Complement Activation During Storage of Blood Under Normal Blood Bank
Conditions. Effects of Proteinase Inhibitors and Leukocyte Depletion
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During storage of CPD-A1 preserved whole blood factors of
the complement cascade become activated, as evidenced by
a rapid increase in the concentrations of C3a-desArg and
CA4a-desArg. After 10 to 14 days of whole blood storage, the
elevations of C3a and C4a levels were highly significant. This
increase was paralleled by an increase in the concentration of
the lysosomal proteinase elastase from polymorphonuclear
(PMN) granulocytes. By contrast, the concentration of the C3
activator complex C4b2b remained unchanged even after 3
weaeks of storage. The supplementation of the anticoagulant
CPD-A1 with the polyvalent-proteinase—inhibitor aprotinin

ONG-TERM STORAGE at 4°C of whole blood and of
red blood cell components is a widely used routine
procedure that has proven essential to meet the needs of
modern medicine. The metabolism and the functional
integrity of the cellular components of blood have been
extensively studied during and after long-term storage.!?
Much less is known about variations of soluble plasma
factors during storage of blood, but there is some evidence
that complement activation occurs during blood storage at
4°C34

The degradation of leukocytes and platelets during
storage’ may be accompanied by the release of components
with potentially hazardous properties. During storage of
blood, an increase in the concentrations of various protein-
ases of leukocyte origin, eg, elastase from polymorphonu-
clear (PMN) granulocytes, has been observed.%’ Because of
their proteolytic activities, these proteinases possess the
ability to activate the complement system®? via the classical
or the alternate pathway and may thereby be involved in the
formation of anaphylatoxins.

It has been reported that the contact of blood with plastic
surfaces may also activate the complement system by the
alternate pathway.!%!! Because blood is stored in plastic
bags this might be another possibility for the formation of
anaphylatoxins during storage of blood.

To investigate possible variations of anaphylatoxin con-
centrations in blood units during storage, we used sensitive
radioimmunoassay techniques for quantification of the
complement-derived antigens C3a, C4a, and C5a in stored
blood. To analyze the cause and mechanism of complement
activation during storage of blood we examined the concen-
trations of the C3 activator complex C4b2b and of PMN
leukocyte elastase. Furthermore, we determined whether
complement activation during storage of blood could be
avoided either by supplementation of the CPD-A1 anticoag-
ulant with the polyvalent proteinase inhibitor-aprotinin,!?
the specific elastase inhibitor eglin C,13!4 or by removal of
leukocytes by a filtration procedure! before storage of the
blood. As indicators of complement activation we moni-
tored the above-mentioned parameters,

MATERIALS AND METHODS

Normal blood units. Units of whole blood (approximately 500
mL) were routinely collected from healthy donors in CPD-Al

and the specific elastase-inhibitor eglin C failed to inhibit
complement activation, whereas leukocyte depletion could
partially abolish the increase of the concentration of C4a, but
had no effect on C3a concentrations. These observations
support the notion that cleavage of C4 during storage of
whole blood is partially leukocyte dependent, whereas the
activation of C3 is possibly caused by the activation of the
alternate pathway of the compiement system by contact of
plasma with plastic surfaces.
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anticoagulant at the Bavarian Red Cross blood donation center in
Munich and 10 mL of each unit were separated as pilot tubes into
plastic vials and stored together with the unit under standard blood
bank conditions at 4°C. Aliquots were taken from the pilot tubes
under sterile conditions after variable storage periods and the
plasma was frozen at —20°C (for the maximum of 4 months) until
assaying. In addition, 5 U of routinely collected blood was stored
under normal blood bank conditions and aliquots were drawn
under sterile conditions into edetic acid/futhan coated tubes after
various lengths of time and assayed immediately for C3a and C4a.

Proteinase inhibitor treated blood units. A total of 90 mL of
blood was drawn from 10 healthy volunteer donors. Aliquots of 30
mL were added to 4.65 mL of CPD-A1 anticoagulant, which was
supplemented with either 0.35 mL isotonic saline, 40 mg/mL
recombinant eglin C (a generous gift from Professor H. Fritz), or
10,000 KTU/mL aprotinin (Bayer Co, Leverkusen, Germany). The
final concentration of eglin C was 400 ng/mL, and of aprotinin was
100 KIU/mL. These aliquots of whole blood were then stored in
150 mL blood bags (Baxter Co, UnterschleiBheim, Germany)
under normal blood bank conditions. After different storage
periods aliquots were taken under sterile conditions, centrifuged,
and the plasma was frozen at —20°C until assaying.

Leukocyte-poor blood units. Six-hundred milliliters of whole
blood, obtained from 10 healthy volunteers, was drawn into the first
bag of a sterile two-bag system, containing CPD-Al as an anticoag-
ulant. A leukocyte adhesion filter (Pall Biomed Products Corp,
Glen Cove, NY) was placed between the primary and secondary
collecting bag and then half of each unit was filtered through the
leukocyte adhesion filter. The system was divided and, after
sealing, each bag was stored under normal blood bank conditions.
Sample collecting and further processing was performed as de-
scribed above.
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Human complement assays. The concentrations of human C3a-
desArg, Cda-desArg, and C5a-desArg were determined by radio
immunoassay according to the manufacturer’s instructions (Amer-
sham-Buchler Co, Braunschweig, Germany). The assays are spe-
cific for C3a, C4a, and C5a, but cross-react with the inactivated
peptides C3a-desArg, C4a-desArg, and CSa-desArg respec-
tively.!6.17 The concentrations of the C3 activator complex C4b2b
was assayed by radial immunodiffusion (LC-Partigen C3 Aktivator,
Behring Co, Marburg, Germany).

Elastase assay. The concentration of human elastase was deter-
mined as elastase-al proteinase inhibitor complex by enzyme
immunoassay according to the manufacturer’s instructions (E.
Merck, Darmstadt, Germany).

Statistical analysis. 'The C3a data derived from the pilot tubes of
routinely collected units of whole blood were analyzed statistically
by means of the Student’s r-test. For statistical analysis of the data
derived from proteinase-inhibitor~treated and leukocyte-depleted
units of whole blood we applied a paired two-tailed r-test as well as
multiple comparisons according to Wilcoxon-Wilcox.

RESULTS

C3a-desArg and C5a-desArg levels were measured in 109
units of whole blood after variable storage periods. There
was no significant increase in C5a-desArg concentrations
within 2 weeks of storage under normal blood bank condi-
tions (data not shown). By contrast, C3a-desArg levels
increased from initial values of 124 + 41 ng/mL continously
during the 2-week storage period to values of 476 + 281
ng/mL, as shown in Fig 1. After 10 days of storage, the
elevation of the C3a-desArg concentrations reached a
highly significant level (P < .0025) as compared with initial
values.

To exclude inadvertent complement activation during
sample processing and to avoid any misinterpretation
caused by slightly different storage conditions, C3a and C4a
were measured immediately without freezing in an addi-
tional 5 U of whole blood after appropriate storage periods.
As depicted in Fig 2 the concentrations of C3a-desArg and
C4a-desArg in any of the blood units continously increased
during the 2-week storage period from means of 578 = 186
ng/mL (C3a-desArg) and 400 + 321 ng/mL (Cda-desArg)
on day 2 to means of 1,222 *+ 221 ng/mL and 1,782 + 1,592
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Fig 1. C3a concentr (means) determined radioimmunologi-
cally in the pilot tubes of units of whole blood after variable periods of
storage under normal blood bank conditions. SD is indicated by
horizontal bars.
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Fig2. C3a{upper panel) and C4a (} panel) concentrations in 5

U of whole blood, stored under normal blood bank conditions that
were measured immediately after drawing the samples directly from
blood bags after the indicated storage periods. Each symbol repre-
sents the values in an individual unit of whole blood. The lines
represent the calculated trend of the mean values.

ng/mL on day 14. Despite the low number of observations,
the differences in the concentrations of C3a-desArg and
C4a-desArg reached a highly significant level (P < .01;
multiple comparisons according to Wilcoxon-Wilcox) on
day 14 as compared with day 2.

Supplementation of the blood aliquots with the protein-
ase inhibitor aprotinin to a final concentration of 100
KIU/mL or with the elastase specific proteinase inhibitor
eglin C to a final concentration of 400 pg/mL correspond-
ing to 5 X 10-5M, failed to show any effect on the
concentration of the different complement factors. The
concentration of C3a-desArg peaked after 2 weeks of
storage (Fig 3A). The initial values of 276 = 35 ng/mL
increased to 1,922 = 218 ng/mL after 2 weeks of storage
and remained relatively constant after that time. The
supplementation of the blood units with aprotinin or eglin
C had no effect on C3a-desArg levels. The concentration of
Cda-desArg increased also with storage time from initial
levels of 172 + 16 ng/mL to 1,483 % 233 ng/mL after 2
weeks, but, in contrast to C3a-desArg, it further increased
with time (Fig 3B). Again the proteinase inhibitors aproti-
nin and eglin C had no effect on the production of this
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complement factor. No significant increase of C5a-desArg
concentrations has been observed (data not shown).

As expected, elastase levels, which have been assayed as
the complex of elastase with its natural inhibitor, also
increased during storage of whole blood under normal
blood bank conditions. The addition of eglin C significantly
decreased the elastase concentrations as compared with the
controls during the first 5 days of storage (Table 1) by
competition with the natural plasma elastase inhibitor,
al-proteinase inhibitor (al-PI), whereas aprotinin had no
significant effect. However, in the later observation period
the exogenous inhibitor eglin C seemed unable to compete
further with «1-PI, because elastase levels measured in
complex with al-PI increased with time even in the pres-
ence of eglin C (Fig 3C).

To further investigate which pathway of the complement
system becomes activated during storage of blood products,
we measured the C3-activator complex C4b2b. As shown in
Fig 3D there have been no major differences in the

Table 1. Elastase Concentrations (ng/mL + SD) in Stored Whole
Blood During the First Week of Storage Under
Normal Blood Bank Conditions

Day Control EglinC Aprotinin

0 98 = 50 75 = 18 (P > .05) 92+ 23 (P > .05)
1 132 =+ 49 122 + 43 (P < .01) 171 £ 67 (P > .05)
3 191 = 69 143 = 42 (P < .01) 180+ 71 (P> .05)
5 368 + 177 220 = 119 (P < .01) 302 = 196 (P > .05)
7 563 £ 263 438 291(P > .05) 635=x313(P > .05)

Before storage, the CPD-A1 anticoagulant was supplemented with
either isotonic saline (control), eglin C (400 wg/mL), or aprotinin (100
U/mL). Results of the statistical analysis for multiple comparisons
according to the Wilcoxon-Wilcox test for the comparison of the effects
on elastase concentrations of eglin C and aprotinin versus the controls
are given as P values in brackets.

concentration of C4b2b during the storage period of three
weeks. The addition of either of the two proteinase inhibi-
tors had also no effect.

In another attempt to clarify the role of degrading
leukocytes in complement activation during storage of
blood products, we measured complement factors in leuko-
cyte-depleted blood. Although this procedure had abso-
lutely no effect on the increasing concentrations of C3a-
desArg (Fig 4A), it clearly reduced (P < .001 at day 14;
two-tailed t-test) the elevated levels of C4a-desArg (Fig
4B). Again, there have been no major differences in the
concentration of the C3-activator complex in the leukocyte-
rich samples during the storage period of 3 weeks, nor could
leukocyte depletion alter these concentrations (data not
shown).

DISCUSSION

The data presented in this report suggest that during
storage of whole blood some components of the comple-
ment system become activated. Although individual values
of C3a-desArg and C4a-desArg showed considerable varia-
tion in different units of whole blood, statistical analysis
showed a highly significant increase during storage in the
concentrations of these anaphylatoxins (Figs 1 and 2).
Because the concentrations, which were measured immedi-
ately without prior frozen storage of plasma aliquots in 5
units of routinely collected whole blood, showed even
higher C3a concentrations with mean values of more than
1,000 ng/mL on day 14 (Fig 2), inadvertent cleavage of C3
during sample processing, especially during storage of
frozen plasma samples, seems to be unlikely. This diver-
gence is possibly caused by differences in the chemical
composition of the pilot tubes as compared with normal
blood bags, or by differences in the volume-to-surface ratio.
Interestingly, no increase in the concentration of C5a-
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Fig 4. Mean values of the concentrations of (A} C3a, and (B) C4a of leukocyte-rich whole blood (LR-WB) and leukocyte-poor whole blood

(LP-WB) during storage under normal blood bank conditions.

desArg could be observed. This might be attributable either
to the very short half-life of approximately 1 minute for
C5a-desArg,'® which may be adsorbed on the leukocyte
surface, or to a rapid inactivation of C3b, thus preventing
the formation of the C5 convertase. On the other hand, the
assay system used might not be sensitive enough to detect
variations in C5a-desArg concentrations.

The complement activation may be caused by different
mechanisms and may occur via the classical or the alternate
pathway of the complement cascade. It has been reported
that contact of blood with plastic surfaces can cause the
activation of the alternate pathway of the complement
system.10.1119.20 Elevated levels of C3a-desArg were also
found after passing blood through dialysis membranes?! or
during cardiopulmonary bypass,?2 whereas these proce-
dures had no effect on C4a-desArg.

In addition, isolated leukocyte proteinases, such as elas-
tase from PMN granulocytes, are capable of activating the
alternate pathway of the complement system as well as
cleaving components of the classical pathway®® in vitro.
However, in vivo, elastase is rapidly inactivated by al-P1.2
Because the concentration of elastase was measured by an
immunoassay that detects elastase in complex with al-P1,2¢
the given data provide no information about the enzymatic
activity of elastase. However, because of the tremendous
molar surplus of al-PI over released elastase (more than
1,000-fold) and the rapid inactivation time (milliseconds),
proteolytic activity of elastase in storage blood seems very
unlikely. Moreover, because the addition of eglin C, a
highly specific inhibitor of elastase,!'* also failed to reduce
the increase of C3a-desArg and C4a-desArg, it is quite clear
that elastase plays no major role in complement activation
during storage of blood.

This notion is further supported by our data indicating
identical C3a-desArg levels in leukocyte-rich whole blood
(LR-WB) and in leukocyte-poor whole blood (LP-WB) (Fig
4A), because previous studies from this laboratory have
shown that the increase in elastase levels during storage of
blood is abrogated in leukocyte depleted units of whole
blood.” Filtration procedures remove up to 98% to 99% of
leukocytes from whole blood, as determined by hemocytom-

eter counts.” The high efficacy of the filter system used in
this study has also been shown by more sensitive techniques
using a ploymerase chain reaction.” Therefore, we con-
clude that the elevation of C3a-desArg occurs indepen-
dently of the presence of viable or degrading leukocytes.

By contrast, the concentration of C4a-desArg increased
to a lesser extend in LP-WB as compared with LR-WB (Fig
4B), indicating that cleavage of C4 is at least partially
attributable to the presence of leukocytes. But neither the
addition of eglin C nor of aprotinin, which preferably
inhibits plasmin and tissue kallikrein,!? had any effect on
C4a-desArg concentrations and it remains unclear which
leukocyte factors contribute to the elevation of C4a-desArg
during storage of blood products. But even in LP-WB, some
increase in C4a-desArg concentrations occured with stor-
age time, which might be caused by autoactivation of C4 at
4Cy .

As clevated concentrations of C4a-desArg might be
interpreted as an indicator of the activation of the classical
pathway of the complement cascade, we determined the
concentrations of the C3 activator complex C4b2b as a
second parameter of this pathway. No major differences in
the concentrations of the C3 activator complex could be
observed even with prolonged storage time (Fig 3C) and the
addition of proteinase inhibitors or leukocyte depletion did
not alter these concentrations. Therefore, and because all
manipulations with the blood units were done under sterile
conditions, it seems unlikely that complement activation in
stored blood occurs via the classical pathway. These find-
ings are in good agreement with an earlier report on an
increase of the C3 breakdown product C3d during storage
of blood. Similar to our results, no activator of the classical
pathway could be found, as evidenced by Clq binding
studies.? Taken together, the most probable mechanism
that underlies the C3a-desArg elevation seems to be an
activation of the alternate pathway of the complement
system by contact of plasma with plastic surfaces.

Although the desArg peptides are no longer anaphylatox-
ins, the antibodies used in the radioimmunoassays for
C3a-desArg and C4a-desArg cross-react with the anaphyla-
toxins C3a and C4a. Therefore, some anaphylactic poten-



tial of the investigated peptides cannot be ruled out by our
data. Moreover, even the anaphylactically inactive C3a-
desArg has some further biologically adverse properties.
For example, concentrations of C3a-desArg in the range of
1 ng/mL and below have been reported to enhance platelet
aggregation and the release of serotonin from platelets?’
that might lead to augmentation of hypercoagulability and
thrombosis. Although controversial, reports have also been
published dealing with an inhibitory potential of C3a-
desArg in concentrations of 1,000 ng/mL on the cytotoxic
activity of natural killer cells.?®? But because we measured

C3a-desArg radioimmunologically, these data do not pro-
vide any information about functional activities of C3a-
desArg derived from units of stored whole blood. There-
fore, we are currently investigating to see if the plasma of
stored whole blood has any platelet activating potential.
Nevertheless these data give rise to some theoretical
concerns regarding the potential for adverse effects of the
complement cleavage products we have measured in units
of whole blood, although relevant clinical data about
adverse reactions to transfusions because of activated
complement factors have not yet been published.
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