― ― ― 1 (4.5) 1 (3.7)

Cryptogenic, n (%) 2 (5.3) ― ― ― 1 (4.5) 2 (7.4)

Others, n (%) 6 (15.8) 1 (12.5) 2 (40.0) 1 (33.3) 5 (22.7) 7 (25.9)
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The impact of anti-PF4/heparin antibodies on markers of

liver function

Anti-PF4/heparin IgG antibody formation preceded or

co-occurred with an increase in c-GT in three patients

(patients 1, 3, and 4, Fig. 2A). Moreover, a reduction in

antibody titer (OD in EIA) was associated with a

decrease in c-GT in two patients (patients 6 and 8,

Fig. 2B). No direct correlation was observed with a-GST.

The impact of anti-PF4/heparin antibodies on LT-associated

outcome

Delayed graft function (DGF) and primary non-function

(PNF) occurred in six patients (indicated as horizontal

bars in Fig. 2A and B); in two of them (patients 6 and 8),

anti-PF4/heparin IgG antibodies were present at the time

of graft impairment. Four patients required liver re-trans-

plantation, but in only one of them were anti-PF4/hepa-

rin IgG antibodies present before re-transplantation. The

two patients who developed platelet-activating antibodies

died within 100 days after LT; however, they died

because of reasons unrelated to the immune response to

PF4/heparin complexes (cytomegalovirus disease and acci-

dental severe traumatic head injury at POD 56 and 119,

respectively).

Fig. 2A shows the course of anti-PF4/heparin antibod-

ies (gray line) and liver function markers in the five

patients who seroconverted for PF4/heparin IgG, and

Fig. 2B shows additional four patients who did not fulfill

the criteria of seroconversion but showed liver graft fail-

ure. At least two, probably three, of these patients also

tested positive for anti-PF4/heparin antibodies. Patients 6

and 8 were positive at baseline, and in patient 7, the OD

in the PF4/heparin antibody EIA increased without

reaching our predefined criterion for seroconversion (OD

≥ 0.5). Taken together, of the six patients with symptoms

of graft impairment or failure, no clear pattern of an

association between graft failure and anti-PF4/heparin

IgG antibodies could be identified.

Percutaneous fine needle liver biopsy for histologic

investigations was performed in nine patients. Two inde-

pendent reference pathologists performed histopathologic

investigations in a blinded manner. Occlusions of the

microcirculation were observed in four (44%) of nine

patients, of whom three (75%) of four patients had non-

platelet-activating IgG antibodies. The major histopatho-

logic finding was the presence of microthrombi in small

portal arteries and in the sinusoidal system of the hepatic

parenchyma as a morphologic substrate for severely

affected microcirculation (Fig. S2). Two of these patients

had IgG antibodies at the time of the biopsy and one se-

roconverted 2 days after the biopsy.

Discussion

This is the first systematic in vivo study in humans show-

ing that anti-PF4/heparin IgG antibodies can be gener-

ated despite strong T-cell immunosuppression. The design

of our study enabled us to follow seroconversion for anti-

PF4/heparin IgG antibodies, which occurred in 5 (15%)

of 33 patients despite an intensive posttransplantation

immunosuppression protocol. Serum levels of the calci-

neurin inhibitor tacrolimus and the dosages of mycophen-

olic acid (mycophenolate mofetil) and corticosteroids

(prednisolone) did not differ between patients who sero-

converted for anti-PF4/heparin IgG antibodies after LT

and those who did not, making insufficient immunosup-

pression in the immunized patients unlikely (Fig. S1).

Conventional immunosuppression as applied to our

patients affects effector T cells and regulatory T cells

(Tregs; CD4+CD25high FOXP3+ T cells) [25]. This

results in a decrease of circulating Tregs after LT [26,27]

and lower FOXP3 mRNA expression in non-inflamed tis-

sues from LT recipients on triple therapy compared to

healthy patients [28,29]. Although we did not measure

Tregs and FOXP3 mRNA expression, appropriate immu-

nosuppression was ensured by monitoring drug levels.

Taken together, our results strongly indicate that serocon-

version to IgG class anti-PF4/heparin antibodies can

occur despite T-cell suppression.

Although this observation differs from the results

obtained from the use of a mouse model, in which mice

were actively immunized against PF4/heparin complexes

via retro-orbital injection [14], it is in agreement with

other systematic studies in humans indicating that the

anti-PF4/heparin immune response in humans after major

surgery might be T cell independent [11]. Recently, Zheng

et al. [15] identified marginal zone B cells as the B-cell

subpopulation producing anti-PF4/heparin antibodies in

mice in response to active immunization. Marginal zone
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Five patients tested positive for IgG antibodies at baseline (black

symbols) and an additional five patients developed IgG antibodies

(open symbols) despite the strong immunosuppression.
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B cells are known for their ability to be stimulated in a

T-cell-independent fashion and to eventually undergo an

Ig class switch independently of T cells [30].

Besides providing insights into the mechanisms of the

immune response against PF4/heparin complexes in

humans, our study has some clinical implications. Our

assay for anti-PF4/heparin IgM antibodies was positive in

a large proportion of LT patients, but when tested with

high heparin concentrations, no inhibition was seen,

indicating an artefact, potentially caused by polyclonal
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hypergammaglobulinemia, which is frequent in end-stage

liver disease [31]. H€user et al. [32] detected anti-PF4/hepa-

rin antibodies in 14 (30%) of 46 patients who underwent

deceased-donor LT. They also used a polyspecific EIA,

which did not differentiate among the three anti-PF4/hep-

arin antibody isotypes. In contrast, Kaneko et al. [33]

reported a low incidence (5.6%) of anti-PF4/heparin anti-

bodies in a cohort of 52 patients after living-donor LT

using platelet aggregation assay.

In the current study, none of the patients with anti-

PF4/heparin IgG antibodies present before surgery devel-

oped HIT during the 20-day follow-up despite heparin

therapy. This is in line with case reports suggesting that

patients testing positive for anti-PF4/heparin IgG anti-

bodies should not be excluded from the waiting list for

LT, as long as the antibodies are not platelet activating

[34,35]. Another important issue in this context is switch-

ing of anticoagulation in patients testing only positive for

non-platelet-activating anti-PF4/heparin IgG antibodies.

LT patients typically have impaired liver function, some-

times combined with impaired renal function. Non-hepa-

rin anticoagulants are difficult to monitor, especially in

critically ill patients, and are associated with a high bleed-

ing risk. Therefore, their deliberate use might be harmful

in this patient cohort.

Warkentin et al. [36] reported recently on an associa-

tion between non-platelet-activating anti-PF4/heparin IgG

antibodies and early venous graft occlusion after coro-

nary artery bypass grafting, which they detected by com-

puted tomography. We did also see a coincidence

between an increase in liver enzymes and the presence of

anti-PF4/heparin IgG antibodies (Fig. 2A and B, patients

1, 3, 4, 6, and 8 and potentially patient 7). As we had

only 10 patients with anti-PF4/heparin IgG antibodies in

the entire cohort, this might hint toward a potential asso-

ciation. In addition, in patients with clinical symptoms of

liver function impairment, new thrombotic occlusions in

the microcirculation of the grafted livers were histologi-

cally confirmed in four patients, and three of them tested

positive for anti-PF4/heparin IgG. It has been shown that

liver diseases such as hepatitis and liver fibrosis are corre-

lated with increased intrahepatic PF4 mRNA expression

[37,38]. High expression of PF4 may allow for direct

binding of anti-PF4/heparin antibodies to liver cells as it
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has been shown for platelets and monocytes where high

concentrations of PF4 on the cell surface facilitated bind-

ing of anti-PF4/heparin antibodies even in the absence of

heparin [39–41]. Another interesting concept is that these

antibodies might be able to inhibit the generation of acti-

vated protein C by thrombin/thrombomodulin, as PF4

augments generation of activated protein C, which can be

inhibited by anti-PF4/heparin antibodies binding to PF4/

thrombomodulin complexes [42].

However, we cannot rule out that anti-PF4/heparin

IgG antibodies are an epiphenomenon probably repre-

senting a high degree of inflammation after LT or graft

failure. Then anti-PF4/heparin IgG antibodies would be

rather a surrogate marker than a causative factor in the

pathological mechanism of graft failure. Due to the small

number of patients in our cohort and the absence of a

tight time-correlation between antibody formation and

graft failure, no final conclusion is possible.

In conclusion, our study provides the first evidence in

humans that the anti-PF4/heparin IgG immune response

occurs despite pharmacologic T-cell suppression. In the

view of other recent findings [36], the role of non-platelet-

activating anti-PF4/heparin IgG antibodies requires

further attention in transplant medicine and vascular sur-

gery.
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1. Neutral Protamine Hagedorn (NPH) insulin binds to human platelets.  
2. Anti-protamine/heparin antibodies induce platelet activation in the presence of NPH insulin in 
a heparin-dependent way. 

  



 

 

 

Abstract  

Introduction: Protamine (PRT) is used to stabilize insulin in Neutral Protamine Hagedorn (NPH) 

insulin, a commonly used therapeutic agent for diabetes mellitus. Immunization against 

protamine/heparin complexes is common in diabetic patients. 

Aim: To analyze the interaction between NPH insulin and anti-PRT/heparin antibodies (Abs) 

and its impact on platelet (PLT) activation. 

Methods: The cross-reactivity of anti-PRT/heparin immunoglobulin G (IgG) Abs with NPH 

insulin was tested using in-house enzyme immunoassays (EIAs). The ability of anti-PRT/heparin 

Abs to activate PLTs in the presence of NPH insulin (and heparin) was investigated using flow 

cytometry (FC). 

Results: 21 out of 80 sera containing anti-PRT/heparin Abs showed binding to NPH insulin. In 

FC, anti-PRT/heparin IgG Abs from immunized patients bound to PLTs in the presence of NPH 

insulin, but not in the presence of native insulin. This binding was enhanced by the addition of 

low concentration of unfractionated heparin (UFH; IgG binding after incubation with serum, 

median mean fluorescence intensity [MFI] in the presence of NPH insulin: 20.9, range 15.6-28.6 

vs. NPH insulin and UFH: 31.8, range 30.1-49.0). The ability of anti-PRT/heparin Abs to activate 

PLTs in the presence of NPH insulin was investigated by measuring the P-selectin (CD62P) 

expression. Anti-PRT/heparin Abs activated PLTs in the presence of NPH insulin in a heparin-

dependent way (CD62P expression after incubation with serum, median MFI in the presence of 

NPH insulin: 55.0, range 14.30-108.0 vs. NPH insulin and UFH: 203.5, range 121.0-448.0, 

p=0.017).  

Conclusion: Our data demonstrate the ability of anti-PRT/heparin Abs to activate PLTs in the 

presence of NPH insulin in a heparin-dependent way. These in vitro findings justify further 

investigations to assess the clinical impact of the interaction between anti-PRT/heparin Abs and 

NPH insulin. 

  



 

 

 

Introduction 

Heparin and low-molecular-weight heparins (LMWHs) are the most widely used anticoagulants 

in in-hospital patients. Especially LMWHs are increasingly used for thrombosis prophylaxis in 

medical patients (1, 2). A special indication for heparin is its use during cardiac surgery (3, 4). 

Heparin can be neutralized at the end of surgery by protamine sulfate (PRT) leading to the 

formation of PRT/heparin complexes (3). Recently, it has been demonstrated that PRT/heparin 

complexes induce immunoglobulin G (IgG) immunization in about 25-30% of patients after 

cardiac surgery (5-7). An unexpected finding of these studies was that almost 10% of patients 

were preimmunized (IgG antibodies against PRT/heparin complexes) before the surgery. No 

association with pre-exposure to PRT during preceding cardiac surgery has been observed in 

these studies. In contrast, the comorbidity of diabetes mellitus (28-54%) has been found to be 

a risk factor for the immunization against the complex (8). Patients suffering from diabetes 
mellitus may be treated with insulin to control glucose levels in blood. In some preparations 

insulin is stabilized by PRT, Neutral Protamine Hagedorn (NPH) insulin, to delay the release of 

insulin into the circulation and to prolong duration of insulin action (10-12).  

In this study, we analyzed the interaction between NPH insulin, anti-PRT/heparin 
antibodies (Abs) and platelets (PLTs). We found that NPH insulin binds to PLTs in a heparin-
dependent way. Moreover, anti-PRT/heparin Abs are able to activate PLTs in the presence of 
NPH insulin and heparin. 



 

 

 

Materials and Methods 

Patients and sera 

Serum samples of medical and surgical patients available from recent studies were used to 

analyze the interaction between anti-PRT/heparin Abs and NPH insulin (13-16). Blood samples 
were aliquoted and stored at -80°C until use. 

Binding of anti-PRT/heparin Abs to NPH insulin 

The binding of anti-PRT/heparin IgG Abs to NPH insulin was analyzed using EIA in two ways: i) 

standard EIA for detection of the direct binding of Abs to immobilized NPH insulin and ii) 
competitive EIA for determining the inhibitory effect of NPH insulin in fluid phase on Ab binding 

to immobilized PRT/heparin complexes. 

The direct binding of anti-PRT/heparin IgG Abs to NPH insulin was determined using an 

in-house EIA. NPH insulin (1 µg/mL; Berlinsulin H Basal, Berlin-Chemie AG, Berlin, Germany; 

in carbonate bi-carbonate coating buffer pH 9.6; Medicago AB, Uppsala, Sweden) was 
immobilized onto microtiter plates (Nunc MaxiSorp, Thermo Fisher Scientific Inc., Waltham MA, 
USA) and incubated overnight at 4°C. Plates were washed five times using Dulbecco’s 
phosphate buffered salt (DPBS) buffer (pH 7.4; PAN-Biotech GmbH, Aidenbach, Germany) 

supplemented with 0.05% Tween 20 (Sigma-Aldrich, Saint Louis, Missouri, USA). Plates were 
then blocked with blocking buffer (DPBS/0.05% Tween/1% bovine serum albumin [BSA; SERVA 
Electrophoresis GmbH, Heidelberg, Germany]) for 1 h at room temperature (RT). After washing, 

patient’s serum (1:100 in blocking buffer) was incubated for 1 h at RT. Plates were then washed 
five times and IgG binding was detected using goat-anti-human IgG-horseradish peroxidase 
(HRP; 1:20,000; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA). 

Tetramethylbenzidine (TMB; 5 min, RT; BD OptEIA, BD Biosciences, New Jersey, USA) was 
then added and color reaction was stopped by adding 1 M sulfuric acid. Absorbance was 
measured at 450 nm (Spectra II; TECAN, Männedorf, Switzerland). Ab binding to insulin alone 
(negative control) was investigated using a commercially available anti-insulin-IgG EIA (ALPCO, 

Salem, NH, USA) according to the manufacturer’s instructions. 

In the competitive EIA, patient’s serum was mixed with different concentrations of native 

insulin (0.1 and 1 mg/mL; Actrapid, Novo Nordisk Pharma GmbH, Mainz, Germany) or NPH 
insulin (0.1 and 1 mg/mL; Protaphane, Novo Nordisk Pharma GmbH, Mainz, Germany) in the 
presence or absence of unfractionated heparin (UFH; 1 international unit [IU]/mL; Heparin-
Natrium-25000-ratiopharm, ratiopharm GmbH, Ulm, Germany) or LMWH (Clivarin 1.750; 1 

IU/mL; Abbott GmbH & Co. KG, Wiesbaden, Germany). After incubation for 10 min at RT, 200 



 

 

 

µL of the mixture were added to plates coated with PRT/heparin complexes (Zymutest HIA IgG, 

Hyphen BioMed, Neuvielle-sur-Oise, France). Ab binding was then tested using anti-human IgG. 
Buffer and native insulin were used as negative control. Ab binding in the presence of buffer was 
considered as 100%. All patients’ samples were analyzed in duplicates. 

Binding of NPH insulin to PLTs 

PLTs were isolated from anticoagulant citrate dextrose solution (solution A; ACD-A) whole blood 

samples as described previously (17) and resuspended in Tyrodes buffer. PLTs (1x107) were 

incubated with different concentrations of NPH insulin (0-200 µg/mL; Berlinsulin H Basal). After 
incubation for 10 min at 37°C, a monoclonal murine anti-human insulin-FITC Ab (clone 1G11; 

1:100; Bioss Inc., Woburn, Massachusetts, USA) was added for 30 min at RT. PLTs were washed 
once using 2 mL wash buffer (136.9 mM NaCl, 2.7 mM KCl, 11.9 mM NaHCO3, 4.2 mM 

NaH2PO4, 0.35% BSA, 0.1% glucose, pH 7.2; 650xg, 7 min, RT, without brake). Ab binding was 

measured using flow cytometry (FC; Cytomics FC 500, Beckman Coulter, Fullerton, CA, USA). 
Native insulin (0-200 µg/mL; Actrapid) was used as control.  

To study the impact of heparin on insulin binding, PLTs were incubated with insulin 
(native or NPH insulin as mentioned above) in the presence of increasing concentrations of UFH 

(0-100 IU/mL; Heparin-Natrium-25000-ratiopharm). 

Binding of anti-PRT/heparin Abs to PLTs in the presence of NPH insulin 

The ability of anti-PRT/heparin Abs to bind PLTs in the presence of NPH insulin was tested using 

FC. Washed PLTs (1x107) were incubated (30 min, 37°C) with patient’s serum in the presence 
of: i) suspension buffer (DPBS buffer/0.05% BSA), ii) NPH insulin (50 µg/mL; Berlinsulin H 
Basal) or iii) NPH insulin and UFH (0.1 IU/mL; Heparin-Natrium-25000-ratiopharm). After 

incubation, PLTs were fixed using 2% paraformaldehyde (Morphisto, Frankfurt am Main, 
Germany) for 20 min at RT and washed twice with wash buffer (2 mL DPBS/0.05% BSA; 650xg, 
7 min, RT). PLT pellet was resuspended in 100 µL wash buffer. Ab binding was determined using 

FITC-conjugated rabbit-anti-human IgG (diluted 1:20; Dako, Glostrup, Denmark) using FC 
(Cytomics FC 500). 

Anti-PRT/heparin-mediated PLT activation 

Anti-PRT/heparin-induced PLT activation was investigated by measuring P-selectin (CD62P) 
expression on PLT surface using FC. Washed PLTs (1x107) were incubated (30 min, 37°C) with 

patient’s serum (1:10 diluted) in the presence of: i) suspension buffer, ii) NPH insulin (Berlinsulin 
H Basal), iii) NPH insulin and UFH (Heparin-Natrium-25000-ratiopharm) or iv) NPH insulin, UFH 



 

 

 

and the FcɣIIa receptor-blocking monoclonal Ab IV.3. Sera were also tested in the presence of 

native insulin (Actrapid) as negative control.  

To analyze the impact of heparin on Ab-mediated PLT activation, different concentrations 

of NPH insulin were investigated in the presence of different concentrations of UFH (Heparin-
Natrium-25000-ratiopharm) or LMWH (Clivarin 1.750). After incubation, PLTs were fixed using 
2% paraformaldehyde (Morphisto) for 20 min at RT and washed twice with wash buffer (2 mL 

DPBS/0.05% BSA; 650xg, 7 min, RT). PLT pellet was then resuspended in 100 µL wash buffer 
and tested using FC. PLTs were gated using a mouse-anti-human CD41-FITC labelled 
monoclonal Ab (clone SZ22; diluted 1:20) and CD62P expression was determined using the 
monoclonal mouse-anti-human CD62P-PE-Cy5 Ab (clone AK-4; diluted 1:20; BD Biosciences, 

New Jersey, USA) (30 min, RT). 

Statistical analyses 

The statistical analysis were performed using GraphPad Prism, Version 5.0 (GraphPad, La Jolla, 

USA). Non-parametric tests were used when data failed to follow a normal distribution as 

assessed by D’Agostino and Pearson omnibus normality test. Group comparison was performed 

using the Wilcoxon rank-sum test and the Fisher exact test with categorical variables. In case 

of a small number of experiments (<10) the group comparison was performed using the t-test. 

All analyses were two-tailed and a p-value of <0.05 was assumed to represent statistical 

significance.  



 

 

 

Results 

Anti-PRT/heparin Abs bind to NPH insulin 

When NPH insulin was immobilized onto microtiter plates, sera from 56 healthy donors showed 

a mean optical density (OD) of 0.181 ± 0.128 standard deviation (SD), resulting in a cut-off 

(mean + 2 x SD) of 0.5. We then analyzed 90 sera obtained from patients enrolled in a previous 

study (18). 10 sera tested negative for IgG Abs against PRT/heparin complexes (group I, median 

OD: 0.033, range 0.015-0.330), 56 sera tested positive for anti-PRT/heparin IgG Abs (group II, 

median OD: 0.728, range 0.505-1.860) and 24 sera also tested positive for PLT-activating anti-

PRT/heparin IgG Abs in the modified heparin-induced platelet aggregation (HIPA) assay (group 

III, median OD: 0.680, range 0.500-1.175) (figure 1A). Sera from group II and III did not show 

binding to PRT alone. 

In the NPH insulin enzyme immunoassay (EIA), a total of 22 sera showed positive 

results, out of them only one samples tested also positive for anti-insulin IgG Abs (figure 1, grey 

symbol). 12 (21.4%) and 9 (37.5%) sera from group II and III, respectively, bound to NPH insulin. 

No significant difference in binding was observed between non-PLT-activating (group II) and 

PLT-activating anti-PRT/heparin Abs (median OD: 0.710, range 0.500-1.355 vs. 0.805, range 

0.515-1.765, respectively, p=0.458). One out of 10 (10%) sera without detectable Abs against 

PRT/heparin complexes (group I) bound to NPH insulin (OD: 0.580).  

Four representative sera containing anti-PRT/heparin IgG Abs with binding to NPH 

insulin were tested in the competitive EIA. Anti-PRT/heparin Ab binding was significantly 

reduced by NPH insulin (1 mg/mL), but not by native insulin (1 mg/mL; median inhibition in the 

presence of NPH insulin: 83.3%, range 76.2-84% vs. native insulin: 32.2%, range 4.4-33.8%, 

p<0.001; figure 1B). Addition of UFH (1 IU/mL) or LMWH (1 IU/mL) to 1 mg/mL NPH insulin did 

not enhance the inhibitory effect on Ab binding (median inhibition in the presence of UFH: 78.2%, 

range 71.6-82.6%, p=0.125; in the presence of LMWH: 82.1%, range 72.5-83.7%, p=0.254; 

compared to NPH insulin alone). 

Anti-PRT/heparin Abs bind to PLTs in presence of NPH insulin  

In preliminary experiments, the highest binding of NPH insulin (determined by anti-insulin Ab) to 

PLTs was achieved at a concentration of 50 µg/mL (compared to native insulin; supplementary 

figure 1A). NPH insulin, but not native insulin bound to PLTs (median mean fluorescence 

intensity [MFI]: 28.7, range 25.5-32.0 vs. 3.7, range 3.6-3.7, respectively, p<0.001; 

supplementary figure 1B. Binding of NPH insulin to PLTs was charge-dependent as heparin 

inhibited binding of NPH insulin to PLTs at concentrations higher than 1 IU/mL (p=0.006).  



 

 

 

We next investigated the ability of anti-PRT/heparin IgG Abs to bind PLTs in the presence 

of NPH insulin. IgG binding to PLTs was slightly increased in the presence of NPH insulin 

compared to buffer (n=3, median MFI: 20.9, range 15.6-28.6 vs. 15.8, range 12.0-18.9, 

respectively, p=0.226, figure 2A). Addition of UFH at low concentration (0.1 IU/mL) significantly 

enhanced the Ab binding (median MFI in the presence of NPH insulin and UFH: 31.8, range 

30.1-49.0, compared to NPH insulin alone, p=0.030). The heparin-dependency was also 

demonstrated by the complete inhibition of Ab binding in the presence of high concentrations (1 

and 10 IU/mL) of heparin (median MFI at 1 IU/mL heparin: 13.1, range 8.6-18.4, p=0.005; and 

median MFI at 10 IU/mL heparin: 14.9, range 12.5-17.7, respectively, p=0.012; compared to 0.1 

IU/mL heparin). 

Anti-PRT/heparin Abs activate PLTs in the presence of NPH insulin 

Ab-mediated PLT activation was assessed by testing six representative sera containing heparin-

dependent, PLT-activating anti-PRT/heparin Abs. Increased CD62P expression was observed 

after serum incubation in the presence of NPH insulin compared to native insulin (median MFI: 

55.0, range 14.3-108.0 vs. 19.4, range 10.90-37.70, respectively, p=0.041, figure 2B). Heparin 
at low concentration (0.1 IU/mL) significantly enhanced the anti-PRT/heparin Ab-mediated PLT 
activation (median MFI: 203.5, range 121.0-448.0, compared to NPH insulin alone, p=0.017). 
This PLT activation was completely inhibited by high concentration of heparin (10 IU/mL; median 

MFI: 20.9, range 11.4-28.6, p=0.007) as well as by the FcɣIIa receptor-blocking monoclonal Ab 
IV.3 (median MFI 16.1, range 10.5-23.4, p=0.007). No PLT activation was observed in the 
presence of heparin alone. 

Next, we investigated the minimum concentration of NPH insulin required for the Ab-
mediated PLT activation using two sera containing strong PLT-activating Abs. Sera were 

incubated with PLTs from two different donors together with a mixture of NPH insulin- and 
heparin-dilutions (LMWH or UFH) starting from the optimal concentration of 50 µg/mL and 0.1 
IU/mL, respectively. Higher CD62P expression than control was observed until a dilution of 1:4 

(concentration of 6.25 µg/mL and 0.0125 IU/mL, respectively) (median MFI for UFH: 100.6, 
range 91.9-109.3 and median MFI for LMWH: 67.7, range 37.7-75.4, compared to buffer: 15.4, 
range 10.0-20.9, p=0.014 and 0.012, respectively, figure 3A).   

PLT activation in the presence of NPH insulin at 6.25 µg/mL, the minimum concentration 
of NPH insulin that is required for PLT activation in the presence of anti-PRT/heparin Abs, was 
heparin-dependent. Adding UFH or LMWH to PLT suspension strongly enhanced PLT activation 

starting at 0.0031 IU/mL (median MFI in the presence of NPH insulin and UFH: 310.0 range 
192.0-417.0 vs. buffer alone: 11.4, range 11.3-14.7, p=0.011; in the presence of NPH insulin and 
LMWH: 173.0, range 145.0-254.0 vs. buffer alone, p=0.006, figure 3B). PLT activation in the 



 

 

 

presence of 6.25 µg/mL NPH insulin was reduced at heparin concentration of 0.05 and inhibited 

by 0.1 IU/mL heparin (figure 3B).   

Next, we investigated the minimum concentration of NPH insulin that is needed for Ab-

mediated PLT activation in the presence of low concentrations heparin (0.05 and 0.1 IU/mL). A 
statistically significant increase in P-selectin expression was only observed in the presence of 
at least 12.5 µg/mL NPH insulin and 0.05 IU/mL of LMWH (median MFI in the presence of NPH 

insulin and LMWH: 230.0, range 165.0-440.0 vs. LMWH alone: 12.8, range 11.4-13.3, p=0.033, 
figure 3C). Increased P-selectin expression was observed at NPH insulin concentrations higher 
than 12.5 µg/mL in the presence of 0.1 IU/mL of both heparins (median MFI for UFH: 58.1, range 
26.6-98.8 and for LMWH: 50.8, range 16.8-59.2, figure 3D); and in the presence of 0.05 IU/mL 

UFH (median MFI in the presence of NPH insulin and UFH: 54.1, range 16.8-56.1, figure 3D). 
However, the differences did not reach a statistical significance (p>0.05). Noteworthy, PLT 
activation in the presence of 12.5 µg/mL NPH insulin was inhibited at therapeutic concentrations 

of heparin (0.5 IU/mL; median MFI in the presence of NPH insulin and UFH: 16.1, range 12.7-
16.6 vs. UFH alone: 11.3, range 10.7-14.4, p=0.148; and median MFI in the presence of NPH 
insulin and LMWH: 15.2, range 11.5-17.4 vs. LMWH alone: 11.9, 9.6-12.8, p=0.172, 

supplementary figure 2).  
  



 

 

 

Discussion 

 

In this study, we provide further insights into the interaction between anti-PRT/heparin Abs and 

PLTs. Our data demonstrate the ability of heparin-dependent anti-PRT Abs to bind to NPH 

insulin. The binding of anti-PRT/heparin Abs to NPH insulin on the PLT surface resulted in PLT 

activation via FcγIIa receptor in a heparin-dependent manner. 

The results of EIA demonstrate that anti-PRT/heparin Abs bind to NPH insulin. Only one 

out of 21 sera reacting with NPH insulin contained anti-insulin Abs (figure 1A, grey symbol). 

Although, we used sera that bind to PRT only in the presence of heparin (heparin-dependent), 

we found strong Ab binding to NPH insulin even in the absence of heparin. No significant 

increase could be observed after addition of heparin (data not shown). These results indicate 

that PRT presumably undergoes conformational changes in its secondary structure through 

binding to insulin (PRT-tagged insulin, NPH insulin). At neutral pH, insulin is negatively charged 

(isoelectric pH of 5.4). Neutral pH value is achieved in the suspension by use of phosphate 

buffer and Zn. One explanation for our observation could be that PRT changed its structure upon 

binding to negatively charged insulin in a similar way as seen in PRT/heparin complexes (5). 

Consequently, PRT/insulin complexes exposed neoepitopes to which human anti-PRT/heparin 

Abs bound. Further studies using circular dichroism spectroscopy and isothermal titration 

calorimetry are necessary to investigate PRT complex formation with soluble insulin in the 

presence of phosphate and Zn. 

Anti-PRT/heparin Abs did not only bind to NPH insulin on EIA plates, but also recognize 

NPH insulin on the PLT surface. NPH insulin, but not native human insulin, bound to washed 

PLTs. The mobilization of NPH insulin was inhibited by high concentrations of heparin 

(supplementary figure 1B) indicating a charge-dependency and suggesting an essential role of 

PRT in the interaction with glycosaminoglycan on the PLT surface. The binding of anti-

PRT/heparin Abs to PLTs was significantly increased by heparin at low concentrations (figure 

2A). In accordance to our EIA data, a weak Ab binding was also observed in the absence of 

heparin. 

Recently, we and others observed thromboembolic complications in diabetic patients 

who have been treated with insulin and heparin (8,19, 20). These complications occurred in the 

early post-cardiac surgery period as well as in medical patients who did not undergo 

cardiopulmonary bypass (20). We hypothesized that the interaction between anti-PRT/heparin 

Abs and NPH insulin may result in PLT activation. In our previous studies, anti-PRT/heparin Ab-

mediated PLT activation was investigated using the modified HIPA assay (8). In HIPA test, PLT 

activation is determined visually by the formation of platelet aggregates shifting the suspension 



 

 

 

from turbidity to transparency. NPH insulin is a turbid crystalline solution making the visual 

determination of aggregate formation in the presence of NPH insulin very challenging. Thus, we 

developed a new functional assay using FC. Washed PLTs were incubated with patient’s sera 
in the presence of NPH insulin. P-selectin expression was measured as an activation marker. 

Using this assay, we observed that anti-PRT/heparin Abs are able to activate PLTs in the 

presence of NPH insulin. PLT activation was significantly enhanced by heparin and occurred via 

crosslinking PLT FcγIIa receptors (figure 2B). These results motivated us to further investigate 

the minimum concentration of PRT and heparin that is required for the Ab-mediated PLT 

activation. We found that anti-PRT/heparin Abs are able to induce PLT activation in the presence 

of as low as 6.25 µg/mL NPH insulin. At this concentration of NPH insulin, anti-PRT/heparin Abs 

induced PLT activation in the presence of UFH as well as LMWH in a range between 0.0031 

and 0.05 IU/mL, but not in the absence of heparin or at concentration higher than 0.05 IU/mL. 

To assess a potential clinical relevance of our finding, we investigated PLT activation in the 

presence of different concentrations of UFH and LMWH. For thrombosis prophylaxis, patients 

usually receive LMWH with expected anti-Xa plasma levels below 0.3 IU/mL. Anti-PRT/heparin 

Abs were able to activate PLTs in the presence of 12.5 µg/mL NPH insulin and 0.1 IU/mL heparin 

(UFH as well as LMWH). In the presence of therapeutic doses of heparin (0.5 IU/mL), we did 

not observe any PLT activation at concentrations below 25 µg/mL NPH insulin (supplementary 

figure 2B). 

Using radiolabeled NPH insulin, plasma concentrations between 10 and 15 µU/mL 

(corresponding to 0.35-0.52 µg/mL, respectively) have been observed four hours after 

subcutaneous injection of NPH insulin to newly diagnosed insulin-dependent diabetics. Given 

that drug-dependent Abs commonly show their highest binding in vitro in the presence of drug 

concentrations that are beyond therapeutic concentration; and that PLT clearance by drug-

dependent Abs in vivo is enhanced by injecting drug at supratherapeutic concentrations (21), 

the lack of PLT activation at the estimated plasma concentration of NPH insulin does not 

necessarily exclude a biological impact of these Abs. In addition, approximately 30-80% of 

systemic insulin is metabolized particularly in the kidney (22-25). In the absence of 

pharmacokinetic studies for the various types of insulin in patients with different degrees of renal 

insufficiency, it is currently very difficult to assess the risk of NPH insulin accumulation and the 

subsequent Ab-mediated PLT activation in this patient population. 

An increased risk for microvascular disease has been found in diabetic patients treated 

with NPH insulin compared to basal analogue insulin after three, but not after two oral agents 

adjusted hazard ratios 1.87 (95% confidence interval 1.04 to 3.36) and 1.03 (0.73 to 1.45), 

respectively (26). In addition, a retrospective study compared the rate of acute myocardial 

infraction (AMI) in medical in-patients who newly received NPH insulin or a long-acting synthetic 



 

 

 

insulin analog for basal insulin therapy. The authors reported on greater risk for AMI in patients 

receiving NPH insulin (rate ratio 1.53, 95% confidence interval 1.29 to 1.81) (27). The potential 

mechanisms responsible for the greater rate of AMI observed in patients treated with NPH 

insulin compared to those treated with glargine are unknown. It would be interesting to 

investigate a potential role of anti-PRT/heparin Abs in this context. Here, we provide a panel of 

laboratory tools that enables such a study in the future.  

Our study demonstrates the ability of anti-PRT/heparin Abs to activate PLTs in the 

presence of NPH insulin raising the intriguing possibility that concomitant treatment of diabetic 

patients with NPH insulin and heparin might increase the risk for thromboembolic complications. 

This would have major implications for the choice of the type of insulin and the choice of the 

presurgery anticoagulant in diabetic patients.  
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Figure legends 

 

Figure 1: Cross-reactivity between anti-protamine/heparin antibodies and Neutral 
Protamine Hagedorn insulin. 
A) Detection of direct antibody binding in enzyme immunoassay. Neutral protamine 

Hagedorn insulin (NPH) insulin was immobilized onto microtiter plates. An optical density (OD) 
of ≥0.5 was considered as positive result. Each symbol represents an individual patient and lines 
indicate median and range; not significant (ns). Grey symbol indicates a serum with anti-insulin 

immunoglobulin G (IgG) antibodies (Abs).  
B) Competitive enzyme immunoassay. The cross-reactivity of anti-protamine (PRT)/heparin 

IgG Abs with NPH insulin was also investigated using a competitive enzyme immunoassay 

(EIA). Patient’s sera (n=4) were incubated on PRT/heparin-coated plates in the presence of: i) 
buffer (white bar), ii) native insulin (light grey bars) or iii) NPH insulin (dark grey bars). 
Unfractionated heparin (UFH) or low molecular weight heparin (LMWH) were added to the 

suspension to investigate the impact of heparin. Lines indicate median and range; not significant 
(ns). Ab binding in the presence of buffer was defined as 100%.  
 

Figure 2: Impact of Neutral Protamine Hagedorn insulin on anti-protamine/heparin 
antibody-mediated platelet activation.  

The ability of patient’s anti-protamine (PRT)/heparin antibodies (Abs) to bind platelets (PLTs) in 
the presence of Neutral Protamine Hagedorn (NPH) insulin and its impact on PLT activation was 

examined using flow cytometry. Lines indicate median and range of mean fluorescence intensity 
(MFI); not significant (ns). 
A) Antibody binding to platelets. PLTs were incubated with patient’s sera (n=3) containing 

anti-PRT/heparin immunoglobulin G (IgG) Abs in the presence of: i) buffer (white bar), ii) NPH 
insulin (first dark grey bar) or iii) NPH insulin and unfractionated heparin (UFH; rear dark grey 
bars). Anti-PRT/heparin IgG Abs bind to PLTs in the presence of NPH insulin.  

B) Antibody-mediated platelet activation. PLTs (n=2) were incubated with sera containing 

anti-PRT/heparin Abs (n=6) in the presence of: i) native insulin (light grey bars) or ii) NPH insulin 
(dark grey bars), in the presence of buffer or heparin. The FcɣIIa receptor-blocking monoclonal 
Ab (mAb) IV.3 was used as an inhibition step.  

 

Figure 3: Minimum concentration of Neutral Protamine Hagedorn insulin and heparin 
required for the antibody-mediated platelet activation.  
Platelets (PLTs) obtained from two different donors were incubated with anti-protamine 
(PRT)/heparin antibodies (Abs; n=2) in the presence of: A) different dilutions of the Neutral 

Protamine Hagedorn (NPH) insulin/heparin mixture starting from 50 µg/mL and 0.1 IU/mL, 



 

 

 

respectively, B) 6.25 µg/mL NPH insulin and increasing concentrations of heparin, C) different 

concentrations of NPH insulin and 0.05 IU/mL heparin, or D) different concentrations of NPH 

insulin and 0.1 IU/mL heparin. These experiments were performed with both, unfractionated 
heparin (UFH; light grey bars) or low molecular weight heparin (LMWH; dark grey bars). PLT 

activation was determined by measuring P-selectin (CD62P) expression. Lines indicate median 
and range of mean fluorescence intensity (MFI).  

  



 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

  



 

 

 

Supplementary legends 

 

Supplementary figure 1: Binding of Neutral Protamine Hagedorn insulin to platelets.  
A) Binding to PLTs. PLTs (n=3) were incubated with different concentrations of native insulin 

(light grey bars) or NPH insulin (dark grey bars). Insulin binding was detected using a 
monoclonal murine anti-human insulin-FITC antibody (Ab; clone 1G11). Data are presented as 

median and range of mean fluorescence intensity (MFI); not significant (ns). 

B) Heparin-dependency. PLTs (n=3) were incubated with increasing concentrations of 

unfractionated heparin (UFH) in the presence of: i) buffer (white bars), ii) native insulin (light 
grey bars) or iii) NPH insulin (dark grey bars). Data are presented as median and range of mean 

fluorescence intensity (MFI). 

 

Supplementary figure 2: Antibody-mediated platelet activation in the presence of NPH 
insulin and heparin at therapeutic concentration. 

PLT-activating Abs were incubated with PLTs (n=3) in the presence of different concentrations 
of NPH insulin and therapeutic concentration of heparin (0.5 IU/mL, UFH or LMWH). Data are 
presented as median and range of mean fluorescence intensity (MFI). 
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