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Abstract

Background—Clearance of transfused red blood cells (RBCs) is thought to be related to both 

storage time of the transfusion product and to inflammatory status of the recipient. We investigated 

these effects in a randomized “two hit” healthy volunteer transfusion model, comparing 

autologous RBCs stored for 35 days with RBCs stored for 2 days.

Study Design and Methods—Healthy male volunteers donated one unit of autologous RBCs 

either 2 (2D) or 35 days (35D) before the study day. The experiment was started by infusion of 2 

ng/kg LPS (“first hit”). Two hours later the stored RBCs (“second hit”) were reinfused followed by 

RBCs labeled with biotin. Clearance of biotin labeled RBCs (BioRBCs) was measured during the 

5 h post-transfusion endotoxemia period, along with measurement of PS-exposure, lactadherin 

binding and CD47 expression.

Results—In the 2D stored RBCs group, 1.5±3.4% of infused BioRBCs were cleared from the 

circulation 5 h post-transfusion versus 4.8±4.0% in the 35D stored group (p=0.1). There were no 

differences in PS-exposure, lactadherin binding, and CD47 expression between fresh and stored 

RBCs or between pre- and post-transfusion.

Conclusion—Our study shows a low clearance of RBCs even during endotoxemia. Furthermore, 

short-term clearance of BioRBCs during endotoxemia was not related to storage duration. 
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Consistent with these observations, PS-exposure, lactadherin binding and CD47 expression did not 

differ between 2D and 35D stored cells before or after transfusion. We conclude that in the 

presence of endotoxemia, clearance of 35D stored autologous RBCs is not increased compared to 

2D fresh RBCs.
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Introduction

To improve tissue oxygenation, red blood cell (RBCs) transfusions are frequently 

administered for increasing oxygen delivery capacity. Although blood transfusion can be 

lifesaving, it also can result in serious adverse events leading to increased morbidity and 

mortality, especially in critically ill patients.
1,2 Moreover, several randomized trials suggest 

that a restrictive transfusion policy results in a better outcome than a liberal transfusion 

policy.
3-5 Storage of RBCs, which results in the RBC “storage lesion”, including reduced 

cellular levels of 2,3-diphosphoglycerate, adenosine triphosphate and nitric oxide, and 

increased oxidation of cellular lipids and proteins,
6
 has been implicated in transfusion 

induced adverse events. However, the relative contribution – if any – remains unclear.
7,8 

Increased post-transfusion RBC clearance caused by prolonged storage has been speculated 

to be detrimental; indeed, several studies have reported shortened RBC survival with 

increased RBC storage.
9-12

 This observation, and the observation that mainly critically ill 

patients are prone to develop adverse events of transfusion, led us to hypothesize that RBC 

transfusion storage time and the recipient's inflammatory status influence RBC post-

transfusion clearance. This hypothesis is supported by several preclinical studies: RBC 

deformability diminishes in stored blood;
13,14 deformability of stored RBCs has been found 

to impede microcirculation
15,16 and in a murine model stored RBCs were found to adhere to 

the vasculature.
17

 Other studies report that RBCs express increased phosphatidylserine (PS) 

on the outer membrane leaflet after exposure to plasma of sepsis patients.
18

 PS-exposure, 

CD47 expression, and lactadherin binding, amongst others, have been associated with RBCs 

storage and in vivo RBC aging. Changes in any of these markers might influence post-

transfusion RBC clearance.
19-21

To test the above hypothesis in a clinically relevant setting, we examined the effect of 

endotoxemia and RBC storage time on the clearance of autologous biotin labeled RBCs 

(BioRBC) in healthy volunteers using a randomized study design. To address potential 

mechanisms, we also determined effect of RBC storage on RBC membrane PS-exposure, 

CD47 expression, and lactadherin binding.

Material and Methods

All studies have been approved by the Academic Medical Center Medical Ethical 

Committee (Dutch Trial Register - NTR4455) and are consistent with the Declaration of 

Helsinki including Good Clinical Practice and Good Manufacturing Practice. All subjects 

provided written informed consent as part of the informed consent process before enrolment.
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Inclusion and Randomization of Volunteers

This study is part of a larger study that has been previously described (AABB annual 

meeting oral presentation;
22

 Critical Care Medicine, article in press, DOI 10.1097/CCM.

0000000000001614). In this study we recruited 15 healthy male volunteers, 18 – 35 years of 

age, without medical conditions. Potential subjects were excluded if they had donated or lost 

>500 ml blood during the preceding three months. Participants were not allowed to be 

concurrently enrolled in another intervention trial

Five subjects each were randomly allocated to one of three groups: 1) the 2D RBCs group 

that received one unit of autologous RBC concentrate stored for 2 days, 2) the 35D RBCs 

group that received one unit of autologous RBC concentrate stored for 35 days, 3) the saline 

control group that received a similar volume of NaCl 0.9%. Each group adhered to the 

protocol depicted in Figure 1.

All volunteers donated one unit of whole blood at the Dutch Blood Bank Sanquin, either 2 

days or 35 days prior to the experiment. The whole blood unit was processed into plasma, 

buffy coat and leukoreduced RBC concentrate, with RBCs stored in saline, adenine, glucose 

and mannitol (SAGM) according to Dutch Blood Bank standards (Bottom-And-Top bag 

systems, CQC2988, Fresenius Kabi, Emmer Compascuum, the Netherlands; 

PolyVinylChloride-Di-ethyl-hexyl-phtalate bag). To monitor product quality and bacterial 

contamination, 6 ml of the 35D RBC concentrate was aliquoted using a sterile docking 

system. This sample was cultured with BacTAlert® one day before transfusion.

Biotinylation

On the day of the experiment a 25-30 ml sample was drawn with a sterile TakeSpike (Codan, 

Lensahn, Germany). Labeling of RBCs was done according to methods described originally 

and later updated by Mock and coworkers.
23,24 We labelled the RBCs from 20-30 ml of 

RBC concentrate in order to achieve an in vivo BioRBC enrichment of 0.5%.

Briefly, RBCs were washed twice in a wash buffer consisting of 8 mL of 50-percent glucose 

(Braun, Melsungen, Germany), 18 ml sodium bicarbonate (Frensius Kabi, 's Hertogenbosch, 

The Netherlands)and 2 ml water (Braun) in 1.0 l 0.9% sodium chloride (Baxter Health Care, 

Deerfield, Illinois, USA). Centrifugation (1000 rcf) performed with the wash steps was done 

for 8 min at room temperature without breaking. Sulfo-N-hydroxysuccinimide-biotin 

(Pierce, Rockford, Illinois, USA) was prepared in wash buffer at a concentration of 6 μg/ml. 

This biotinylation labeling solution was filter-sterilized (syringe filter, 0.2 μm, acetate 

membrane) immediately before use. The RBCs were resuspended in wash buffer at a 

hematocrit of 25% and incubated with biotin labeling solution for 30 min at room 

temperature on a roller bench. The BioRBCs were then washed twice again to remove 

excess biotin and resuspended to a hematocrit of 50%. These cells were stored in a 60 ml 

syringe until infusion. One ml of BioRBCs was used for investigation of membrane markers 

and for culture with BacTAlert®.
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Open-label randomized design

It was impossible to blind volunteers for group allocation as they had to donate one unit of 

blood either 2 or 35 days before the experiment. According to the Good Clinical Practice 

(GCP) research code it was also not possible to blind for saline or RBC transfusion. We thus 

performed an open-label randomized trial.

Endotoxemia Model

To assure that all volunteers met systemic inflammation reaction syndrome (SIRS) criteria,
25 

an i.v. infusion of 2 ng Escherichia coli LPS / kg body weight i.v. (National Institutes of 

Health Clinical Center, Bethesda, United States of America) was administered at T=0. Two 

hours after LPS infusion, subjects received either 2D RBCs, 35D RBCs or Saline (T=2). At 

completion of this infusion BioRBCs were infused over 1 min in the 2D and 35D RBC 

groups (Figure 1). As an additional historical control group, we compared RBC survival data 

of the three groups to that of healthy volunteers transfused with fresh autologous RBCs in 

the absence of LPS from a prior study. We used the clearance data from the first 5, 10, 20, 60 

and 1440 minutes after BioRBC infusion to fit a clearance curve. From this curve we 

extrapolated the clearance and recovery of the 300 min time point (= 5 hours after 

infusion).
26

Sample Collection and Analysis

All blood samples were collected from an indwelling arterial line, which was used for 

hemodynamic monitoring. Blood was collected prior to infusion of the BioRBCs ; 10 min 

after infusion of BioRBCs (T=3.1), 30 min after infusion of BioRBCs (T=3.5) and every two 

hours thereafter up to T=8 (Figure 1). Potassium ethylenediaminetetraacetic acid (EDTA) 

anticoagulated blood was used for cross matching as additional safety procedure and for 

analysis of BioRBCs clearance. Directly after sampling potassium-EDTA anticoagulated full 

blood was stored at 4°C. The day after the experiment full blood samples and untransfused 

BioRBC samples were shipped on wet ice to the Red Blood Cell Research Laboratory of 

Sanquin Blood Bank where they were analyzed with Advia 2120 Hematology System 

(Siemens, The Hague, Netherlands).

To determine PS-exposure on RBC membranes, RBCs were counterstained with 

streptavidine Qdots (Life Technologies, Carlsbad, California, USA, 2 nM final 

concentration) and incubated with either annexin V-FITC (VPS diagnostics, Hoeven, The 

Netherlands 25 μg/ml final concentration) or lactadherin-FITC (Haematologic Technologies 

Inc., Essex Junction, Vermont, United USA, 16 nM final concentration). Lactadherin 

binding was analyzed by anti-lactadherin staining (R&D Systems, Minneapolis, Minnesota 

USA, according to the manufacturer's protocol). Antibodies against CD47 were obtained 

from eBioscience (San Diego, California, USA and used according to manufacturer's 

protocol). RBCs were incubated with antibodies for 30 min at 4°C, washed and analyzed 

using a flow cytometer (LSR II, San Jose, California, USA). BioRBC enrichment expressed 

as a percentage of all circulating RBC was measured at all appropriate sample time-points.
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Total and direct bilirubin and haptoglobin were measured as hemolysis parameters in our 

patient laboratory of general clinical chemistry with the Roche cobas c702 chemical 

analyzer (Roche Diagnostics, Indianapolis, IN, USA).

Statistical Analysis

We tracked the post-transfusion clearance of BioRBCs for 5 h after their infusion; this 

endpoint was selected because all symptoms of endotoxemia had abated at that time (5 h 

post-transfusion = 8 h after infusion of LPS, Figure 1). BioRBC clearance was determined 

based on the percentage of BioRBCs cleared in the circulation relative to the 10-min post-

BioRBC infusion sample. Significance of differences in the post-transfusion BioRBC 

clearance in the 2D and 35D transfusion group was tested using Student's unpaired T-test.

We based our power calculation on previous published reports in which 22-26.5% RBC 

clearance was detected 24 hours after infusion.
9,10 We measured clearance during the five 

hours of LPS induced endotoxemia and therefore expected less clearance. Assuming that 

removal occurred linearly over the 24 hours, we estimated that about 6% would be removed 

by 5 hour post-transfusion. Accordingly we powered on an expected clearance of 6% in the 

stored RBCs group and 1% in the fresh RBCs group (in accordance with the observations of 

Mock et al. using fresh autologous BioRBCs). Assuming a delta of 5%, with a pooled sigma 

of 2.5%, alpha of 5% and beta of 80% we required 4 volunteers. We included one extra 

volunteer to account for possible technical difficulties.

To investigate the role of the three membrane markers related to RBC clearance transfused 

BioRBCs and unlabeled RBCs collected from arterial blood samples and untransfused 

BioRBCs were analyzed for change in membrane biomarkers. Expression of the membrane 

markers was determined as either percentage of fluorescence positive cells or as mean 

fluorescence (MFI). Because there was no time-dependent change in membrane markers, the 

measurements of T=3.1 and T=8 were pooled and used for all calculations. Data are 

summarized in means and medians with IQR. Statistical analyses have been performed in R 

version 3.1.2 (R-core team, Vienna, Austria, 2014).

Results

Clinical symptoms

Approximately 1.5 h after infusion of LPS, all volunteers developed headache, muscle pain, 

photophobia and nausea. These symptoms were accompanied by the expected change in 

hemodynamic and respiratory parameters. All volunteers met the systemic inflammation 

reaction syndrome (SIRS) criteria.

Clearance

During endotoxemia, the percentage of RBCs removed from the circulation by 5 h was 

1.5±3.4% for the 2D RBCs group and 4.8±4.0% for the 35D RBCs group (Figure 2). The 

difference between the storage groups was not significant (p = 0.1). In the historical control 

post-transfusion clearance 5 h post-transfusion of BioRBCs was 1.2±0.05% which was not 
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different from either the 2 or 35D groups.
26

 We did not detect any differences in levels of 

total bilirubin, direct bilirubin or haptoglobin (data not shown).

Transfusion products

All of the 35D study subjects' autologous RBC transfusion products met Dutch Blood Bank 

quality standards prior to their administration. On average we measured 0.22±0.08% 

hemolysis, 3.69±0.26 mmol/g Hb intracellular ATP and 43±21.1% echinocytes. In two 

products we found >70% echinocytes which is still within the range of normal variations. 

None of the products had a positive bacterial culture.

Changes in phosphatidylserine exposure, lactadherin binding and CD47 expression

Phosphatidylserine exposure—Before infusion, BioRBCs expressed low levels of PS 

as measured by staining with lactadherin and annexin V (Figure 3A; Table 1). PS-exposure 

between 2D and 35D stored BioRBCs was similar and confidence intervals overlapped with 

unlabeled, untransfused RBCs. After transfusion, PS-exposure on both the 2D BioRBCs and 

35D BioRBCs remained low throughout the experiment. In addition, lactadherin binding to 

the RBC was not detectable on BioRBCs before infusion, as determined by anti-lactadherin 

antibody staining (Figure 3A, Table 2), and did not increase after transfusion. Binding was 

comparable to unlabeled RBCs. Lastly, the level of CD47 on BioRBCs did not change after 

transfusion and was not different from circulating, unlabeled cells.

Discussion

In this study we transfused fresh (2D) and stored (35D) biotin labeled red blood cells into 

humans in the presence of LPS-induced inflammation, sufficient to meet clinical SIRS 

criteria. We did so to investigate the effect of RBC storage on clearance of transfused RBCs 

under conditions of inflammation. We observed that: 1) clearance of transfused RBCs is low 

even in the presence of marked inflammation and similar to clearance in the absence of 

inflammation; 2) clearance of transfused autologous RBCs is not measurably dependent on 

storage time in presence of inflammation; 3) PS-exposure, lactadherin binding, and CD47 

expression on RBCs is not altered during storage and does not change after transfusion in 

LPS-treated healthy volunteers.

Several studies have reported reduced survival of RBCs after transfusion.
9-11

 Although the 

factors influencing post-transfusion recovery remain unclear, storage time and inflammation 

in the recipient have been hypothesized to play an important role. In 2008, a Dutch research 

group investigated whether survival of RBCs was storage-time dependent by identification 

of transfused cells with minor-antigen mismatch. The study included 10 hematology patients 

who required transfusion after high-dose chemotherapy. For RBCs <10 days, a mean 24 

hour post transfusion recovery of 86.4% was reported. For RBCs stored 25-35 days the 

average survival after 24 hours was 73.5%.The authors hypothesized that the high clearance 

in both transfusion groups might be caused by disease severity of the recipients.
10

We designed a clinically relevant model to investigate the effect of RBC storage and 

inflammation on RBC clearance in humans. To mimic clinical sepsis, we primed volunteers 

with LPS and successfully induced SIRS in all the volunteers. Labeling with biotin was used 
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both to assess RBC clearance and to isolate RBCs for determination of membrane markers 

implicated in cell clearance. The number of RBCs cleared during endotoxemia was low and 

was not dependent on storage time, which is in contrast with previous findings.
10

 We used 

extrapolation of a historical control group of volunteers without LPS-exposure to investigate 

the additional effect of endotoxemia.
26

 In this historical study post-transfusion clearance 5 

hours post transfusion of BioRBCs was similar to our results.

We also investigated several “eat me” and “don't eat me” erythrophagocytosis signals which 

have been related to clearance of aged RBCs. We investigated PS-exposure, lactadherin 

binding, and CD47 expression which all have been related to RBC clearance.

In healthy cells, PS is retained on the inner side of the cell-membrane. During senescence, 

the asymmetric distribution of lipids in the cell-membrane changes and PS is exposed on the 

outer leaflet which can be measured by staining with annexin or lactadherin. PS has been 

proposed to be a marker for erythrophagocytosis.
27

 Several studies have investigated PS-

exposure as function of storage. In some studies PS-exposure did not change during 

storage,
19

 while in others expression increased.
28,29

Lactadherin is a PS-binding glycoprotein that promotes erythrophagocytosis by 

macrophages in a concentration-dependent manner.
21

 We hypothesized that lactadherin 

might also play a role in clearance of senescent and stored RBCs in individuals suffering 

from inflammation. Contrary to our hypothesis, we did not find any evidence for lactadherin 

binding to the transfused RBC, as assessed by anti-lactadherin staining, nor did we find any 

evidence for increased PS-exposure, a prerequisite for lactadherin binding, assayed by both 

annexin V and lactadherin staining.

CD47 is a crucial “don't eat me” signal on the erythrocyte membrane. CD47 binds to signal 

regulatory protein-alpha (SIRP ) on macrophages, which leads to the inhibition of 

phagocytosis by the macrophage.
19,20 CD47 expression does not decrease during storage of 

RBCs under standard Dutch blood banking conditions (de Korte and van Bruggen, 

unpublished). However, it is not known how CD47 expression is maintained after 

transfusion. We did not find a change in CD47 expression after transfusion of BioRBCs cells 

as compared to untransfused and unlabeled cells. Expression did also not differ between 2D 

and 35D stored cells.

A general difficulty with investigations on exposure of these markers on labelled cells is that 

RBCs with increased levels may already have been cleared from the circulation before the 

first collection of blood samples. A limitation in the determination of clearance of any 

population study of labeled RBCs, including the BioRBC technique, is that clearance during 

the mixing time cannot be determined; to unambiguously avoid any mixing artifact, we 

elected to sample blood no sooner than 10 minutes after infusion. However, we infer that the 

immediate loss of BioRBCs after infusion is negligible for the following reasons; First: 

earlier studies reported little or no loss of labeled RBCs between 5 and 20 minutes after 

infusion; Second, circulating red cell volume calculated with data from BioRBCs agreed 

with the red cell volume calculated from minor antigen mismatch and Third: another study 

compared BioRBCs with 51Cr and also did not detect any immediate loss of BioRBCs.
30 

Peters et al. Page 7

Transfusion. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although these observations do not directly prove that no labeled cells are cleared from the 

circulation, they do suggest that there is negligible loss. Moreover, in the current study, we 

found 1) that clearance over time was low; 2) that expression of clearance markers on RBC 

samples direct from the storage bag was unchanged in either group; and 3) that levels of 

hemolysis parameters did not increase. On balance, we infer that it is unlikely that we have 

missed a substantial number of cells expressing high clearance signals that were cleared 

from the circulation, either immediately after infusion or later during the experiment.

There are several factors that might explain the discrepancy between our results and those of 

previously published patient studies. It could be argued that the LPS did not produce 

adequate inflammation, but at a dose of 2 ng/kg all volunteers fulfilled the SIRS criteria 

(Critical Care Medicine, article in press, DOI 10.1097/CCM.0000000000001614). Another 

factor that may be responsible for the differences between our study and those previously 

published is that we used autologous transfusion products to investigate the isolated effect of 

storage time on RBC clearance. This partly limits the comparability to clinical practice but 

on the other hand allowed us to investigate the effect of storage time without confounding by 

allogeneic mismatch. To our opinion, this is a major strength of our study design. A third 

factor that might have influenced our results is that we investigated the direct effect of 

inflammation during endotoxemia and that we cannot rule out that a longer period of 

inflammation is required to induce increased clearance of transfused RBCs. However, a 

study in very low birth weight critically ill premature infants (gestational age 26-30 weeks) 

did not show any clearance of biotin labelled stored allogeneic RBCs 24 hours after 

transfusion.
31

The two studies that detected increased RBC clearance in clinical patients made use of a 

minor-antigen mismatch technique.
9,10 This technique does not require any additional 

labeling of the RBCs while biotin labeling involves several incubation and washing steps. 

This raised the question whether the labeling procedure influences RBC clearance. However, 

a study comparing post-transfusion recovery of biotin labeled RBCs to minor-antigen 

mismatch in infants that received both autologous and allogeneic RBCs found no differences 

between the two different methods and also found little difference between autologous and 

allogeneic RBCs.
32

 A study in endotoxin primed volunteers using allogeneic blood products 

might shed some light on these conundrums. However, ethical suitability of exposing 

volunteers to allogeneic blood products is unclear.

Conclusion

Clearance of autologous RBCs in humans is not dependent on storage time in the presence 

of inflammation. Future studies should focus on the effect of allogeneic properties of 

transfusion products on RBC clearance.
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Figure 1. 
Study protocol. The experiment was started with an infusion of LPS at T=0. At T=2 

volunteers received an autologous blood transfusion followed by biotin labelled RBCs an 

hour later. The red dots represent the time-points on which blood was sampled.
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Figure 2. 
Mean clearance per transfusion group. Circles on solid lines represent 2D stored BioRBCs. 

Squares on dotted lines represent 35D stored BioRBCs. Bars represent 95% confidence 

interval.
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Figure 3a
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Figure 3b

Figure 3. 
A. PS-exposure, measured by annexin V and lactadherin staining. The grey dots represent 

biotin labelled cells. The white dots represent untransfused and unlabeled cells in full blood 

samples from which the BioRBCs were extracted. Bars represent medians.
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B. Lactadherin binding and CD47 expression. The grey dots represent Biotin Labelled cells. 

The white dots represent untransfused and unlabeled cells in full blood samples from which 

the BioRBCs were extracted. Bars represent medians.
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