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Objective: Hemolysis is the most severe change that occurs in stored blood and can cause severe consequences in patients after
transfusion. This study examines the potential role of IgG and complement, exampled by C4, in the hemolysis of stored CPDA-1 blood
under poor storage conditions in low-income countries.

Methods: The study was performed on 30 whole blood units (250 mL) drawn from convenience healthy volunteer donors with
CPDA-1 anticoagulant and stored at 2—6 °C for 35 days. Each well-mixed blood bag was sampled at 0, 7, 21 and 35 days and
examined for CBC, plasma hemoglobin, hemolysis percent and determination of IgG and C4.

Results: The plasma hemoglobin level and hemolysis percent increased continuously to reach 1.56 g/dl and 7.05% at the end of storage
time. Hemolysis increased alongside the mean IgG concentration that was increased significantly from day 0 of storage (7.68+1.75 g/L) and
peaked on day 7 (11.55+1.57 g/L), then declined to reach 8.33+2.09 g/L on day 35. Also, the mean concentration of C4 increased from day 0
of storage (0.15+0.06 g/L) to a peaked on day 21 (0.18+0.04) then declined on day 35 (0.17+0.06 g/L). The coordinated action of IgG and C4
is reflected by the positive correlation of their delta changes (1=0.616, p<0.0001).

Conclusion: Elevated hemolysis percent in whole CPDA-1 stored blood in Yemen was accompanied by initial increase of IgG and C4
followed by final decline, which indicate their activation and consumption during hemolysis. Further studies for other hemolysis
markers and analyses will give a full idea about that.
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Introduction
Transfusion represents a suitable therapy for the treatment of critically ill anemic patients. Whole blood transfusion for
anemic patients is still the first type of blood product used in most developing countries, including Yemen, which has
been in war for 9 years.! Despite its essential use in the treatment of some situations, such as acute blood loss in accidents
and shots, the use of whole blood in other cases contributes to meeting the need for blood. Some data suggest that the gap
between need and supply in low-income and middle-income countries is large, and the WHO also targets 10-20
donations per 1000 people for many countries.” A study of blood transfusion among pediatric patients in Aden city,
Yemen, reported a frequency of 26.4% for whole blood transfusions.> Blood transfusion in Yemen is carried out with
a little improvement, most clinical transfusion therapy uses whole blood, and little components are produced (only
packed RBCs and platelet-rich plasma) at a narrow range.

During storage, many changes affect many components and aspects of blood. Preservatives such as citrate phosphate
dextrose adenine (CPDA-1) were used to ameliorate these changes and extend the lifespan of red blood cells (RBCs).*
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Changes in RBCs may be attributed to the storage conditions (mainly a storage temperature that must be ranging from
2-6 °C) and donor attributes, which are reflected in donated blood.>® The previously reported causes of changes in stored
blood are metabolite accumulation or depletion and oxidative damage that eventually leads to increased red cell
hemolysis.” Most biochemical and cellular changes include increased intracellular potassium, increased cytoplasmic
sodium, decreased glucose, decreased pH, changes in RBC morphology and membrane protein composition, and the
production of harmful membrane fragments, microparticles, and free hemoglobin.** However, the effects of blood
storage time and the extent to which stored blood is safe and potent remain the main issues of debate. Prolonged blood
storage increases mortality, serious infections, and multiorgan failure after transfusion. '’

RBC hemolysis in stored blood bags occurs during blood collection, processing, handling and storage. RBC
hemolysis above the accepted level (1% according to international guidelines) is a marker of RBC storage failure.''
RBCs are very fragile as they age, and consequently, cell-free hemoglobin and microparticles are released. Cell-free
hemoglobin and microparticles lead to further hemolysis and breakdown of RBCs.'? Leukocytes contribute to hemolysis
through the release of various chemicals and enzymes, especially proteases. Therefore, the use of leukocyte reduction
filters decreases the hemolysis rate in stored blood."?

The induction of immunological mechanisms may be indicated by many marker changes in stored blood that can be
initiated by antibody sensitization of red blood cells followed by complement activation via the classical pathway. For
instance, it was reported that leukocyte-reduction filtration decreases the hemolysis rate.'* Thielen et al, in their in vitro
study, showed that RBCs in stored blood were sensitized by antibodies and complement independent of storage time."” In
vivo, leukocytes can increase humoral responses activated by T-helper-2.'® This study examines the potential role of IgG
and complement components (C4, a prototype component of the classical activation pathway) in the hemolysis of stored
CPDA-1 blood under poor storage conditions in low-income countries.

Methods

Overview of the Study

This prospective experimental study was conducted at the Faculty of Medicine and Health Sciences-Ibb University,
Yemen, for the period from May 31, 2023, to July 5, 2023. The study was performed on whole blood units (250 mL) that
were drawn from suitable healthy volunteer donors into a CPDA-1 anticoagulant-containing single blood bag and stored
to the expired date after 35 days.

A convenience sample was used to select participants. After checking the donor eligibility requirements, 30 donors
were selected; 7 of them were females, and 23 were males with all ABO phenotypes. The donors were aged between 18
and 33 years. Informed consent was obtained from each healthy volunteer verbally. This study was conducted according
to the international ethical guidelines of medical research, mainly the Declaration of Helsinki—ethical principles for
medical research involving human subjects, in 2013.

The inclusion criteria included healthy donors who met the whole blood donation eligibility requirements, who were
aged at least 18 years, who had a normal hemoglobin level, and who were free from disease for at least 6 months. The
exclusion criterion for all donors was that they did not meet the eligibility requirements of the American Association of
Blood Banks (AABB).

Experimental Design
A total of thirty healthy volunteer donors had the following ABO phenotypes: 9 with the A blood phenotype, 3 with the
B phenotype, 7 with the AB phenotype, and 11 with the O phenotype. Eligible donors underwent venous blood collection
for donation, with appropriate care and adequate safety precautions to prevent donor and worker infections and to avoid
contamination of blood units. A total of 250 mL of blood was drawn from each volunteer donor in a single blood bag
with approximately 35 mL of CPDA-1 as an anticoagulant. The blood was gently mixed during collection, immediately
placed in a disinfected blood bank refrigerator and kept at 2—6 °C for 5 weeks (35 days).

During storage, approximately 10 mL of each well-mixed blood bag was collected aseptically at 0, 7, 21 and 35 days
of storage. Each sample was analyzed for complete blood count (CBC) and then centrifuged for 10 min at 4000 rpm to
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obtain plasma. The plasma was used for the measurement of free plasma hemoglobin spectrophotometrically and,
consequently, for the calculation of hemolysis percent. Part of the separated plasma was kept in an Eppendorf tube
and immediately frozen at —20 °C for the analysis of IgG and complement C4.

ABO and Rh Blood Grouping

The ABO blood group of the donors was determined by direct agglutination testing using the anti-sera, anti-A, and anti-B
reagents (Agappe, India).

Complete Blood Count

CBCs were analyzed for each sample on an automatic hematology analyzer (Sysmex XS-500i, Japan). A Sysmex XS-
5001 hematology analyzer was used for flow cytometry to analyze the physiological and chemical properties of the cells.
All parameters of red blood cells, white blood cells and thrombocytes were obtained and reported properly on each
examination day.

Plasma Hemoglobin Determination

The plasma Hb concentration was measured using the cyanmethemoglobin method by mixing 20 pL of plasma with
5 mL of Drabkin’s reagent (Hemoglobin Monlab test, Spain), and the absorbance was measured after 5 minutes
spectrophotometrically at 540 nm (BTS-350, Biosystems, Spain).

Calculation of Hemolysis Percent
The percentage of hemolysis in the stored whole blood unit was calculated according to the following formula:

Hemolysis% = Plasma hemoglobin (gdl™') x (1 — Het) x 100/Total hemoglobin (gdl ")

Immunoglobulin G and C4 Determination

The plasma samples were analyzed for IgG and C4 with an immunoturbidimetric assay technique using the IGG-2 CAN
674 and C4-2 Tina-quant kits (Roche Diagnostics, Germany) and an immunological analyzer Cobas ¢311 (Roche/
Hitachi, Japan) at a wavelength of 340 nm.

Statistical Analysis

The data were analyzed using the IBM Statistical Package for Social Sciences (SPSS) version 19. The data were analyzed
with descriptive statistics to determine the means, SDs, frequencies, and percentages, as appropriate. A ¢ test or Mann—
Whitney rank sum test was used to analyze the difference between two groups, or ANOVA was used for more groups.
Spearman correlation tests were used for correlation analyses. A p value <0.05 indicated statistical significance.

Results

The most important change in RBC parameters was an increase in the mean cell volume (MCV) from day O to the end of
storage (from 81.52+5.29 fl to 87.70+6.08 fl, p=0.001). The red cell distribution width (RDW) also increased (from 12.66
+1.13 to 14.97+1.18, p<0.0001). Moreover, the mean cell hemoglobin concentration (MCHC) decreased from 36.72+0.88 g/dl
to 33.76+0.97 g/dl. (Table 1). WBCs showed a significant reduction in total count or as an individual absolute leukocyte type,
except for lymphocytes, which increased in number with increasing incubation time. The mean thrombocyte count generally
increased significantly from 177+39.65%10° PLTs/L to 290+113.87*10° PLTs/L during storage. Other parameters, such as the
mean platelet volume (MPV), platelet distribution width (PDW) and platelet large cell ratio (P-LCR), also showed gradual
increases compared with the baseline values on day 0. All these data are listed in Table 1.

The changes in the mean plasma hemoglobin level and the mean hemolysis percent of the stored blood are depicted in
Figure 1. Both showed continuous elevation, with a statistically significant difference between measurements (p<<0.0001).
The continuous increase in these parameters was also significantly different among the different ABO phenotypes, except
for B blood group patients, as listed in Table 2.
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Table | Changes in the Mean CBC Parameters of the Stored CPDA-I Whole Blood Samples

During Storage

Parameter Day | Day 7 Day 21 Day 35 P value
Mean £ SD | Mean £ SD | Mean * SD | Mean * SD
Red Blood cells parameters
Hb (g/dl) 13.51%1.52 14.03+2.54 14.24+2.63 13.47+1.56 0.401
RBCs (*10'2\) 4.53+0.53 4.77+0.84 4.74+0.84 4.56+0.56 0.431
PCV (%) 36.76%3.73 39.72+6.62 40.17£7.26 39.87£4.55 0.079
MCV (fl) 81.52+5.29 83.65+5.62 84.83+5.81 87.70+6.08 0.001
MCH (pg) 29.96+2.33 29.75+2.84 30.05+2.36 29.62+2.32 0.904
MCHC (g/dl) 36.72+0.88 35.1940.74 35.40+0.73 33.76+0.97 0.0001
RDW (%) 12.66%1.13 13.43£1.0 14.09+1.02 14.97+1.18 0.0001
White Blood cells parameters
Total WBCs (*10°\l) 5.30%1.51 5.48+1.53 431£1.01 4.65+1.18 0.002
Neutrophils (*10°\I) 2.48%1.19 2.50+0.89 2.10+0.72 1.97+0.84 0.060
Lymphocytes (*10%\l) 1.94+0.59 2.07+£0.49 2.0+0.54 2.36+0.94 0.079
Monocytes (*10°\l) 0.43+0.14 0.68+0.48 0.12+0.10 0.10+0.10 0.0001
Eosinophils (*10°\I) 0.43+0.31 0.21+0.22 0.06+0.05 0.17+0.13 0.0001
Basophils (*10°\l) 0.02+0.02 0.03+0.02 0.02+0.03 0.06+0.04 0.0001
Platelets parameters
Platelets (*10°\l) 177+39.65 223+67.75 190+48.21 290+113.87 | 0.0001
MPV (fl) 8.07+0.57 8.64+0.58 8.84+0.52 8.65+0.70 0.0001
PCT (%) 0.14+0.03 0.19+0.07 0.17+0.05 0.25+0.10 0.0001
PDW (fl) 14.70+1.14 16.22+1.60 16.29+2.0 15.22+1.21 0.0001
P-LCR (%) 15.36+4.60 19.37+4.82 22.03+4.07 20.44+4.93 0.0001

Abbreviations: Hb, hemoglobin; RBC, red blood cells; PCV, packed cell volume; MCV, mean cell volume; MCH, mean cell
hemoglobin; MCHC, mean cell hemoglobin concentration; RDW, red cell distribution width; WBCs, white blood cells; MPV,
mean platelet volume; PCT, plateletcrit; PDWV, platelet distribution width; P-LCR, platelet large cell ratio.

The mean immunoglobulin G level increased significantly from day 0 of storage (7.68+1.75 g/L) to day 7 (11.55+1.57 g/L)
and then declined to 8.3342.09 g/L on day 35, as illustrated in Figure 2. However, the mean complement C4 level increased
insignificantly from day 0 of storage (0.15+0.06 g/L) to peak on day 21 (0.18+0.04) and declined on day 35 (0.17+0.06 g/L), as
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Figure | Changes in the mean plasma hemoglobin level and the mean hemolysis percent of the stored blood during storage.
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Table 2 Changes in the Mean Plasma Hemoglobin Concentration and Hemolysis Percent of
Donated Blood from Different ABO Blood Group Phenotypes During Storage

Blood Group | Parameter Day | Day 7 Day 21 Day 35 P value
Mean £ SD | Mean £ SD | Mean £ SD | Mean % SD

A Plasma Hb 0.70+0.47 0.83+0.43 0.92+0.45 1.34+0.54 0.040

Hemolysis% 3.27+2.02 3.73+2.39 4.08+2.07 6.03+2.12 0.052

B Plasma Hb 1.22+0.70 0.33+0.26 1.02+0.18 1.70+1.03 0.148
Hemolysis % 6.0+4.07 1.53+1.36 4.57+0.50 8.20+5.83 0.229
AB Plasma Hb 0.38+0.23 0.80+0.44 1.10+0.64 1.91+0.55 0.0001

Hemolysis % 1.61+1.05 3.23+1.89 4.90+2.48 7.79£2.15 0.0001

o Plasma Hb 0.59+0.54 1.22+0.99 1.03+0.68 1.48+0.65 0.044

Hemolysis % 2.82+2.63 5.11£3.62 3.84+1.68 7.09+3.53 0.011

Abbreviations: Hb, hemoglobin; SD, standard deviation.

depicted in Figure 3. The delta changes in IgG levels moderately correlated with the delta changes in C4 levels (r=0.616,
p<0.0001), as shown in Figure 4.

The plasma hemoglobin and hemolysis percent which are strongly correlated (r= 0.954, p<0.0001), were positively
correlated with the traditional affected variable MCV and platelet count and negatively correlated with the MCHC and
absolute monocyte count (Figure 5). The IgG level was negatively correlated with MCH, MCHC and eosinophils but
positively correlated with platelet count. Similarly, C4 was negatively correlated with MCH, MCHC and the absolute
neutrophil count but positively correlated with the absolute lymphocyte count (Figure 6).

Discussion

Blood for transfusion must be kept at optimum storage conditions to achieve good posttransfusion survival of cells to
fulfill their desired functions. The cellular and chemical changes that occur in stored blood have been studied and have
yielded some recommendations for improving storage conditions. This study is a contribution in this field and assumes
a potential role for IgG and complement proteins in the hemolysis of stored blood, taking into consideration the situation
in low-income countries with limited resources, such as the Yemen Republic. One of these considerations is the
transfusion of whole blood for most patients who must receive one blood component rather than whole blood because
of the poor service of blood banks and the lack of double, triple and quadruple blood bags. Therefore, the preparation of
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Figure 2 Changes in the mean IgG level in the stored blood during storage.
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Figure 4 Correlation analysis between delta change in IgG level and delta change in complement component C4 of CPDA-| stored blood.

blood components is unattainable. Similarly, whole blood transfusions are also performed in many centers in another
low-income country, Nigeria.'”

Blood storage in vitro causes cellular changes resulting in reduced red blood cell survival that may culminate in
hemolysis. The accumulation of changes with increasing storage time was studied for the extent to which red blood cells
lost their safety and efficacy and for the increased risk of transfusion complications when transfused blood was stored for
long periods even before the expiry date.'®'” Stored red blood cells undergo hemolysis and microparticle formation,
which is an ever-dangerous change. Moreover, hemolysis increased significantly over time in the stored blood,?® which is
in accordance with our results showing that hemolysis changes progresses during storage. Hemoglobin in microparticles
that is released from hemolysis may represent a common factor driving multiple pathways leading to negative
consequences; these pathways include oxidative stress, nitric oxide depletion and platelet activation.>!

An increase in the MCV and RDW and a logic decrease in the MCHC are the traditional significant changes in RBC
parameters reported here as well as in both previous and recent studies.”” >* The total WBC count, absolute monocyte
and eosinophil counts were decreased, in agreement with the findings of a previous study that attributed this decrease to
the degeneration of leukocytes.”> An increase in the mean absolute lymphocyte count may be due to an artifactual cause,

where the leukocytes prepared for apoptosis condense their nucleus and decrease in size, which may give these cells
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CPDA- | -stored blood.

a small lymphocyte appearance; hence, they may be counted as lymphocytes. Surprising changes were observed in the
platelet count and indices. An increase in the PLT is artifactual and is attributed to an increase in the number of
microvesicles or microparticles released from RBCs and WBC fragmentation during storage. Because of their similar
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sizes, fragments may be counted as platelets by a hematology analyzer. Another possibility is the reversal of the
aggregation process that may occur for platelets under warming conditions during sampling.®®

As mentioned previously, hemolysis is the worst manifestation of red cell lesions during storage, and the most important
marker determines the suitability of blood for transfusion. The parallel increase in plasma hemoglobin and
hemolysis percent with advance storage time was predicted to occur as a result of red cell storage damage. This was also
reported in this study, as well as in previous studies. It is the greatest change occurred during the last week of storage.?®
Hemolysis was not associated with a certain ABO phenotype despite the lack of a statistically significant difference in the
changes in plasma hemoglobin and hemolysis percent among B blood group donors, which may be attributed to the small
sample size. Both markers were positively correlated with the conventional marker MCV and platelet count and inversely
correlated with the MCHC. Plasma hemoglobin and hemolysis percent were associated by a moderate negative correlation
with the absolute monocyte count, this may refer to monocyte consumption in phagocytosis activity.

The high hemolysis rate in this study—above the internationally accepted limits, FDA accepted level is 1% —is
related to poor storage conditions, including an unstable electrical power supply for refrigerators and deterioration of the
collection bags quality due to difficulties of their importing and transporting processes in low-income countries. In terms
of the biological mechanisms responsible for hemolysis, leukocytes contribute significantly to hemolysis via several
pathways. Leukocyte release of various chemicals and enzymes, especially proteases that cause red cell lysis, using
leukocyte reduction filters decreases the rate of this hemolysis in stored blood units.?” Unfortunately, leukoreduction is
rarely performed during blood transfusion in Yemen.

This study showed a gradual increased IgG level and complement C4 components during storage. Increased IgG level with
storage in non-leukoreduced blood was also proved in agreement with our result by Antonelou et al,”> Therefore, these
findings lead our hypothesis that suggest IgG and complement contribution in hemolysis of the stored blood by an immune
mechanism start by IgG binding to RBCs and consequent complement activation via classical pathway. This mechanism
culminates in red cell lysis. Storage causes continuous decrease of red cell hemoglobin content (decrease MCHC) and its
precipitation on red cell that may alter the membrane leading to red cell sensitization by IgG and complement activation. Thus,
this study showed a negative correlation between IgG and C4 levels and MCHC. The deposition of IgG and complement
component C3 on stored RBCs has been proven previously, despite the limited uptake and phagocytosis by macrophages

in vitro, according to Thielen et al."

Meanwhile, Hult et al proved that in vitro phagocytosis of red blood cells can occur in the
presence of serum.>® Therefore, the presence of serum will activate macrophage as the situation in this study. IgG binding and
complement activation on RBCs develop because of membrane alterations of the stored red cells was proved previously.*' An
important supportive results are the manner by which IgG and complement changed. The reasonable and coordinated
suggested scenario is the gradual increase of IgG firstly peaked on day 7 to sensitize red cells, this is followed also by
a gradual increase in C4 component peaked on day 21, both of which were declined later. The final decline in these markers
denotes their consumption after activation. The coordinated increase in both markers was evidenced by the direct correlation
between the delta change in the IgG level and the delta change in complement component C4 (r=0.661, p<0.0001).

Antibody-dependent cell-mediated cytotoxicity and opsonization mechanisms can also be suggested. The supportive
results were the negative correlations between C4 and neutrophil count, between IgG and eosinophil count, and between
plasma hemoglobin and hemolysis percent with monocyte count. Phagocytosis of sensitized cells by antibodies and
complement may also lead to phagocyte cell exhaustion and apoptosis, as proposed by Frankenberg et al.*?

The limitation of this study lies in the lack of financial support to explore additional markers of hemolysis in relation
to the supposed immune mechanisms studied in this paper. Additional analyses are needed to explore certain immune
mechanisms in the hemolysis of stored blood using more markers and advanced techniques. Furthermore, the findings of
this in vitro study cannot be exactly translated to what we would expect in vivo without performing clinical trial studies.
It is recommended to generalize leukoreduction strategy in all transfusion centers, also transfuse blood units as early as
possible before the expiry date to avoid the bad effects of storage.

In conclusion, the higher hemolysis percent in whole CPDA-1 stored blood in Yemen, a low-income country,
warrants further investigations for implicated mechanisms and prevention strategies. The immunological mechanism
of hemolysis mediated by IgG and the ensued complement activation via the classical pathway in the whole CPDA-1
stored blood is strongly suggestive in this study and pronounced by their final decrease (due to consumption) after initial
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increase (due to activation). Plasma presence and non-leukodepletion in this blood units also enhance the phagocytic
activity of macrophages in blood units. Further studies for other hemolysis indicators and analyses will provide us with
a full idea about that.
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CBC, complete blood count; IgG, immunoglobulin; CPDA-1, citrate phosphate dextrose adenine; AABB, American
Association of Blood Banks; SPSS, Statistical Package for Social Sciences; ANOVA, analysis of variance; MCV, mean
cell volume; RDW, red cell distribution width; MCHC, mean cell hemoglobin concentration; MPV, mean platelet
volume; PDW, platelet distribution width; P-LCR, platelet large cell ratio, PLTs; platelets.
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