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Abstract Complement cascade plays an important role in
the field of transfusion medicine. The study aimed to detect
the complement levels of different blood components and
different blood types to explore the risk of transfusion of
stored blood. The samples including red blood -cells
(n = 110), fresh frozen plasma (n = 120), and platelet
concentrates (n = 104) from healthy blood donors in our
center were collected. Complement components (C3, C4,
C3b, C3d, and CH50) were assayed to evaluate the acti-
vation of complement. The complement levels of various
blood components at different storage times were observed.
The differences in complement levels of four blood types
in various blood components were compared. The com-
plement levels of red blood cells in storage were low, with
no significant changes (P > 0.05). C3b and C3d levels in
platelets began to significantly increase after storage for
3 days (P < 0.05). The fresh frozen plasma during storage
had higher complement levels, and the concentrations of
C3 and C4 decreased and C3b and C3d increased at month
4 (P < 0.05). The differences in complement levels of four
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blood types in various blood components did not signifi-
cantly change (P > 0.05), but the C3b and C3d levels of
AB fresh frozen plasma remained stable during storage,
which different from other blood types. The transfusion of
red blood cells was relatively safe in terms of complement
activation. The activation of complement proteins occurred
during the storage of platelet and plasma, except group AB
plasma.

Keywords Complement - Red blood cells - Fresh frozen
plasma - Platelet - Blood type

Introduction

There are three pathways for complement activation cas-
cade, of which C3 participates in three pathways and C4
participates in common classical pathways. C3b produced
during the activation of C3 can trigger the alternative
pathway and eventually cleavage into C3dg, C3c and C3d.
The complement cascade plays an important role in the
transfusion medicine [1, 2]. In addition, complement is also
involved in the development of various diseases. Studies
have shown that incomplete activation of complement is
involved in acute hemolysis by C3b opsonization and
mononuclear macrophage-induced phagocytosis of red
blood cells (RBCs) in the liver and spleen [3]. The classical
complement pathway and terminal pathway are involved to
some extent in the immune pathogenesis of autoimmune
hemolytic anemia (AIHA). Studies on the etiology and
pathogenesis of AIHA and complement destruction on
RBCs have expanded [4, 5]. Besides, complement hyper-
activation is also involved in the development of various
clinical phenotypes of thrombotic microangiopathy [6-8].
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Long-term storage of blood products is an important
step in meeting the needs of clinical. The activation of
complement system factor and pathway may occur during
preservation of the blood products. Once the activated
complement component is introduced into patients, the
complement activation cascade can be accelerated through
the amplification loop. It is especially serious for patients
with complement activation caused by diseases such as
malignant tumors. Multiple retrospective and observational
studies have shown that the transfusion of older RBCs may
increase the adverse clinical outcome of recipients [9, 10].
During storage, changes in the membrane of RBCs may
also lead to complement activation [11]. Moreover, long-
term storage of plasma can alters some complement com-
ponents and the levels of complement activation products
[12].

Therefore, it is of great clinical significance to determine
the level of complement in the blood components and to
grasp the changes in its storage period. C3, C3b, C3d, and
C4 are the main components involved in the complement
activation pathway. Besides, a study have showed that the
CHS50 can be kept as a routine laboratory procedure to
supplement C3 and C4 [13]. This study examined the C3,
C3b, C3d, and C4 contents and serum total complement
activity (CH50) of the blood components including RBCs,
fresh frozen plasma (FFP), and platelet concentrates at
different storage time points. Meanwhile, we compared the
differences in the complement of the four blood types in
each blood component. We aimed to explore the changes in
complement levels of each blood component during the
storage period, thereby investigating the possible risks of
the transfusion of stored blood.

Materials and Methods

The basic study started in January 2018 and ended in
December 2018. All blood samples were collected from
healthy blood donors at the Clinical Blood Transfusion
Center of the Chinese PLA General Hospital. Blood products
were collected and stored following the AABB Technical
Manual [14]. The study has been approved by the Ethics
Committee of the Chinese PLA General Hospital.

Blood Products
Fresh Whole Blood

The acid citrate deoxtrose (ACD)-B blood collection bag
purchased from Niagle Biotechnology (Sichuan, China)
was used to collect 400 mL the whole blood from healthy
blood donors. The collected blood samples from the whole
blood included 21 group O, 14 group A, 14 group B and 11

group AB. The complement components were tested
immediately after samples retention.

RBCs

RBCs were removed from the whole blood with CPDA-1
as an additive solution (Niagle Biotechnology, Sichuan,
China) which had a storage period of 35 days. All units
were stored at 4 °C under standard blood banking condi-
tions. A total of 110 RBCs samples including 30 group O,
30 group A, 30 group B and 20 group AB were kept.
Approximately 20 mL of blood was collected from each
RBC using a new transfer bag under sterile conditions.
2-3 mL of blood was collected from the bags into 5-mL
polypropylene tubes on days 1, 7, 14, 21, 28, and 35 for the
detection of the complement components.

FFP

FFP were removed from the whole blood and stored at —

40 °C under standard blood banking conditions. A total of
120 plasma samples including 30 group O, 30 group A, 30
group B and 30 group AB were selected. Approximately
20 mL of blood was collected from each plasma using a
new transfer bag which finally was divided into 7 bags
under sterile conditions. The plasma simples were thawed
in a 37 °C water bath before complement determination.
The complement components were tested on days 1, 30, 60,
90, 120, 150, and 180.

Platelet Concentrates

Platelet from healthy blood donors were collected using an
Amicus blood cell separator (Fresenius, Bad Homburg vor
der Hohe, Germany). The platelets were stored in a platelet
oscillator at 22 + 2 °C. A total of 104 platelet samples
including 30 group O, 30 group A, 28 group B and 16
group AB were kept. The complement were detected on
days 0, 1, 3, and 5.

Complement Assays

The complement biomarkers C3 and C4 (Siemens, Munich,
Germany), C3b and C3d (XF Biotech, Shanghai, China),
and CH50 (Wako, Tokyo, Japan) were measured by com-
mercial enzyme-linked immunosorbent assay kits. Briefly,
all assays were performed according to the manufacturers’
instructions. The samples were tested for supernatant
obtained after 3000 rpm/5 min centrifugation. All tests
were in accordance with the laboratory operating standards.
Two levels of quality controls were included and passed in
each assay to ensure quality performance during the entire
study.
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Statistical Analysis

Data were analyzed with SPSS 22.0 (IBM, Armonk, NY)
and presented as the mean and standard deviation (SD) or
median with interquartile range. Comparisons among
groups with four blood types and different storage times
were performed using one-way analysis of variance or
Wilcoxon rank-sum test. Pairwise comparison analysis was
performed by the r-test and Wilcoxon test. A P value less
than 0.05 was considered statistically significant. Graphpad
prism 5 was used to create the artwork.

Results

Complement Activation During Blood Component
Storage

As shown in Fig. 1, no significant changes in the levels of
complement C3, C4, C3b, and C3d during the 35 days
storage period of RBCs (P > 0.05). The CH50 value was
gradually increased during the 35 days storage period, with
values at week 3, 4 and 5 of storage significantly higher
than that on day 0 (P < 0.01).

FFP demonstrated a large difference in complement
changes within 6 months of preservation (Fig.2). The
complement levels of various blood donors showed large
individual differences. The complement C3 and C4 began

(P < 0.001) and was subsequently reduced to the same
level as that on day O after 4 months of storage, but was
significantly increased again after 5 months of storage
(P < 0.001). Nevertheless, they were always lower than
the normal human complement level (C3: 90-180 mg/dL,
C4: 1040 mg/dL). Since complements C3b and C3d were
products of C3, they decreased with the increase of C3 and
increased with the decrease of C3.

The complement levels in platelet were relatively
stable during the 5 days storage (Fig. 5 in electronic sup-
plementary material). No significant changes in comple-
ment C3 and C4 levels were found during the storage
period (P > 0.05), and their levels were lower than the
normal level. The complement C3b and C3d levels began
to significantly increase after 3 days of storage (P < 0.05),
but were still lower than the normal level.

Comparison of Complement Activation in Different
Blood Groups

As shown in Table 1, significant differences in complement
C3 and C4 levels were observed in the four different blood
types in fresh whole blood (P < 0.05). The C3 in the group
A was significantly lower than the other groups (P = 0.01),
whereas the C4 in group AB was significantly higher than
the other groups (P = 0.019). However, all complement
were within the normal levels.

This study showed significant differences in comple-
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Fig. 1 The changes in levels of complement activation product C3
(a), C4 (b), CH50 (c), C3b (d) and C3d (f) during storage of RBC for
5 weeks. The line chart shows mean and SD. Significant differences
CH50 between 3w and 0d (P < 0.01), 4w and 0d (P < 0.001) and 5w
and 0d (P < 0.001) were observed. There were no differences in C3,
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C4, C3b, and C3d during the 5 weeks of storage. The normal level of
complement: C3: 90-180 mg/dL, C4: 10-40 mg/dL, C3b:
27-158 pg/mlL, C3d: 16-105 pg/mL, CH50: 23-46 U/ml
**P < 0.01, ***P < 0.001
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Fig. 2 The changes in levels of complement activation product C3
(a), C4 (b), CHSO0 (c), C3b (d) and C3d (f) during storage of plasma
for 6 months. The line chart shows median with interquartile range.
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0d (P < 0.001) and 5m and 0d (P < 0.001) were observed. There
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were significant differences in C3, C4, CH50, C3b, and C3d during
the 6 months of storage. The normal level of complement: C3:
90-180 mg/dL, C4: 10-40 mg/dL, C3b: 27-158 pg/mL, C3d:
16-105 pg/mL, CH50: 23-46 U/ml. **P < 0.01, ***P < 0.001

Table 1 Comparison of

complement activation of Complement © A B AB P

gviflielfeef;k')’ég‘)d types in fresh C3 (mg/dL) 102.57 £ 2141 90.80 £ 28.84  112.81 +£17.88 11728 £ 18.15  0.010
C4 (mg/dL) 21.19 £ 6.77 2336 £ 7.07  21.46 £ 4.38 28.75 £ 6.97 0.019
C3b (ug/mL)  44.00 (19.11) 47.66 38.15)  58.77 (88.20) 54.11 (73.71) 0.297
C3d (ug/mL)  58.87 (31.61) 57.12 (32.30)  60.40 (71.20) 68.00 (86.84) 0.727
CH50 (U/mL)  54.17 + 7.62 5453 £ 696 5512 £ 6.00 54.68 £ 1006 0927

The normal level of complement: C3: 90-180 mg/dL, C4: 10-40 mg/dL, C3b: 27-158 png/mL, C3d:

16-105 pg/mL, CH50: 23-46 U/ml

types in RBCs (Fig. 3). The complement C4 was relatively
high in group O and low in the group A (P < 0.01), while
the complement C3d were relatively high in the group B in
the 35 days storage (P < 0.01). The CH50 in group AB
was significantly higher than the other blood types in
preservation from day 0 to week 5 (P < 0.01).

The plasma complement levels of different blood types
varied greatly at different storage time points (Fig. 4). The
C3 was significantly lower in the group AB on month 3 and
higher on month 4 than the other blood types (P < 0.01).
The complement C4 of the group AB was significantly
higher than the group O and B on month 4 (P < 0.01).
Meanwhile, the complement C3b and C3d of the group AB
on month 4 was significantly lower than the other blood
types (P < 0.01). Importantly, both group A and group B
preserved for month 4 had reduced C3 and C4 levels but
increased C3b and C3d levels. In contrast, AB-type blood

samples had very stable complement levels of C3, C4, C3b
and C3d throughout the preservation process.

A small difference in complement levels of the platelet
was observed in different groups (Fig. 6 in electronic
supplementary material). The C4 in the group B preserved
for day 0 and 5 was significantly higher than the other
groups (P < 0.01). No significant difference in other
complement levels was observed among the different
groups (P > 0.05).

Discussion
Deposition of complement components may occur during

the storage of blood, further increasing the risk of systemic
complications of blood recipients after transfusion.

@ Springer
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Fig. 3 The comparison of four blood groups in levels of complement
activation product C3 (a), C4 (b), CH50 (c¢), C3b (d) and C3d
(f) during storage of RBCs for 5 weeks. The line chart shows mean
only. There were significant differences in C4, CH50, and C3d among
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the four blood groups at different storage times. The normal level of
complement: C3: 90-180 mg/dL, C4: 10-40 mg/dL, C3b:
27-158 pg/mL, C3d: 16-105 pg/mL, CH50: 23-46 U/ml.
*P < 0.05, #P < 0.01, ***P < 0.001
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Fig. 4 The comparison of four blood groups in levels of complement
activation product C3 (a), C4 (b), CH50 (c¢), C3b (d) and C3d
(f) during storage of plasma for 6 months. The line chart shows mean
only. There were significant differences in C3, C4, CH50, C3b and

This study showed a little change in complement levels
of RBCs, FFP and apheresis platelet in the storage period,
and the overall complement levels were still lower than the
normal level. A study of Schleuning et al. [15] showed that
C3 and C4 were activated in the whole blood stored in
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C3d among four blood groups at several different storage times. The
normal level of complement: C3: 90-180 mg/dL, C4: 10-40 mg/dL,
C3b: 27-158 pg/mL, C3d: 16-105 pg/mL, CH50: 23-46 U/ml.
*P < 0.05, #P < 0.01, ***P < 0.001

CPDA-1 for 10 days. They suggested that the cause of
complement activation may be the degradation of white
blood cells which followed by the release of components
with potential complement activation properties. In current
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practice, it is appropriate to store the different components
after the separation of whole blood.

RBCs may occur storage lesion during the preservation. A
previous study suggested that activation of the complement
system occurred during the preservation of RBCs, which may
be one of the causes of storage lesion [16]. Another study
showed the presence of C3 on the stored RBC membrane and
soluble membrane attack complex levels were elevated during
the storage of RBCs [17]. However, the levels of C3, C4, C3b,
and C3d in the RBCs during the preservation period in this
study remained stable. No complement deposition or com-
plement system activation of the stored RBCs were observed.
Unfortunately, we did not detect the complement deposition
on the RBC membrane. In a recent study, although no com-
plement deposition was found in the stored RBCs, C3 depo-
sition, and IgG binding were observed in the RBCs of some
donors after incubating the RBCs with serum [18]. Therefore,
differences in some blood donors may lead to complement
deposition and cascading of RBCs, which require further
validation by tracking patients who receive complement
activation of blood components and by measuring the binding
of complement and antibody to donor RBCs.

Currently, plasma exchange is an important therapeutic
method for autoimmune disease. We must consider the
possibility of complement activation in stored plasma,
which may also be a cause of adverse reactions to trans-
fusion and increase the risk of disease complications. A
study by Hyllner et al. [19] showed a phenomenon of
complement activation in stored plasma and many small
molecule cleavage fragments produced by complement
activation were extensively involved in the immune regu-
lation and inflammatory response in the body. In this study,
the levels of C3 and C4 reduced and those of C3b and C3d
increased in stored plasma. Although these levels were not
much different from normal levels, complement activation
in plasma occurred during storage. In addition, this study
has shown significant individual differences in the com-
plement levels of different donors, but the changes in each
complement during storage are highly consistent. One
study suggested that genetic factors and environmental
factors may affect blood properties of individual donors.
For example, RBCs of some blood donors are more sus-
ceptible to storage damage than those from other donors
[20]. However, activation of the complement system on the
one hand will down-regulate the immune system to
improve the disease, on the other hand, it will up-regulate
the inflammatory response and aggravate the disease con-
dition. Therefore, further research is needed to evaluate the
effects of transfusion of stored plasma with complement
activation on patients, especially in plasma exchange
patients who received large amounts of stored plasma.

Platelet transfusion is a very important treatment in the
clinic. Compared to the other blood products, the incidence

of adverse reactions caused by platelet-related transfusion
is the highest [21]. Studies have shown that factors
involved in the adverse effects of platelet transfusion are
biological response modifiers including cytokines, platelet
microparticles, soluble CD40 ligands, anti-leukocyte anti-
bodies, and mitochondrial DNA [22-24]. However, acti-
vation of the complement system may also be one of the
contributing factors. In this study, the C3b and C3d levels
of platelet after 3 days of storage began to increase.
Although the complement components were different, our
results were basically consistent with the findings of Chen
et al. [25].Therefore, further studies on whether the acti-
vation of complement activation in platelet poses a
potential risk to the inflammatory response of the patients
are necessary.

Although some researchers believe that there are many
differences in the complement levels and complement
activation of blood components of different blood types, no
relevant research has been reported to date. In this study,
the complement levels of fresh whole blood of four dif-
ferent blood types were first determined, and showed that
complement C3 levels of group A was significantly lower
than those of the other groups (P < 0.01). However,
complement C4 levels of the group AB was significantly
higher than those of the other groups (P < 0.01), even
though these levels were all in the normal range. In addi-
tion, this study compared the complement activation of
different blood components in different blood types. The
changes of C3b and C3d of the RBCs and the platelet in
four different blood types were basically the same during
the blood storage period, whereas the changes in plasma
complement composition in the four blood types showed
differences. The C3b and C3d levels of the plasma of group
AB remained stable at different storage time points, while
complement activation was observed in the other three
different blood types after 4 months of storage. Therefore,
there was no difference between the transfusion risk of
RBCs and platelet of different blood types. However, for
the FFP, transfusion of group AB plasma may have fewer
adverse events caused by complement activation compared
with the other three blood types, which requires clinical
data for further validation.

In addition, this study determined CHS50 as an auxiliary
indicator of changes in complement composition. How-
ever, significant differences among the three components
were observed and some of the specimens even showed
zero. We found that a small change of detection could led
to significant changes in CH50. Moreover, the environ-
mental factors and systematic errors in the measurement
may lead to greater coefficient of variation, suggesting that
CHS50 should probably not be included as a reference for
testing the complement level stability of the three blood
components.
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In conclusion, the current practice of separating plasma
and RBC from whole blood is appropriate, and the trans-
fusion of RBCs is relatively safe in terms of complement
activation. Moreover, this study demonstrated the activa-
tion of complement proteins during the storage of platelet
and plasma, except group AB plasma. Due to the large
individual differences in complement levels, further
research may be needed in patients receiving blood com-
ponents with complement activation.
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