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In vitro affinity reduction of biologic response modifiers

from production buffy coat platelets exposed to recombinant

protein receptors

Per Sandgren,1 Jenny R€onnmark,3 and Jonas Axelsson2,3

BACKGROUND: Recent studies link biologic response

modifiers found in donor platelet (PLT) concentrates to

transfusion reactions. We tested a novel method to

deplete BRMs from PLT concentrates using apheresis.

STUDY DESIGN AND METHODS: Whole blood from

25 donors was treated to yield PLTs for in vitro

measurements on Days 2, 5, and 7. On Day 7, PLTs

were filtrated through columns with either antibody-

coated agarose or rh-megalin bound to antibody-coated

agarose. In addition, we also tested the naked matrix

(agarose) and another apheresis surface containing rh-

cubilin bound to agarose. Megalin and cubilin are parts of

the protein complex mediating BRM endocytosis in the

human kidney.

RESULTS: Compared to before filtration (951 3 109 6 41

3 109 cells/L), PLT numbers decreased slightly after

filtration over both naked (859 3 109 6 38 3 109) and

antibody-coated (848 3 109 6 41 3 109) matrices (both

p< 0.001 vs. before). Concentrations of interleukin (IL)-1b,

IL-12 (p40), IL-12 (p70), and IL-7 all decreased by

approximately 40% even in the absence of a recombinant

surface. After filtration over rh-cubilin, but not rh-megalin,

concentrations of IFN-c, IL-1b, tumor necrosis factor-a, IL-

12, and IL-7 all further decreased by 30% to 50%.

CONCLUSION: In a pilot study of in vitro apheresis to

deplete BRMs, we found that cell numbers and function

remained largely unaffected by filtration. Significant

reductions in BRMs occurred already with agarose.

However, apheresis with the multiligand receptor rh-

cubilin was able to further decrease concentrations.

I
t is well known that currently used protocols for the

preparation and storage of platelet (PLT) concen-

trates from donor blood induce the release of bio-

logic response modifiers (BRMs).1-3 Consisting of

both cytokines and other biomolecules, these BRMs are

thought to activate autocrine and paracrine pathways to

influence key cellular functions of both donor and recipi-

ent cells.4-8 Of importance, recent data link BRMs to

adverse transfusion reactions after human PLT concen-

trate therapy.4,7,9-12 Register studies suggest that transfu-

sion reactions occur in up to 5% of PLT treatments,13,14

with a higher incidence in high-risk populations such as

pediatric patients.15 Most of these are likely to resolve rel-

atively quickly, but their occurrence is associated with

both adverse outcomes4,16,17 and longer hospital

stays.18,19

In this study, we hypothesized that a reduction or

removal of PLT concentrate BRMs could be achieved
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using a novel apheresis matrix based on recombinant ver-

sions of one of two receptors responsible for the removal

of cytokines from the primary urine in vivo.20 In a pilot

study, we aimed to demonstrate that such a technology to

remove cytokines would not adversely affect cell quality

or remove a large number of PLTs as has been reported

with current filtration techniques.21

MATERIALS AND METHODS

Preparation, storage, and sampling of PLTs

PLTs were collected (Day 0) from ambulatory blood

donors who met standard donation criteria and who had

given prior informed consent according to institutional

guidelines. The local ethical review committee approved

the study before initiation. To remove the possibility of

identification using the assigned 13-digit international

bottling number (ISBT128; indicating the country, blood

center, and a serial number) this was removed from study

units immediately after negative virus testing and

replaced with an anonymous study number. Initially, a

total of 450 mL of whole blood (WB) was drawn into

either a CPD and SAG-M quadruple-bag blood container

system (Fenwal, La Châtre, France) or another blood bag

system (NPT 6280LE, MacoPharma, Mouvaux, France).

After storage at room temperature for 2 to 6 hours, WB

units were centrifuged (2700 3 g) for 10 minutes at 22�C.

Automatic equipment was used for the preparation of

blood components (Optipress, Fenwal; or Macopress

Smart, MacoPharma), including the buffy coat (BC) of 25

blood units.

All BC units were mixed in pools of 5 (BC pool vol-

ume range, 216 6 3 mL) and prepared on Day 1 by using a

BC PLT processing system (OrbiSac, TerumoBCT, Zaven-

tem, Belgium)22 to yield leukoreduced PLT units stored in

approximately 30% plasma and 70% SSP1 (Maco-

Pharma). The maximum g-force generated by the OrbiSac

system is 1196 3 g. To avoid disintegration and adverse

negative effects on the PLTs,23 the air and foam were

excluded from all units immediately after preparation. All

units were then stored on a flatbed agitator in a

temperature-controlled incubator at 22 6 2�C (Model

PC900i, Helmer, Noblesville, IN). A (1 3 10)-mL PLT con-

centrate sample was collected from each unit on Days 2

and 5. On Day 7, a (2 3 10)-mL PLT concentrate sample

was collected from each unit.

Preparation of apheresis columns

Apheresis columns were prepared at JJK Medical Develop-

ment AB (Stockholm, Sweden). Briefly, a synthetic gene

encoding human megalin or human cubilin was inserted

into the expression vector pJ602-zeo by DNA2.0 (Menlo

Park, CA). Only nonmembrane association parts of either

protein were included, which are Amino Acids 26 to 4423

in megalin and Amino Acids 132 to 3623 in cubilin. In

addition, the native leader sequence was replaced by the

murine Ig j-chain leader sequence to direct the recombi-

nant proteins to the cultivation media. An affinity His6-tag

was inserted at the N-terminal end (megalin) or C-

terminal end (cubilin), while the AVI-tag (Avidity LLC, Wil-

mington, DE) was inserted at the opposite end, before

incorporation into the vector. The resulting sequence was

transiently expressed in suspension adapted HEK293

(FreeStyle 293-F cells, Life Technologies, Bleiswijk, the

Netherlands) during cultivation in medium (CDfortiCHO,

Life Technologies) at 37�C for 5 (megalin) or 7 days (cubi-

lin). After centrifugation of harvested media, megalin- or

cubilin-containing supernatants were stored at 280�C.

Recombinant human megalin was directly captured

on agarose with anti-AVI-tag antibody (Avidity LLC) by

adding the agarose directly to filtered supernatant. After

incubation at room temperature for 2 hours, the megalin-

coupled agarose (Meg-Ab matrix) was collected in empty

PD10 columns (GE Healthcare, Uppsala, Sweden), washed

with HEPES-buffered saline (HBS) plus CaCl2 (20 mmol/L

HEPES, 150 mmol/L NaCl, 2 mmol/L CaCl2, pH 7.3), and

finally resuspended in HBS plus CaCl2. Recombinant

human cubilin was purified by AIEX and SEC before

immobilization onto CNBr-activated Sepharose (GE

Healthcare), according to the supplier’s recommenda-

tions. The cubilin-coupled Sepharose (Cub matrix) was

washed with and stored in HBS plus CaCl2. After these

steps, a total of three PD10 columns of respective matrix

were filled with 1.5 mL (Meg-Ab matrix) or 1 mL (Cub

matrix) of settled matrix. In parallel, three identical col-

umns were prepared with antibody-coated agarose

(1.5 mL of settled Ab matrix) or deactivated CNBr Sephar-

ose (1 mL of settled naked matrix) for use as reference col-

umns. The contents of reference and test apheresis

columns are summarized in Table 1.

PLT filtration

On Day 7, packed columns were washed by gravity with

wash buffer: 20 mmol/L HEPES, 150 mmol/L NaCl, 2

mmol/L CaCl2, pH 7.3 (provided by JJK Medical Develop-

ment AB). Thereafter, aliquots containing PLT sample

were filtrated through the different columns preceding

analysis while one aliquot remained untreated; 10 mL of

PLT was used with the Ab and Ab-Meg columns and

6.7 mL of PLTs with the naked matrix and Cub columns.

Filtration was performed by gravity and during a maxi-

mum of 10 minutes.

Analysis of cellular, metabolic, in vitro functional

and phenotypic markers

Immediately after filtration, cellular in vitro variables

including measurements of PLT counts (3109/L) and

mean PLT volume (MPV) using hematology equipment
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(CA 620 Cellguard, Boule Medical, Stockholm, Sweden)

were analyzed in representative samples from each unit.

The extracellular metabolic environment was studied by

use of routine blood gas equipment (ABL 800, Radiometer,

Copenhagen, Denmark) including pH (37�C), pCO2, pO2

(kPa at 37�C), glucose (mmol/L), and lactate (mmol/L).

Bicarbonate (mmol/L) was calculated based on the other

measured variables. The pH of all samples was measured

at 37�C. Rosenthal’s factor of 0.0147 unit/1�C was used to

correct pH to the temperature of sampling (22�C). This

factor gives an approximation to the change in pH of the

sample per degrees Celsius when it is warmed anaerobi-

cally from the collecting temperature 22 to 37�C.

According to Bertolini and Murphy,24 swirling was

scored as 0, 1, or 2 in all tested units. The white blood cell

count on Day 1 was determined with a Nageotte chamber

and a microscope (standard, Zeiss, Chester, VA).25 Hypo-

tonic shock response (HSR) reactivity as well as extent of

shape change (ESC) measurements were performed using

a dedicated microprocessor-based instrument (SPA 2000,

Chronolog, Havertown, PA) modified as described by Van-

denBroeke and colleauges.26 The total adenosine triphos-

phate (ATP) concentration (mmol/1011 PLTs) was

determined with a luminometer (Orion microplate lumi-

nometer, Berthold Detection Systems GmbH, Pforzheim,

Germany) on the basis of principles described by Lundin

and coworkers.27 The extracellular lactate dehydrogenase

(LDH) activity (% of total), a marker for cell disintegration,

was measured with a spectrophotometric method (Kit

063K6003, Sigma Aldrich, St Louis, MO; spectrophotome-

ter 6500, Jenway, Staffordshire, UK).28 The expression of

PAC-1, Clone BALB/c (a marker of cellular responsiveness

toward ADP), CD62P, Clone CLB-Thromb/6 (a marker of

activation), CD42b, Clone SZ2 (a marker of adhesive capa-

bility), and PECAM-1, Clone WM-59 (PLT endothelial cell

adhesion molecule 1) were measured using flow cytome-

try (on a FC500 from Beckman-Coulter, Villepinte,

France). Computer software packages (MLP Acquisition

and MLP Analysis, Beckman-Coulter) were used for data

acquisition and analysis, respectively. All methods, includ-

ing staining, were performed as described in recent

publications.23,29,30

Secretion markers and cytokine analysis

Samples were collected in prechilled citrate-theophylline-

adenosine-dipyridamole tubes and centrifuged at 2500 3

g (5810R, Eppendorf, Hauppage, NY) for 30 minutes at

110�C, with the resulting supernatants stored at 270�C

pending analysis. All cytokine concentrations were deter-

mined with a commercial human cytokine/chemokine

magnetic bead panel (MILLIPLEX MAP, HCYTOMAG-60K,

Merck-Millipore, Danvers, MA). In each case, we deter-

mined concentrations of soluble cluster of differentiation

40 ligand (sCD40L), regulated upon activation of normal

t-cells expressed and secreted (RANTES), interferon (IFN)-

c, interleukin (IL)-1b, transforming growth factor-a, tumor

necrosis factor (TNF)-a, vascular endothelial growth fac-

tor, IL-12 (p40), IL-12 (p70), and IL-7 in accordance with

the manufacturer’s recommendations. All measurements

were performed in duplicate on a multiplexing platform

(Magpix, Merck-Millipore) and analyses carried out using

computer software (xPonent, Merck-Millipore). The cho-

sen cytokines represent a selection of commonly assessed

cytokines with known ligands and functions.

Bacterial detection

In all tested PLT units, bacterial contamination was

assessed on Day 7 using an enhanced bacterial detection

system (eBDS, Pall Corp., Port Washington, NY). This sys-

tem indicates the presence of bacteria through a decrease

in oxygen tension, as measured in PLT samples after incu-

bation for 24 hours at 35�C.31

Statistical analyses

The mean values and standard deviations (n 5 5 per

group) are given unless otherwise indicated. Repeated-

measures analysis of variance on log-transformed values

were performed to determine differences between groups.

The p value represents these at specific time points (days)

and was considered significant at p values of less than

0.01 (*). The analyses were carried out using computer

software (JMP, Version 9, SPSS, Chicago, IL; together with

Prism 5.0, GraphPad, San Diego, CA).

RESULTS

Effect of storage, postrecovery filtration, and

activated matrix

To test the hypothesis that unit BRMs would increase dur-

ing storage, we assessed representative PLT samples on

Days 2, 5, and 7. Not surprisingly, we saw an accumulation

TABLE 1. Summary of apheresis columns used for filtrating PLT concentrates

Apheresis column Abbreviation Matrix composition

Naked matrix N Deactivated CNBr-Sepharose
Ab matrix A Anti-AVI-tag antibody coupled onto CNBr-Sepharose
Meg-Ab matrix M Megalin captured on Ab matrix using AVI-tag
Cub matrix C Cubilin coupled directly onto CNBr-Sepharose
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of many of the measured BRMs over time. In parallel, we

also saw a slight but significant decrease in many com-

monly used markers of PLT quality (data not shown).

Furthermore, the degree of PLT depletion and

decrease in quality after exposure to the matrix was

tested by comparing values from immediately before fil-

tration to the same values after filtration over either an

Ab matrix or Meg-Ab matrix (Table 2). There was a small

but significant decline in cell numbers from 951 3

109 6 41 3 109 3 109 to 859 6 38 3 109 (Ab matrix) and

848 3 109 6 41 3 109 (Meg-Ab matrix) PLTs/L (p< 0.001)

after filtration (Table 2 and Fig. 1). However, compared to

before filtration, both columns were associated with

minor changes in the extracellular metabolic environ-

ment while the pH in all filtered fractions at approxi-

mately 7 was well above the Council of Europe

recommendations (pH> 6.4). This along with continued

O2 consumption and the ability to generate an equivalent

Fig. 1. The small but significant loss of cells occurring through filtration of 10-mL PLT concentrates over 1.5 mL of matrix.

**p < 0.01. Bars show, respectively, before (B), after Ab matrix (A), and after Meg-Ab matrix (M).

TABLE 2. Impact on cell metabolism, morphology, and function of in vitro filtration on stored PLT concentrates
from 25 donors*

Day 7

Variable PLTs/L Mean PLT volume (fL) pH (22�C)
Reference unit 951 6 41* 9.5 6 0.6 7.338 6 0.063
A (post filtration on Day 7) 859 6 38 9.3 6 0.6 7.341 6 0.043
M (post filtration on Day 7) 848 6 38 9.4 6 0.4 7.333 6 0.043

Variable HSR (%) ESC (%) LDH (%)
Reference unit 53.7 6 8.4 11.8 6 3.2 3.5 6 0.9
A (post filtration on Day 7) 45.2 6 5.5 11.9 6 2.5 3.5 6 1.5
M (post filtration on Day 7) 54.2 6 4.5 11.0 6 4.4 3.0 6 2.0

Variable Glucose (mmol/L) Lactate (mmol/L) pCO2 (kPa at 37�C)
Reference unit 2.1 6 0.7 12.0 6 1.1* 1.94 6 0.5*
A (postfiltration on Day 7) 1.6 6 0.5 9.8 6 1.0 1.45 6 0.1
M (postfiltration on Day 7) 1.6 6 0.5 9.7 6 0.9 1.50 6 0.1

Variable pO2 (kPa at 37�C) Bicarbonate (mmol/L) ATP (mmol/1011 PLTs)
Reference unit 21.8 6 1.2 4.5 6 0.9* 7.67 6 0.81
A (postfiltration on Day 7) 20.7 6 1.2 3.4 6 0.4 7.98 6 0.59
M (postfiltration on Day 7) 20.4 6 1.1 3.4 6 0.3 7.90 6 0.64

Variable CD62P (%) PAC-1 (%) CD42b (%)
Reference unit 25.27 6 0.46 21.43 6 3.90 98.01 6 0.87
A (postfiltration on Day 7) 24.02 6 1.28 17.24 6 3.61 97.40 6 0.67
M (postfiltration on Day 7) 23.41 6 1.60 18.24 6 2.77 97.89 6 0.97

Variable PECAM-1 (%) PECAM-1 (MFI)
Reference unit 99.55 6 0.11 15.8 6 2.6
A (postfiltration on Day 7) 99.38 6 0.22 14.3 6 2.4
M (postfiltration on Day 7) 99.39 6 0.20 15.4 6 2.9

* Values are reported as mean 6 SD. The p value represents the differences versus filtered units and was considered significant at *p< 0.01.
Abbreviations are listed in Table 1.
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concentration of ATP32 indicates that oxidative phospho-

rylation was likely maintained in these PLTs. Additionally,

filtration did not affect the ability of the PLTs to respond

to agonists (ESC and PAC-1), indicating that cellular

responsiveness was maintained relative to their activation

state. Furthermore, all HSR scores were well above the

level for which poor in vivo viability has been predicted

to occur.33 Also the expression level of the GPIb-IX-V

complex34,35 and maintenance of the PECAM-1 (CD31)

levels of filtered PLTs36,37 strengthens the conclusion that

filtration does not adversely affect PLT quality. Moreover,

our results on the filtered PLTs seem to agree with the

functional integrity of the OrbiSac-produced PLTs proven

earlier in a series of in vitro assays2,22,23,29,30,37 and more

than 10 years of clinical experience including more than

1.5 million units produced worldwide.

Effect of filtration on measured concentrations of

BRMs

To quantify the nonspecific binding known to occur with

many polyglucose matrices,21,38 we measured the concen-

trations of BRMs immediately before and after filtration

over either a naked agarose matrix or an antibody-

coupled agarose matrix (Fig. 2). Briefly, compared to

before filtration, IL-1b, IL-12 (p40), IL-12, (p70) and IL-7

all decreased by approximately 40%.

Effect of filtration over recombinantly coated

matrices

Using the same set-up as previously, we next assessed the

additive effect of coating matrix with either rh-megalin or

rh-cubilin. As shown in Fig. 2, rh-cubilin but not rh-

megalin was able to further decrease the concentrations of

several BRMs. Specifically, concentrations of IFN-c, IL-1b,

TNF-a, IL-12, and IL-7 all decreased by an additional 30%

to 50%. There was a trend toward higher RANTES in the rh-

cubilin group but this difference did not reach significance.

DISCUSSION

In a pilot study evaluating the feasibility of in vitro plate-

letpheresis for the specific depletion of BRMs such as

IFN-c, IL-1b, and TNF we found that filtration over a neg-

atively charged column already resulted in significant

reductions of some BRMs. However, coating the matrix

with the multiligand receptor rh-cubilin, thought to be

responsible for endocytosis and metabolism of blood

cytokines in the human kidney,20 was able to augment the

removal rate and extend removal to several other tested

BRMs. Several markers of PLT quality and function

remained unaffected by the filtration. Potential storage

effects after filtration were not evaluated. Finally, com-

pared to a previous report on the feasibility of in vitro

BRM apheresis,21 the loss of cells over the column was

small, and—as indicated by consistently low LDH levels—

likely not due to lysis. This study was not designed to eval-

uate the specificity or capacity of the matrices, the

strength of binding, or the relative importance of depleted

and remaining BRMs.

While leukoreduction has significantly reduced the

rate of adverse febrile reactions after PLT transfusion,13

anaphylactic and other adverse transfusion reactions

remain an important concern.4,15-17 Even after implemen-

tation of pathogen inactivation in PLT components,

adverse reactions still occur.39 Furthermore, compared to

red blood cells, storage times for PLTs are currently short.

This is mainly due to a perceived deterioration in cell

quality and homeostatic capacity over time and concur-

rent with what has been termed lesion effects,40,41 while

the increased risk of bacterial contamination also contrib-

utes.42 In this context, it is interesting to note that several

BRMs linked to transfusion reactions also increase during

storage.36 Speculatively, the production or release of these

BRMs may both be a result of the lesion effect and a driver

of further alterations in thrombocyte homeostasis and

survival. Supporting such a hypothesis, several BRMs have

recently been linked to transfusion reactions,1,5,7,8,12,43

while concentrations of several cytokines increase in the

bag with storage times, suggesting de novo production or

release from intracellular sites.1-3,44 Thus it is possible that

the depletion of BRMs may contribute to prolong PLTs

shelf life and/or reduce transfusion reactions. Such an

effect remains to be demonstrated, but with the technol-

ogy described in this study it is feasible.

So far, the lack of an appropriate technology to

remove a large number of heterogeneous BRMs has lim-

ited the clinical usefulness of an in vitro apheresis

approach. However, Tanaka and coworkers21 recently

reported on their use of a positively charged polymer

matrix to significantly reduce RANTES and sCD40L in 5-

day-old PLTs. As in this study, they reported no significant

effects on PLT activation, aggregation, lysis, or HSR. How-

ever, the matrix used was associated with a PLT recovery

rate of approximately 60% of the starting value. In con-

trast, our uncharged matrix allowed for more than 90%

PLT recovery and exhibited a completely different affinity

profile. The recovery rate thus approaches what can be

achieved with a coated-bead set-up such as the one used

here, because approximately 5% of the PLTs are trapped

in the void volume of the column (30% of the settled

matrix volume). While many factors may contribute to

increase PLT recovery after apheresis, it is interesting to

note that PLT surface glycoprotein Ib contains a negatively

charged region that binds to the positively charged von

Willebrand factor on the vascular endothelium.45 Indeed,

we speculate that this well-described electrostatic interac-

tion contributes to the low recovery seen with a negatively

charged matrix and that it may also explain the removal of

BRMs also observed with the Ab and naked matrices.
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Fig. 2. Relative reduction in selected BRMs after filtration of stored PLTs (reference) over the four tested matrices. Abbreviations

are listed in Table 1. *p < 0.05 and **p < 0.01 compared to values before filtration (reference). xp < 0.05 compared to naked matrix.

TGF-a 5 transforming growth factor-a.
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The approach used in this study differs from previ-

ously published methods in that it is based on the use of a

recombinant protein receptor. In this, our in vitro affinity

surface more resembles novel apheresis columns for in

vivo use rather than more traditional filtration columns.46

Furthermore, while the use of antibody-coated surfaces to

isolate specific epitope-carrying peptides is standard prac-

tice in the laboratory, to the best of our knowledge, this is

the first application to harness the multiligand character-

istics of the renal tubular proteins megalin and cubilin.

Although the mechanisms and ligands of both remain

poorly understood, each likely has affinity for a very broad

range of small- to medium-sized proteins found in the cir-

culation but not in the urine,20 an ideal profile for the

removal of a broad range of incompletely elucidated cyto-

kines from PLTs. Despite the likely broad specificity of

both receptors (who also act in concert for endocytosis),20

our pilot experiment showed almost no removal over the

rh-megalin column. Also, neither receptor removed

RANTES or sCD40L under trial conditions. Interestingly,

both of these molecules are lipophilic molecules associ-

ated with the cell membrane47,48 and were the BRMs that

exhibited significant depletion rates in the study by

Tanaka and colleagues employing a positively charged

matrix. In contrast, most cytokines are hydrophilic,49 pre-

sumably to be able to travel rapidly between cells.

In summary, we demonstrate the feasibility of using

recombinant human cubilin receptors to deplete signifi-

cant amounts of several BRMs from PLT concentrates

without triggering excessive PLT loss, activation, or dys-

function. The described approach may be useful to further

assess the importance of BRMs for the PLT storage lesions

and their putative role in transfusion reactions.
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