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Preface

The function of the human blood remains a fascinating subject, and research is extensively
performed to explain all its functions and pathology. In 1818, James Blundell, an obstetri-
cian, was generally considered as being the first person to perform a blood transfusion using
homologous blood. At that moment, the blood group system was unknown until Karl Land-
steiner distinguished it in 1901. After that, the possibility and safety of homologous and au-
tologous blood transfusion were investigated and became possible. At that moment, blood
transfusion has become an integral part of clinical practice.

Blood transfusion has become over the last decades a tremendously important field of re-
search. The knowledge of this complicated science increased, and relations, not known be-
fore, were discovered, such as the importance of prevention of antibody formation during
blood transfusion, a part of the mechanism behind trauma-related coagulopathy, the role of
the glycocalyx and the importance and besides plasma’s coagulation repairing function, the
probability of plasma-restoring properties of the glycocalyx in the transfusion cascade. Also
the knowledge about the broader function of the red blood cells, not only being an oxygen-
transporting medium, has grown. The same is true for platelets and the clotting factors.

In the recent years, the technological developments have introduced a sophisticated blood
bank service, performing scientific research as well. Transfusion medicine has become a spe-
cialization, including immunology, haematology, microbiology, development of alternatives
and improving perioperative transfusion therapy.

This book is not a textbook about transfusion medicine and is not meant to cover all subjects
related to transfusion. Instead, several, often unknown, aspects of blood cells and transfu-
sion strategies are discussed. Subjects in this book are immunological and span aspects of
red blood cells and their function in thrombosis. The specific, often not known, role of plate-
lets in inflammation is discussed. Attention is also on several indications for blood transfu-
sion such as functional dose of red blood cells, transfusion strategies in gastrointestinal
bleedings and transplantation surgery.

We hope this book will provide readers with more knowledge about blood components and
blood transfusion, applicable in clinical practice.

I want to thank the authors for the extensive job they have performed and their excellent
contribution to this book. I am thankful to the publishing process manager, Ms. Dajana Pe-
mac, who has excellently performed the compilation of this book with dedicated care.

Dr. AAW.M.M. Koopman-van Gemert, MD, PhD
Department of Anaesthesiology

Albert Schweitzer Hospital, Dordrecht

The Netherlands
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Chapter 1

A Double In Vivo Biotinylation Technique to Assess

Erythrocyte Turnover in Blood Circulation

Sreoshi Chatterjee and Rajiv K. Saxena

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69133

Abstract

We have developed a new double in vivo biotinylation (DIB) technique that may be used
for assessing turnover patterns of erythrocytes in circulation. This technique involves two
successive in vivo biotinylation steps, interspersed by a period of 5-30 days, which would
enable us to tag with biotin a population of erythrocytes entering blood circulation over
a defined period of time, between the two biotinylation steps. As such we can track the
age-related changes in a lifetime of the circulating erythrocytes, or we can simultane-
ously study two defined age cohorts of aged as well as young erythrocytes in circulation.
We have extensively used this technique to look at erythrocyte loss in mouse models of
anemia induced by (a) heavy metal cadmium (Cd), (b) herbicide Paraquat (PQ), (c) car-
bon nanotubes (CNTs), and (d) autoantibody in autoimmune hemolytic anemia (AIHA).
We have found that the pattern of erythrocyte removal is distinctly different in different
models of murine anemia. In certain types of anemia (CNT and AIHA), younger eryth-
rocytes in blood circulation are preferentially removed, whereas in other cases (Cd and
PQ), old erythrocytes are specifically eliminated.

Keywords: DIB technique, flow cytometry, erythrocyte turnover, anemia, mouse models
of anemia, cadmium, Paraquat, carbon nanotubes, autoantibody, AIHA

1. Introduction

Erythrocytes constitute almost 99.9% of all blood cells, excluding platelets. Erythrocytes have a
definite lifespan in the circulation during which time they shuttle through the entire body sev-
eral times exchanging respiratory gases between tissues and organs. The lifespan of human and
murine erythrocytes has been estimated to be around 120 and 50 days, respectively, indicating

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNNN
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that roughly 1% of all circulating erythrocytes in human and 2% in mice are destroyed each
day [1-3]. Erythrocytes undergo repetitive cycles of oxidation and reduction during gaseous
exchange, are regularly exposed to severe osmotic shock while passing through the kidney
medulla, and have to squeeze through very narrow blood capillaries. As the erythrocytes age
in circulation, these repeated insults result in accumulation of several changes in the cell, par-
ticularly in the membrane composition. These damaged erythrocytes are prone to destruction
in the reticuloendothelial system (RES) in the spleen, bone marrow, and liver [4].

Studies in the past have aimed to decipher the actual kinetics of erythrocyte turnover in
circulation, but their approaches have been marred by the unavailability of a suitable tech-
nique to identify erythrocytes of different age groups. Mostly they have relied upon buoyant
density of the erythrocytes [5, 6] or hyper-transfusion studies [7]. Later with the advent of
biotinylation studies [8-10], things became clearer, and finally with the novel double in vivo
biotinylation (DIB) technique developed in our lab [11, 12], we have now been able to solve
the mystery of the kinetics of erythrocyte survival in the blood [11-16]. Studies on eryth-
rocyte survival kinetics and the associated age-related changes in buoyant density, auto-
fluorescence, and phosphatidylserine (PS) externalization have extensively been reviewed
in Saxena et al. [16].

Using the DIB technique, erythrocyte turnover kinetics in a normal murine system is now
well understood. However in the case of anemia, where the homeostasis between erythrocyte
destruction and erythropoiesis is disturbed, the erythrocyte turnover pattern may completely
alter. To understand the fate of erythrocyte turnover in conditions of anemia, we studied four
mouse models of experimental anemia, namely anemia induced by (a) toxic heavy metal cad-
mium (Cd) ions [17], (b) herbicide Paraquat (PQ) [18], (c) carbon nanotubes (CNTs) [19], and
(d) autoantibody in autoimmune hemolytic anemia (AIHA) [20].

2. The double in vivo biotinylation (DIB) technique

Advent of the DIB technique, recently developed in our laboratory, has made it possible
to simultaneously enumerate and study erythrocytes of different age groups in blood cir-
culation [11, 12, 16]. In the DIB protocol, circulating erythrocytes were biotinylated in two
steps by intravenous administration of biotin-X-N-hydroxysuccinimide ester (BXN), through
the tail vein of mice. The first step of high-intensity biotinylation involved three daily intra-
venous (1.v.) injections of biotin (1 mg), followed after few days by a low-intensity biotin
injection with a single lower dose (0.6 mg). The first step labels all the erythrocytes pres-
ent in circulation at the time of injection, while the second step labels the fresh erythrocytes
that were released in circulation in the period between the two biotinylation steps. At any
time point after the second biotinylation, biotin intensity on circulating erythrocytes could be
analyzed by flow cytometry after staining the erythrocytes with streptavidin coupled to an
appropriate fluorochrome [11, 12, 16]. As such erythrocytes in circulation could be grouped
into three distinct cohorts: (i) biotin™#¢ erythrocytes that represents the fresh erythrocytes
that were released in the blood after the second step of biotinylation, (ii) biotin* erythrocytes
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that consists of the cohort of erythrocytes released in the blood between the two steps of bioti-
nylation, and (iii) biotin"¢" erythrocytes that comprise the residual erythrocytes from the ones
that were present in circulation at the time of the first biotinylation step [16]. The DIB protocol
has been summarized in Figure 1.

Time interval between the two biotin injections can be altered according to the requirement of
the experiment [16]. In DIB protocol A, a window of 5 days is provided between the two steps.
This enables us to track the circulating erythrocytes from the moment of its release into the
bloodstream till the end of its lifespan. Alternatively by introducing a long gap (of about 30
days) in DIB protocol B, two defined cohorts of aged as well as young erythrocytes in circula-
tion can be identified and studied simultaneously. For details, see Figure 1.

| Schematic representation of double in vivo biotinylation (DIE) |

|| After fow days 1

Day 40
g O Biotin~e== arythrocyte
02 @ Biotin" erythrocyte
473 @ Biotin"s arythrocyte

Figure 1. Double in vivo biotinylation (DIB) technique. C57BL/6 mice were given three daily i.v. doses of 1 mg BXN
(first biotinylation step), followed, after a rest for several days, by a single additional dose of 0.6 mg BXN (second
biotinylation step). Biotin label on erythrocytes was examined at different time points by bleeding the mice and staining
the cells with streptavidin-APC followed by flow cytometry. In DIB protocol A, a window of 5 days is provided between
the two biotinylation steps; in DIB protocol B, a long gap of 30 days is introduced. Principle of the technique and
the residual biotin label on circulating erythrocytes are shown above. Erythrocyte populations in boxes X, Y, and Z
represent biotin"s", biotin¥, and biotin"#*"* erythrocytes, respectively; values in parentheses represent percentage of
cells in different boxes.



6 Transfusion Medicine and Scientific Developments

3. Erythrocyte turnover in the blood

Erythrocytes have a definite lifespan in the circulation during which time they shuttle through
the entire body several times exchanging respiratory gases between tissues and organs. Using
the DIB technique, we have been able to follow the survival kinetics of a cohort of erythro-
cytes of defined age, with a degree of precision not possible so far. Based on this technique,
Khandelwal and Saxena [11] described the triphasic nature of survival kinetics of blood eryth-
rocytes in circulation. This profile has been depicted in Figure 2. In this system, a defined cohort
of erythrocytes remained more or less constant till 10 days after their release in circulation and
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Figure 2. Survival kinetics of erythrocytes in circulation. C57BL/6 mice were DIB labeled following protocol A. At
different time points, the biotin'" population was assessed as percentage of all circulating erythrocytes and followed
throughout their lifespan in the blood. Panel A shows the survival kinetics of murine erythrocytes. Correlation
coefficients and slopes of the three phases of the decay curve have been calculated (n = 14). PS externalization and
expression of CD47 and CD147 were studied on the biotin population during its lifespan in the blood. Panel B shows
the proportion of PS* erythrocytes. As compared to the first time point, the decline in PS expression on all subsequent
time points was statistically significant. CD47 and CD147 expression are given in panels C and D, respectively. Mean
CD47 and CD147 expression on the biotin'" population has been expressed as percentage of the mean expression on all
blood erythrocytes. Each point in the graph represents mean + SD of observations. n = 5. *p < 0.05 for comparison of the
groups. Statistical analysis was done using Student t-test.
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started to decline constantly thereafter, indicating a random destruction irrespective of age.
The rate of this decline increased after about 40 days in circulation, suggesting the onset of an
age-dependent selective killing of erythrocytes [11, 15]. Thus the true picture of erythrocyte
destruction in mice circulation appears to be a combination of both random killing, at least in
the first segment of the life cycle, and the age-dependent destruction, especially in the latter
part of the life span.

The factors that drive such unique survival kinetics of circulating erythrocytes are not clearly
understood. The role of PS externalization might be critical in this respect. Annexin V staining
of biotin™" erythrocytes at different time points reveals that PS extrusion is more efficient in
younger erythrocytes rather than in senescent ones (Figure 2B) [12]. It is likely that younger
erythrocytes that get damaged due to oxidative or other forms of stress may readily extrude
PS and undergo erythrophagocytosis, leading to random killing of erythrocytes. On the other
hand, a steady fall in CD47 [14] and CD147 [11] expression has been observed during aging of
erythrocytes (Figure 2C and D). These may render older erythrocytes susceptible to phago-
cytosis by macrophages.

4. Murine models of anemia

4.1. Cadmium (Cd)-induced anemia

Cadmium, one of the most toxic heavy metals, a category I carcinogen [21], is a nonbiodegrad-
able environmental contaminant that can cause serious health hazard [21-24]. Exposure to
cadmium may occur through contamination in food and drinking water [25], cigarette smoke
[26, 27], or through occupational exposure in mining and manufacturing industries [23, 27, 28].
Cadmium has a long biological half-life of 10-30 years and can accumulate into various
organs and tissues, particularly in kidneys [29] and also in the lung, liver, bone, testis, cardio-
vascular, and the immune systems, causing severe damage [29, 30]. Anemia as a consequence
of cadmium toxicity has been observed in many cases of human exposure [31-33] and also in
animal models [34-38].

In our experiment groups of mice were given 1000 ppm of cadmium chloride in drinking
water, and their blood parameters were monitored every week. Continuous exposure to cad-
mium induced a significant decline in erythrocyte count and hemoglobin content, indicat-
ing anemia (Figure 3, panels A and B). A significant decline in blood parameters could be
observed as early as in the second week of exposure [17]. Exposure to lower dose of cadmium
(50 ppm CdCl,) resulted in the development of a transient anemia in mice [17].

4.2. Herbicide Paraquat (PQ)-induced anemia

Paraquat (N, N'-dimethyl-4, 4-bipyridinium dichloride, PQ), one of the most widely used her-
bicide, kills plants rapidly by deactivating the photosynthetic mechanism. It also has consider-
able toxicity toward animals and humans and has widely been used for suicide throughout
the world [39-41]. Ingestion of PQ causes liver, lung, heart, and kidney failure within several
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Figure 3. Induction of anemia in mice. Anemia was induced in mice through different stimuli. Blood samples from mice
were collected at different time points and analyzed on an automated cell counter. Erythrocyte count and hemoglobin
content in cadmium (Cd)-induced anemia (panels A and B), Paraquat (PQ)-induced anemia (panels C and D), carbon
nanotube (CNT)-induced anemia (panels E and F), and autoimmune hemolytic anemia (AIHA, panels G and H) are
shown above. Each point on the graph represents mean +SEM of observations. n=10. *p <0.05, *p <0.01, and ****p <0.001
for comparison of the groups. Statistical analysis was done using Student t-test.

days to several weeks [42]. A link between the exposure to PQ and Parkinson’s disease has also
been reported [43]. PQ is a potent inducer of reactive oxygen species (ROS), and occurrence of
anemia as a consequence of exposure to PQ has also been documented [44, 45]. The use of PQ
was banned in Europe in 2007, but the herbicide is still widely used in the rest of the world.
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In our experiment mice were administered repeated doses of Paraquat (Paraquat dichloride
hydrate freshly dissolved in phosphate buffered saline (PBS), 10 mg/kg of body weight) intra-
peritoneally (i.p.) on alternate days [18, 43]. Control mice received vehicle alone. Blood param-
eters were monitored at different time points. Paraquat treatment induced a transient anemia
in mice, indicated by a significant decline in blood erythrocyte count (up to 45%) as well as
blood hemoglobin levels (upto 38%) on 7, 14, and 21 day time points (Figure 3, panels C and D)
[18]. Erythrocyte count as well as blood hemoglobin levels however returned to normal by the
end of 4 weeks, even though PQ treatment was continued.

4.3. Carbon nanotube (CNT)-induced anemia

Nanoparticles are defined as particulate dispersions or solid particles with a size in the range
of 10-100 nm. Single-walled carbon nanotubes (SWCNTs) are a class of engineered nano-
materials that represent rolled-up tubes of graphite sheet of sp2 hybridized carbon atoms,
having a diameter of about 1 nm. Due to their unique structural and remarkable electronic,
mechanical, and chemical properties, engineered nanomaterials find wide applications in
molecular electronics, microdevices, gas storage, catalytic supports, aerospace, automobile,
and atomic force microscopy and biological applications like biosensors, drug delivery, etc.
[46—48]. Interaction of nanoparticles with the body is dependent on their size, chemical com-
position, surface structure, solubility, and shape [49-51]. Several studies have demonstrated
the toxicity of SWCNT to different types of cells in vitro [52-54] and in vivo [55-58].

In our experiment, mice were administrated iv. 10 mg acid-functionalized SWCNTs
(AF-SWCNTs) on alternate days, and blood parameters were examined at different time points.
Significant decline in erythrocyte count as well as hemoglobin levels was observed at different
time points during the treatment with AF-SWCNTs [19]. Results in Figure 3, panels E and F
show that erythrocyte count and hemoglobin levels decreased by 10-22% and 13-25%, respec-
tively, at different time points. Repeated administration of AF-SWCNTs (10 mg) induced a
sustained anemia in mice [19].

4.4. Autoimmune hemolytic anemia (AIHA)

Autoimmune hemolytic anemia (AIHA) is characterized by the production of pathogenic self-
reactive autoantibodies against self-erythrocytes that can result in premature destruction of
erythrocytes leading to the clinical manifestation of anemia [59-62]. Pathogenesis of AIHA
involves two underlying mechanisms, namely erythrophagocytosis of autoantibody-coated
erythrocytes by macrophages in the reticuloendothelial system in the liver and spleen [63, 64]
and complement-mediated lysis of erythrocytes following binding of IgM autoantibodies [65].

AIHA could be induced in mice following the Playfair and Clarke Model [66], based on
Weigle’s hypothesis of termination of immunological unresponsiveness to an antigen by injec-
tion of a cross-reacting antigen with similar/shared epitopes [67]. In this model repeated injec-
tion of rat erythrocytes induces production of autoantibodies against self-erythrocytes in mice
[68-70]. The immunized mice develop autoimmune anemia, a severe but transient one, charac-
terized by the presence of both anti-mouse autoantibody and the usual anti-rat antibody [69].
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In our experiment mice were given weekly i.p. injections of 2 x 10® rat erythrocytes, and blood
parameters were monitored at regular intervals. Generation of anti-mouse erythrocyte auto-
antibody was estimated by flow cytometric analysis of erythrocytes stained with anti-mouse
IgG/IgM-fluorescein isothiocyanate (FITC) polyclonal antibodies [71, 72]. The results show
that a significant anemia was demonstrable in the immunized mice only after 5-6 weekly
administrations of rat erythrocytes [20], when the blood erythrocyte count suffered a 10%
decline and hemoglobin a staggering 15% decline (Figure 3, panels G and H, respectively).
The anti-mouse erythrocyte autoantibody level also showed a sharp increase at the same time
point [20], indicating an autoimmune response.

5. Erythrocyte turnover pattern in different models of anemia

Turnover profile for the various age cohorts of circulating erythrocytes was examined by
utilizing the DIB technique of erythrocyte labeling in vivo to analyze the age-dependent sus-
ceptibility of circulating erythrocytes to the different mediators of stress, Cd, PQ, CNTs, and
AIHA. Erythrocytes isolated from the peripheral blood of the DIB-labeled mice were stained
ex vivo with streptavidin-allophycocyanin (APC) and anti-mouse CD71-PE followed by flow
cytometry. Circulating erythrocytes were delineated as per the relative streptavidin and
CD71 staining into four different groups: biotin"" (older erythrocytes), biotin'* (intermedi-
ate age group), CD71 biotin™#** (young) erythrocytes, and CD71*biotin"*"* reticulocytes.
A representative flow diagram is shown in Figure 4. A comparison of the proportion of erythrocytes

4} |
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.’} 23.26%
‘Biotin-low
| 64.31%

Bintin-Streptavidi
L

il .-_’-"-

Ill:'- ; -ﬁ.-"" .
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.[Biotin-negative | Reticulocyte 2.06%
102 0 102 10° 104

Anti-mouse CD71

Figure 4. Age cohorts of circulating erythrocytes. Mouse erythrocytes were labeled with biotin in vivo by the two-
step biotinylation procedure (DIB protocol B). Blood samples were collected, and erythrocytes were stained ex vivo
with streptavidin-APC and anti-mouse CD71-PE. Proportions of the different age cohorts were determined as biotin""
(older erythrocytes), biotin¥ (intermediate age group), CD71 biotin"#""* (young erythrocytes), and CD71*biotin"sv
reticulocytes. Representative flow histograms showing the proportion of different age groups of erythrocytes are shown.
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belonging to different age cohorts would give their turnover profile. Interestingly, results
from the four models of murine anemia could be clustered into two distinct categories, with
completely contrasting characters.

5.1. Increased susceptibility of older erythrocytes: Cd and PQ

Exposure to environmental toxicants cadmium and Paraquat resulted in a very similar response
in terms of erythrocyte turnover. The turnover profiles indicate that the kinetics of decline of
older erythrocytes (biotin"¢" subpopulations that entered blood circulation before the first bio-
tinylation step; Figure 5, panels A and B) and the increase in the proportion of younger sub-
population of erythrocytes (biotin™¢**, entering blood circulation after the second biotinylation
step; Figure 5, panels C and D) was significantly higher in the treatment groups than the con-
trol (Figure 5) [17, 18]. These results suggest that the older erythrocytes in blood circulation
may be preferentially eliminated in the toxicant (Cd or PQ)-exposed mice, leaving the young
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Figure 5. Erythrocyte turnover in the blood of mice exposed to cadmium and Paraquat. Mice were rendered anemic
by exposure to toxicants like cadmium and Paraquat. Mouse erythrocytes were labeled with biotin in vivo by the two-
step biotinylation procedure (protocol A). Erythrocytes were stained ex vivo with streptavidin-APC, and proportions
of the different age cohorts were determined. Turnover profile of relatively aged biotin"*¢" (panels A and B) and young
biotin"&*e (panels C and D) erythrocytes in cadmium-treated (panels A and C) and Paraquat-treated (panels B and D)
mice has been shown above. Each point on the graph represents mean +SEM of observations. n=10. *p <0.05 and **p <0.01
for comparison of the groups. Statistical analysis was done using Student t-test.
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erythrocytes to accumulate in circulation, indicated by the significant increase in the proportion
of the younger biotin™# erythrocytes. This could indicate either an increased generation of
fresh erythrocytes or prolonged life span of younger erythrocytes in blood circulation.

The latter view is again supported by the enhanced reticulocytosis in both cadmium-induced
and Paraquat-induced anemia (Figure 6). An initial surge of reticulocytes in mice exposed to
cadmium and Paraquat was clearly seen. This surge was however lost by the fourth and fifth
weeks of cadmium (Figure 6A) [17] and Paraquat (Figure 6B) [18] exposure, respectively.
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Figure 6. Circulating reticulocytes in cadmium- and Paraquat-induced anemia. Mice were rendered anemic by
exposure to toxicants like cadmium chloride and Paraquat. Blood was collected at regular interval, and mouse
erythrocytes were stained ex vivo with anti-mouse CD71-PE to determine the proportion of circulating reticulocytes
through flow cytometry. Panel A shows the relative proportions of reticulocytes in cadmium-fed mice. For this, the mean
reticulocyte counts in control mice at each time point was taken as 100, and the proportion of reticulocytes in the exposed
groups was estimated in relative terms. Panel B shows the reticulocyte proportion in the Paraquat-treated mice. Each
point on the graph represents mean +SEM of observations. n = 10. *p < 0.05, *p < 0.01, and ***p < 0.005 for comparison of
the groups. Statistical analysis was done using Student t-test.

5.2. Increased susceptibility of young erythrocytes: CNTs and ATHA

Autoimmune hemolytic anemia (AIHA) and anemia induced by exposure to AF-SWCNTs are
characterized by a unique turnover profile of circulating erythrocytes, which is radically dif-
ferent from the one observed in Cd- and PQ-induced anemia. There is a significant increase
(twofold) in the proportion of older erythrocyte population (biotin"s, Figure 7, panels A and C)
along with a concomitant decline in the proportion of young erythrocytes (Figure 7, panels B
and D). Thus relatively younger erythrocytes in the blood seem to be preferentially eliminated in
conditions of AIHA- [20] and CNT-induced anemia [19] either by macrophage-mediated eryth-
rophagocytosis in the reticuloendothelial system of the spleen or by complement-mediated lysis.

In the turnover profile though comparable in both AIHA- and CNT-induced anemia, the two
models revealed very different results in terms of the reticulocyte response. The AF-SWCNT
treatment resulted in reticulocytosis, showing > twofold increase in the percentage of blood
reticulocytes from 2.23 to 5.32% (Figure 8A) [19]. Autoimmune anemia on the other hand
resulted in severe reticulocytopenia, showing a 16-18% decline in reticulocyte proportion as
seen in Figure 8, panel B [20].
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Figure 7. Erythrocyte turnover in the blood of AIHA mice and mice exposed to AF-SWCNTs. Mice were rendered anemic by
injecting AF-SWCNTs or by inducing ATHA. Mouse erythrocytes were labeled with biotin in vivo by the two-step biotinylation
procedure (protocol A for CNT-induced anemia; protocol B for AIHA). Erythrocytes were stained ex vivo with streptavidin-
APC, and proportions of the different age cohorts were determined. Turnover profile of relatively aged biotin"¢" (panels A and
C) and young biotin™#*" (panels B and D) erythrocytes in AF-SWCNT-treated mice (panels A and B) and AIHA mice (panels C
and D) has been shown above. The time point for AIHA has been selected on the basis of the induction of anemia (only after the
fifth and sixth immunization doses). Each point and each bar on the graph represent mean +SEM of observations.n=10.*p<0.05,
*p <0.01, and ***p <0.005 for comparison of the groups. Statistical analysis was done using Student t-test.
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Figure 8. Circulating reticulocytes in the blood of AIHA mice and mice exposed to AF-SWCNTSs. Mice were rendered
anemic by injecting AF-SWCNTs or by inducing AIHA. Blood was collected at regular interval, and mouse erythrocytes
were stained ex vivo with anti-mouse CD71-PE to determine the proportion of circulating reticulocytes through flow
cytometry. Panel A shows the relative proportions of reticulocytes in AF-SWCNT-treated mice. For this, the mean
reticulocyte counts in control mice at each time point was taken as 100, and the proportion of reticulocytes in the exposed
groups was estimated in relative terms. Panel B shows the reticulocyte proportion in the AIHA mice. The time point for
AIHA has been selected on the basis of the induction of anemia (only after the fifth and sixth immunization doses). Each
point and each bar on the graph represent mean +SEM of observations. n = 10. *p < 0.05, **p < 0.01, and ***p < 0.005 for
comparison of the groups. Statistical analysis was done using Student t-test.
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6. Conclusion

The technique of double in vivo biotinylation has been used extensively in our laboratory to
unravel the changes associated with erythrocyte aging in circulation. In the present study,
the same DIB technique has been used to track the stress-related changes in different age
cohorts of erythrocytes and ascertain their susceptibility in different types of anemia. To
achieve this goal, we have compared the erythrocyte turnover patterns in four different mod-
els of murine anemia, namely anemia induced by (a) toxic heavy metal cadmium (Cd) ions,
(b) herbicide Paraquat (PQ), (c) carbon nanotubes (CNTs), and (d) autoantibody in autoim-
mune hemolytic anemia (AIHA). Interestingly, the study revealed two distinct and contrast-
ing patterns of erythrocyte turnover in murine anemia. This difference could be because of
the difference in the way the stress inducers interact with the cell in each of the models. In
certain types of anemia, where erythrocytes are exposed to toxicants that directly enter the
cells, like in the case of cadmium [73] and Paraquat [74, 75], the stress inducers might inter-
fere with enzyme activities and signaling processes, thereby promoting senescent changes
within the cell. Therefore in toxicant stress, as in cadmium-induced anemia and Paraquat-
induced anemia, older erythrocytes that are already undergoing senescent changes become
more susceptible and are preferentially removed from circulation [17, 18]. On the other hand,
in some other cases, where erythrocytes are exposed to agents that directly interact with
the cell membrane, as in the case of AIHA- [70, 76] and AF-SWCNT-induced anemia [57],
younger erythrocytes in blood circulation are preferentially removed [19, 20]. This biasness
could be due to the difference in the membrane composition in the different age cohorts of
erythrocytes [77-79]. The fate of the erythrocytes in anemic mice therefore depends on the
characteristics and behavior of the stress mediator and therefore may be different in different
types of anemia.
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Appendices and nomenclatures

AF-SWCNT Acid-functionalized single-walled carbon nanotube
AIHA Autoimmune hemolytic anemia
ANOVA Analysis of variance

APC Allophycocyanin
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BXN Biotin-X-N-hydroxysuccinimide ester
CD Cluster of differentiation
Cd Cadmium

Cddi, Cadmium chloride

CNT Carbon nanotubes

DIB Double in vivo biotinylation
FITC Fluorescein isothiocyanate
Ig Immunoglobulin

ip. Intraperitoneal

i.v. Intravenous

NHS N-hydroxysuccinimide
PBS Phosphate-buffered saline
PE Phycoerythrin

ppm Parts per million

PQ Paraquat

PS Phosphatidylserine

RES Reticuloendothelial system
ROS Reactive oxygen species
SEM Standard error of the mean
SWCNT Single-walled carbon nanotube
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Abstract

While ABO/Rh(D) red blood cells (RBC)-matched transfusions are generally considered
as safe, a significant risk of alloimmunization to non-A/B blood group antigens exists;
especially in chronically transfused patients. Indeed, alloimmunization to non-A/B anti-
gens can be so severe that RBC transfusion can no longer be safely administered without
the risk of a potentially deadly immune haemolytic reaction. Currently, no satisfactory
solutions exist either to prevent blood group alloimmunization or to cost-effectively treat
patients with severe alloimmunization. To address this problem, we have pioneered the
immunocamouflage of donor RBC. The immunocamouflaged (stealth) RBC is manufac-
tured by the covalent grafting of biologically safe polymers to RBC membrane proteins.
As a result of the grafted polymer, non-A/B blood group antigens are biophysically and
immunologically masked. Of particular interest is the immunocamouflage of the Rh(D)
antigen which could be used to improve blood inventory and transfusion safety. The
polymer-modified RBCs are morphologically normal and, in mice, exhibit normal in
vivo survival at immunoprotective grafting concentration. In this chapter, we explore
both the biophysical and immunological consequences of the grafted polymers, explore
the conditions in which they might be appropriately used, and describe the technology
necessary to manufacture functional transfusable units of these cells within the clinical
setting.

Keywords: red blood cell, immunocamouflage, alloimmunization, Rh(D), polymer

1. Introduction

The transfusion of red blood cells (RBC) remains the most common, and best tolerated, form
of tissue transplantation. Indeed, an estimated 108 million units of whole blood (~49 million
litres) are collected annually worldwide for processing and eventual transfusion [1]. In spite
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of this massive collection effort, the need for blood constantly exceeds availability due to a
combination of collection, manufacturing, storage and, most important clinically, biological
(i.e., immunological) issues. The biological challenges facing successful RBC transfusions are
vastly underappreciated, largely because of the long history and ubiquity of blood transfu-
sions in modern medicine. Indeed, the RBC is an immunological complex cell with 35 major
blood group systems that give rise to over 300 unique antigens capable of eliciting an immune
response. Moreover, this immunological complexity is further exacerbated by the finding that
the non-A/B (often referred to as minor) blood group antigens exist with varying frequencies
among different ethnic and racial groups [2, 3]. Within the non-A/B antigens, Rh(D) deserves
special attention.

Among the non-A/B blood groups, the Rh system, and in particular Rh(D), is considered to
be the most immunogenic antigen. Indeed, the Rh(D) antigen is highly immunogenic and
when Rh(D)* blood is transfused into an Rh(D)™ individual, there is a 50% risk for the develop-
ment of anti-Rh(D) antibodies resulting in very high risk of a haemolytic transfusion upon a
second Rh(D)" transfusion. Consequent to its immunogenicity, Rh(D) is always determined
simultaneously with ABO type and constitutes the ‘+" found alongside the ABO phenotype.
Consequent to its immunogenicity, Rh(D) poses a significant challenge to blood operators
since Type O Rh(D)™ (O") blood is the universal donor cell. In Euro-centric populations, 6-7%
of the population is O~ making the maintenance of an adequate inventory of this universal
donor blood problematic but possible. Indeed, in North America and Europe, virtually all
blood service providers experience a chronic shortage of Type O™ blood. However, in other
geographic regions, especially Asia, Rh(D)" individuals are extremely rare. Indeed, in China,
only 0.1-0.4% of the population, regardless of ABO type, is Rh(D), making the Rh(D)" indi-
vidual (especially with the increasing influx of European tourists) an at-risk patient [4]. Thus,
within transfusion medicine, Rh(D) remains a significant problem in terms of both supply and
its clinical risk.

Despite the immunological complexity of the RBC, simple ABO/Rh(D) matching has been, typi-
cally, considered sulfficient for most acute transfusion needs. However, even when ABO/Rh(D)
are appropriately matched, transfusion reactions still occur as mismatched non-A/B antigens
do carry some immunological risks to a patient. While the incidence of clinically noteworthy
(i.e., significant patient morbidity) transfusion reactions is relatively low (~0.017% of transfused
individuals), less severe transfusion reactions (e.g., transient fever, malaise, premature RBC
clearance) and alloimmunization are considerably more frequent and increase with the num-
ber of transfusions received by an individual [5-9]. Indeed, with approximately 108 million
units of whole blood collected worldwide per annum for blood product preparation, the actual
numbers of adverse events become quite significant. Of clinical importance, alloimmuniza-
tion to non-ABO group antigens is significantly exaggerated in individuals (~30%), especially
minorities, receiving chronic transfusion therapy as seen in thalassemia and sickle cell anemia.
Indeed, alloimmunization to non-ABO blood groups can be so severe that blood transfusion
can no longer be safely administered without risk of a potentially deadly immune haemolytic
reaction.

Historically, various interventions have been used in an attempt to prevent transfusion
reactions arising from alloimmunization. While ABO/Rh(D) typing has been used since the
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1940s, the practice of phenotyping some of the more problematic non-A/B/Rh(D) antigens is
still uncommon and likely underlies the high frequency of alloimmunization in chronically
transfused patients. In studies on {3 thalassemia, up to 20% of these chronically transfused
individuals demonstrate clinical evidence (i.e., mild to severe transfusion reactions) of alloim-
munization against non-A/B donor blood group antigens [10, 11]. Rates in patients with sickle
cell anemia are even higher (>30%) [12]. As a result, many US National Institutes of Health
(NIH) funded Sickle Cell Centres now evaluate a blood recipient for high risk (for alloimmu-
nization) blood group antigens and to prophylactically utilize phenotypically matched blood
for transfusion in this cohort of patients. However, even antibody screening does not identify
patients alloimmunized to less common RBC antigens or, more importantly, prevent primary
alloimmunization to non-tested antigens. To date, the only solutions to prevent alloimmuniza-
tion, or for individuals with very rare blood type, are to store autologous blood (4°C), maintain
an inventory of frozen rare blood group units, keep a blood bank registry of potential donors
with rare blood types, utilize extensive RBC phenotyping prior to transfusion and/or encour-
age minority blood donations [7, 12-27]. While all of these steps are prudent and variably
effective, situations still arise where an appropriate (or even satisfactory) blood match cannot
be made.

2. Bioengineering the red blood cell

Currently, no satisfactory solutions exist to prevent or cost-effectively treat blood group allo-
immunization or to improve the inventory of Rh(D)  blood. To address these unmet needs,
the covalent grafting of biocompatible polymers to donor RBC has been proposed to immu-
nocamouflage the allogeneic RBC. The immunocamouflaged (stealth) RBC is manufactured by
the covalent grafting of methoxypoly(ethylene glycol) [mPEG; PEGylation], as well as other
polymers (e.g., polyoxazolines, POZ; and hyperbranched polyglycerols, HPG), to membrane
proteins on the surface of allogeneic donor RBC (Figure 1).

Most commonly, the chemically activated polymers are covalently grafted to proteins at
exposed lysine residues. As a result of the grafted polymer, donor blood group antigens are
biophysically and immunologically masked while the modified RBC remaining biologically
and functionally viable. To date, most studies have focused on mPEG as the polymer of choice
due to its superior ability to both sterically and charge camouflage allogeneic RBC and its
well-characterized, and safe, pharmacological profile. The basic chemical structure of mPEG
is HO-(CH,CH,0) _-CH,CH,CH,. mPEG is of low toxicity and is US FDA approved for oral,
intravenous, subcutaneous and intramuscular administration [29]. The mPEG polyether poly-
mer is neutrally charged, available in an extraordinarily wide range of molecular weights,
and is highly soluble in aqueous-based solutions making it very suitable for pharmacological
use. In contrast, both the POZ (e.g., PEOZ) and HPG polymers are poorly soluble in aqueous
solutions and only confer weak charge camouflage.

A large number of biological and biophysical studies have been done to characterize the effects
of polymer grafting on immune recognition and in vitro and in vivo viability [28, 30-58]. These
studies have demonstrated the significant potential of this immunocamouflage technology in
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Figure 1. Comparison of mPEG, PEOZ and HPG. The repeating structures of mPEG and PEOZ are denoted by the
shaded areas while HPG, consisting of repeating polyglycerols, functions more as a mass. The (a) and (b) notations
denote the independent rotational segments of mPEG and PEOZ (respectively) governing intra-chain mobility. The
relative intra-chain mobility of the polymers, coupled with polymer size (e.g., 2 versus 20 kDa), underlies the radius of
gyration of the grafted polymer. The relative radii of gyrations for mPEG, PEOZ and HPG are indicated by the arrows
denoting the Flory radii (R;: root mean square of end-to-end length of the polymer chain) of the polymers. As illustrated,
the side-branches of PEOZ decrease intra-chain mobility producing a larger hydrodynamic volume relative to mPEG.
Similarly, the highly branched HPG has very limited intra-chain mobility but yields a dense steric ‘mushroom’. Modified
from Kyluik-Price et al. [28].

transfusion medicine. Example uses include but are not limited to: (1) derivitize RBC to dimin-
ish transfusion reactions arising from mismatched blood or alloimmunization; (2) utilization
by clinical blood banks to camouflage the Rh(D) antigen to improve blood inventories and
utilization; (3) use of mPEG-modified RBC as a ‘chain-breaker’ (i.e., preventing RBC aggre-
gates arising from abnormal cell-cell interaction) in vascular occlusive diseases such as sickle
cell anemia; and (4) prevention of transfusion-associated graft-versus-host disease. Other uses
outside of transfusion medicine include the implantation of derivitized cells or cell aggregates
(e.g., pancreatic islets) to correct enzyme deficiencies; the induction of tolerance via PEGylated
leukocytes; and the prevention of viral infections via antiviral gels.

Biophysical and biological characterization of the stealth RBC: The immunocamouflage of cells
is a function of the biophysical and biochemical nature of the grafted polymer (Figure 1).
Biophysically, the grafted polymers confer its immunoprotective effects via both steric hin-
drance and charge camouflage (Figure 2). The efficacy of membrane immunocamouflage is
dependent upon both the density (i.e., how much) and depth (i.e., thickness; polymer molecu-
lar weight) of the polymer layer. As shown in Figure 1, steric hindrance arises from either
the rapid mobility arising from intra-molecular flexibility of the polymer (mPEG and PEOZ)
and/or polymer density itself (HPG). Perhaps of even more importance is the ability of the
polymer to obscure the surface charge (charge camouflage) of the cell. Biophysically, charge
camouflage arises from polymer-mediated extension of the shear plane (SP) thereby decreas-
ing the apparent surface charge (Figure 2A and B). The grafted polymers can give rise to both
DIRECT (direct binding to the antigen in question) and INDIRECT (binding to sites other than
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Figure 2.Biophysical mechanisms of immunocamouflage. Panels A and B: Prevention of plasma protein (e.g.,
immunoglobulins) interaction with the cell membrane is due to both steric exclusion (shaded areas induced by
the polymers radius of gyration; R;: Flory radii is the root mean square of end-to-end length of the polymer chain)
and surface charge camouflage. The effects of both short chain (Panel A) and long chain (Panel B) polymers on the
immunocamouflage of surface proteins (X, Y, Z) are schematically shown. The steric effect is maximized when chains are
grafted at higher density, that is, with small separation between the chains (d). Importantly, antibody-antigen interaction
is, biophysically speaking, charge-mediated. Membrane surface charge camouflage is primarily driven by polymer-
mediated extension of the shear plane (SP) toward a region of decreased surface potential (Surface Potential Gradient).
In the absence of polymer, the inherent shear plane (SP) of a cell is typically located 1-3 nm above the surface. The
extension of SP is proportional to the hydrodynamic thickness of the polymer layer, which in turn is governed by the
R; of the grafted polymer. Thus, 20 kDa polymers (large R;; Panel B) provide improved charge camouflage over 2 kDa
polymers (small R;; Panel A). Delta (A) is the difference in the surface potential at the shear plane of a particle modified
with the short (Al) versus the long polymer (A2). The membrane proteins X, Y and Z denote blood group antigens
extending different distances from the cell surface. Panel C: Not all proteins in the complex topology of the RBC are
equally accessible to grafting by the activated polymer, due to either its location in the protein complex or the paucity
of lysines (the grafting site of activated mPEG). For example, Rh(D) is deeply buried in the complex while Kell is easily
accessible. Thus, indirect immunocamouflage maybe more critical than direct immunocamouflage (i.e., direct modification of
Rh(D) by mPEG) for many blood group antigens. Modified from Refs. [47, 28].

the antigen but conferring indirect camouflage) immunocamouflage of blood group antigens
(Figure 2C). The importance of indirect immunocamouflage is significant as blood group anti-
gen proteins do not exist in isolation but are most commonly part of complex protein clusters.
As shown, the Rh(D) protein is deeply buried within a large protein complex on the surface
of the RBC making the direct camouflage of Rh(D) difficult. However, the indirect immuno-
camouflage of Rh(D) arising from polymers grafted to surrounding proteins (e.g., Kell protein,
Band 3) results in the highly efficient immunocamouflage of RhD [28, 52, 55, 59].

Indeed, one of the most promising prospects of RBC immunocamouflage is in both diminishing
the risk of Rh(D) alloimmunization and safely increasing blood inventory during emergency situ-
ations or in circumstances where Rh(D) blood is unavailable. As shown in Figure 3A, immune rec-
ognition and phagocytosis of anti-D (RhoGAM®; Rh (D) Immune Globulin (Human) RhoGAM
Ultra-Filtered PLUS; Ortho Clinical Diagnostics)-opsonized Rh(D)* RBC are blocked in a grafting
concentration-dependent manner by the grafted mPEG polymer. Importantly, RnoGAM® is a
highly purified and concentrated human-derived anti-D IgG antibody that is highly effective at
RBC opsonization yielding Monocyte Index (MI) scores in the monocyte-monolayer assay (MMA)
in the range of 60-100%. The RhoGAM® antibody is used clinically for the prevention of Rh
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immunization, including during and after pregnancy and other obstetrical conditions or incom-
patible transfusion of Rh-positive blood. However, RhoGAM® does not fully reflect the biologi-
cal/clinical heterogeneity of anti-D alloantibodies arising in alloimmunized individuals. To assess
the potential utility of mPEG-RBC in alloimmunized individuals, human-sourced anti-D alloan-
tibodies (N = 8) were assessed using the MMA. Of note, the naturally occurring heterogeneity of
anti-D responses is demonstrated by the wide range in MI values when used to opsonize Rh(D)"*
RBC (Figure 3B). Indeed, only five of eight of the alloantibodies exhibited MI values of >5% (i.e.,
potential for acute haemolytic transfusion reaction). However, as predicted by the RhoGAM find-
ings, grafting of the 20 kDa polymer (2 mM) yielded significant reductions (p < 0.01) in the MI
values of all samples. Of the five plasma samples with MI values >5%, PEGylation resulted in
four having MI values of <5% while the remaining sample had an MI of 5.5 + 0.9. Moreover,
the anti-phagocytic effect of polymer-mediated immunocamouflage of Rh(D)* RBC was observed
regardless of the IgG subclass of the alloantibody. It is also important to note that the serological
score (ranging from W+ to 4+) did not correlate significantly with the MI value [59]. These findings
are in line with previous studies that demonstrated that the antiglobulin test does not accurately
reflect the amount of IgG bound and is, at best, only a weak predictor of RBC phagocytosis [60-63].
In aggregate, these findings suggest that immunocamouflaged Rh(D)* RBC could be safely trans-
fused into Rh(D)" patients in an emergency situation.
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Figure 3. Polymer size and grafting concentration governs the efficacy of D immunocamouflage and the inhibition of
erythrophagocytosis. Panel A: Effect of polymer size and grafting concentration on MMA phagocytosis of RhoGAM-
opsonized Rh(D)* RBC. As shown, short chain polymers (2-10 kDa) were ineffective at inhibiting erythrophagocytosis. In
contrast, membrane modification of Rh(D)* RBC with both the 20 and 30 kDa mPEG showed a significant (p <0.005 at >0.5
mM grafting concentration) dose dependent decrease in phagocytosis. Importantly, the 20 kDa polymer effectively reduced
the MI values to <5% at grafting concentrations >1.5 mM. Interestingly, at equimolar concentration, the 30 kDa polymer
was less effective than the 20 kDa polymer. Shown are the mean + SD of a minimum of three independent experiments.
Also shown are representative photomicrographs of an RhoGAM-opsonized Rh(D)" MMA experiment. Oil-immersion
light microscopy of Wright-Giemsa-stained MMA slides. Panel B: Immunocamouflage inhibits erythrophagocytosis
of Rh(D)* RBC opsonized with a diverse array of human anti-D alloantibodies. Similar to the findings with RhoGAM,
polymer size is a critical factor in inducing clinically relevant immunocamouflage. Results shown are the mean + SD for
all eight anti-D alloantibodies tested. Also indicated are the IgG subclass of the alloantibodies. The green zone (a) indicates
MI < 5%, the clinically acceptable range for a non-significant reaction. Panel C: Positive control; multiple monocytes with
phagocytized RhoGAM-opsonized Rh(D)* RBC. Panel D: Shown are the same Rh(D)* donor RBC as Panel B but modified
with mPEG (20 kDa; 2 mM) prior to opsonization. Data derived from Li et al. [59].
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Importantly, at immunologically protective grafting concentrations, the grafted polymer does
not affect RBC structure or function as evidenced by normal morphology, O, uptake and deliv-
ery, cellular deformability or ion transport [30, 33, 34, 37, 41, 52, 55]. While virtually indistin-
guishable from unmodified cells in most aspects, one interesting difference was noted between
unmodified and mPEG-modified RBC. Consequent to the charge camouflage of the RBC, the
cell:cell interactions necessary for Rouleaux formation were abrogated (Figure 4). Because the
grafted polymer camouflages the charge of the cell necessary for cell:cell interaction, Rouleaux
formation is inhibited resulting in attenuation of RBC sedimentation and, physiologically,
decreased low-shear viscosity (Figure 4). Importantly, the decrease in low-shear viscosity may
make the use of stealth RBC highly suitable for patients with diseases characterized by RBC-
vaso-occlusive events (e.g., sickle cell). Importantly, RBC PEGylation inhibits both non-anti-
body (e.g., sickle cell self-aggregation) and antibody-mediated aggregation events and donor
mPEG-RBC can serve as an efficient chain-breaker in pro-aggregation states [33].

The grafting of immunologically ‘inert” polymers to the membrane of allogeneic RBC effec-
tively camouflages multiple non-ABO antigens from immune recognition. The combined
actions of both steric and charge camouflage underlie the ability of the grafted polymer to
camouflage allogeneic blood group antigens (immunocamouflage) from the recipient’s
immune system. These immunocamouflaged (i.e., stealth) RBC may be an effective tool in
both preventing and treating alloimmunization in the chronically transfused patient; the
transfusion of individual patients with rare blood phenotypes; emergency situation or geo-
graphic locations (e.g., China) where Rh(D) blood is unavailable. Moreover, immunocamou-
flaged RBCs are inexpensively and easily manufactured in the clinical setting.
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Figure 4. Biophysical consequences of RBC PEGylation. Panel A: Charge camouflage of RBC is readily accomplished
by polymer grafting and is a function of both grafting concentration and polymer size. As shown, the electrophoretic
mobility of the human RBC was completely abrogated by the 20 kDa-activated mPEG at very low grafting concentrations.
Mobility of the unmodified human RBC was —1.18+0.12 (um/s)/(V/cm). Per cent change in mobility was normalized to
the mobility of unmodified RBC. Panel B: Polymer grafting prevents cell:cell interaction (Rouleaux formation) via steric
and charge camouflage. The loss of Rouleaux formations leads to a dramatically decreased RBC sedimentation rate.
Panel C: Low-shear viscosity of the PEG-RBC is significantly reduced in comparison to normal control cells. Control and
PEGylated (5 kDa mPEG) RBCs were resuspended to a 40% hematocrit in autologous plasma. Viscosity was measured
over a range of shear rates using a Contraves LS30 low-shear viscometer (Contraves AG, Zurich, Switzerland). Data
derived from Armstrong et al. [64]. INSERT: PEGylation of RBC alters many characteristics of the RBC. Shown on side
(a) is the effect of antibody binding to control cells. The RBC agglutinate resulting in a potentially vaso-occlusive event
mediated by both antibody binding and enhanced blood viscosity under low-shear conditions. In contrast, as shown
on side (b), antibody-mediated aggregation is suppressed in the PEGylated cells, and low-shear viscosity is actually
enhanced due to the loss of aggregation and the neutral surface charge of the modified RBC. In addition, the PEGylated
cells do not readily interact with the vascular endothelium.
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3. Manufacturing the ‘stealth RBC’

The immunocamouflaged RBC is unlikely to be a mass-market product but rather a boutique
blood product for the discriminating customer. Hence, on demand manufacturing of the stealth
RBC will be the most likely scenario facing the clinician and blood provider. Fortunately, the
manufacturing process of the stealth RBC is rapid and straightforward and requires no spe-
cialized equipment on part of the blood provider, hospital or clinic. Moreover, current labora-
tory tests exist that can, relatively rapidly (~48 h), evaluate the potential clinical utility of the
stealth RBC in the at-risk alloimmunized patient. Crucial to the clinical use of the stealth RBC
is the manufacturing process. The key tenet of the manufacturing process is the maintenance
of a constant polymer:cell ratio in order to achieve a homogenous grafting of the polymers to
the individual cells within donor RBC unit (Figure 5). If cells are under-PEGylated, they retain
significant immunogenicity/antigenicity; if cells are over-PEGylated, the in vivo viability (i.e.,
circulation time) of the cell is compromised.

To achieve the homogeneity necessary for a clinical mPEG-RBC unit (Figure 5), two scalable
devices (Figures 6 and 7) utilizing micro-mixing chambers (alternatively Y-connectors to
induce turbulence and mixing) have been designed, constructed and validated to semi-auto-
mate the RBC derivatization process and minimize the risk of contamination. Both approaches
can be done aseptically using modifications of existing blood bags and sterile docking devices.

Manufacturing mPEG-RBC
High Low A
b
f:
:.....ﬂ.........g = ..I‘;L.ﬁ 1) E
|8 |F i 2|8
! (=] - -1 = w
L {5)- 9112l B 2 |§
E B =
E & o =
ik B K
Low Extreme

For RBC Homogeneity
Must Maintain Constant
mPEG:RBC Mixing Ratio

Figure 5. Homogeneity of polymer grafting is a critical concern. Extreme grafting levels yield mechanically unstable RBC,
while minimally modified RBC retain significant immunologic recognition. To achieve improved grafting homogeneity,
‘manufacturing’ processes and devices have been developed by our lab. Panels B and C: Using the semi-automated
devices described in this chapter, RBCs are uniformly modified by the activated polymer. The uniformity of grafting was
documented using an mPEG polymer formulation containing 1% fluorescent 20 kDa mPEG. As shown, the PEGylated
RBCs are all fluorescently labeled showing complete derivatization with the semi-automated devices described in this
chapter. Modified from Wang et al. [52].
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Figure 6. Schematic representation for the clinical PEGylation of a single blood unit using the Syringe Pump Method. At a
minimum, a two-syringe pump is used. Syringe pumps able to handle four or more syringes are commercially available
and would speed up the PEGylation process. The syringes can be of either equal or unequal volumes thereby governing
the ratio of RBC to activated polymer. The syringe lines lead to the micro-mixing chamber (or Y-connector which will
induce turbulence facilitating mixing). The diluted RBC are collected and re-concentrated prior to transfusion. A RBC
washing step could be combined with the centrifugation to concentrate the RBC as desired. If desired, a RBC washing
step can be combined with the centrifugation step to remove any unreacted polymer though the mPEG is considered
safe for injection. Also shown are photographs of the two-syringe pump method and the final stealth RBC blood bag.
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Figure 7. Schematic representation for the clinical PEGylation of a single blood unit using the Four-Channel Peristaltic
Pump Method. Pump tubing used in Channels 1-4 can be of equal or different diameters to govern RBC dilution and the
ratio of diluted RBC to activated polymer ratio. A RBC washing step can be combined with a centrifugation process to
remove any unreacted polymer though the mPEG is considered safe for injection.
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The Syringe Pump Method (Figure 6) has an advantage in better controlling the hydrolysis rate
(i.e., inactivation rate; t,, of 33 min for succinimidyl valerate-activated methoxypoly(ethylene
glycol) [SVAmMPEG]) of the activated mPEG as the activated polymer is prepared in smaller
batches. The Peristaltic Pump Method (Figure 7) has the advantage of being a continuous
flow device with fewer points of possible disruptions in blood sterility. As demonstrated in

Figure 6, the described manufacturing devices are capable of producing a transfusable unit of
PEGylated RBC.

RBC manufacturing and product quality control: Quality assurance of the mPEG-RBC to docu-
ment the reproducibility and homogeneity of SVAMPEG derivatization can be assessed using
a two-phase (PEG-Dextran) partitioning system [37, 41]. The partitioning of PEGylated RBC
in this system is governed by the ratio of PEG:Dextran, as well as by the density and size
(m.w.; number of ethoxy units) of the grafted mPEG. In this simple assay, mPEG-RBC are
added to an immiscible PEG:Dextran solution, rapidly mixed and allowed to separate. As
shown, unmodified RBC preferentially partition to the Dextran or interface region while the
PEGylated RBC preferentially partition to the PEG-rich phase (Figure 8). Importantly, both
the automated derivatization and the purification methodologies are highly scalable and can
be applied to existing blood bank devices and workflows.
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Figure 8. Assessing the efficacy of the derivatization reaction via the two-phase PEG-Dextran partitioning system. Panel
A: Quantification of phase separation was done via hemoglobin concentration in the PEG layer. Results are expressed as
mean * standard error mean (SEM). Panel B: Representative photos of phase separation of 20 kDa mPEG-RBC over 0-2
mM grafting concentrations. Reflecting increased grafted polymer, the mPEG-RBCs show increased partitioning into
the upper PEG layer. Photos were taken 20 min post mixing. Data derived from Bradley and Scott [41] and Kyluik-Price
et al. [28].
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The PEGylation Recipe

PEGylation Buffer: While buffer flexibility exists, the chemistry of PEGylation via activated
mPEG requires alkaline conditions [28, 30-58]. The formulation of the mPEG-buffer used by
our laboratory for the PEGylation of RBC is as follows: 50 mM K,HPO,, 105 mM NaCl, pH 8.0.

Activated mPEG: Following extensive analyses of multiple polymer molecular weights and
linker chemistries, 20 kDa succinimidyl valerate-activated methoxypoly(ethylene glycol)
[SVAMPEG] has been selected as our primary polymer species. While a wide range of poly-
mer molecular weights (e.g., 2-40 kDa) have been tested, in vitro (human and mouse) and in
vivo (mouse) studies demonstrate that the 20 kDa polymer provides the optimal immuno-
logical camouflage of the allogeneic cell while maintaining normal in vivo survival. Linker
chemistry selection was based on the commercial availability of the polymer, the relatively
long half-life of the activated polymer and its excellent in vitro and in vivo findings. Clinically
compliant SVAMPEG can be purchased from Laysan Bio Inc. (http://laysanbio.com//; Arab, AL,
USA). Because the half-life of the activated polymer upon hydration is short (t,, of 33 min for
SVAmMPEG), the polymer should only be solubilized immediately before beginning the graft-
ing event. Specific activated mPEG and buffer volumes for the syringe pump and peristaltic
pump method are provided within the method schematics.

4. Evaluating the potential clinical utility of the stealth RBC

While multiple studies have demonstrated that RBC immunocamouflage can effectively block
immune recognition of multiple blood group antigens, the diversity of alloantibodies pro-
duced to a single blood group antigen by humans is staggering. Hence, a crucial step in the
clinical use of the stealth RBC should be evaluating the potential efficacy of the stealth cell in
the individual patient. While one might assume that standard serological testing techniques
would suffice, this is not the case for a variety of reasons. Primary among these reasons, and
as shown in Figure 3C, is that the laboratory serological score does not correlate significantly
with the MI value or the risk of an acute transfusion reaction. Indeed, multiple studies have
demonstrated that the antiglobulin test poorly reflects the amount of IgG bound and is, at
best, a very weak predictor of RBC phagocytosis [60-63]. This confounding finding is actu-
ally by design. Serological testing is ‘overly’ sensitive in order to detect miniscule amounts of
bound antibody to assure the appropriate typing of an individual or to detect the presence of
a potentially dangerous alloantibody. Another potential complication is that a large number
of commercial testing protocols employ PEG (as either a listed or unlisted ingredient) as a
component of the testing reagents. The reagent PEG will cause the mPEG-RBC to segregate
as 'PEG likes PEG’ (Figure 8B). Hence, other predictors of the potential clinical utility of the
stealth RBC for an individual patient are needed.

Perhaps the most definitive testing approach for the potential clinical value of the stealth RBC
is the monocyte-monolayer assay (MMA). The MMA assesses FcyR-mediated adherence and
phagocytosis of alloantibody-opsonized donor RBC by monocytes and has been clinically
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correlated with in vivo transfusion safety (i.e., prevention of acute transfusion reactions) and
efficacy (24 h RBC survival) [60-62, 65-68]. The in vitro MMA is reliable, reproducible and,
within the transfusion medicine community, is considered to be the best assay currently avail-
able for the evaluation of FcyR-mediated phagocytosis of antibody-coated human red cells,
having more than 20 years of proven validity for the comparison of in vitro phagocytosis to in
vivo clinical relevance.

Schematically, the MMA is described in Figure 9 (and experimentally demonstrated in
Figure 3). The MMA examines FcyR-mediated phagocytosis in vitro using adherence-purified
monocytes isolated from peripheral blood mononuclear cells obtained from normal volun-
teers. Blood group antigen positive RBCs are incubated with buffer (negative control) or sera
or plasma from alloimmunized patients for opsonization, washed and overlaid on the mono-
cyte monolayer. Both donor-obtained and reagent RBC are suitable for use in the MMA. The
MMA uses a visual readout whereby the numbers of adherent and phagocytized control and
opsonized RBC are enumerated per 100 monocytes (MI). For validation purposes, consistent
positive and negative controls should be used, most commonly anti-Rh(D)-opsonized Rh(D)"*
(positive control) and Rh(D)™ (negative control) human RBC (see Figure 3). The visual inspec-
tion is simplified and enhanced by the use of phase contrast microscopy. Using the MMA, MI
values of <5% indicate that the donor cells can be given without risk of an overt haemolytic
reaction. However, it is worth noting that the MMA is most predictive of acute haemolytic
transfusion reactions and is less predictive of long-term survival of donor RBC.
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Figure 9. Individualized testing of the potential clinical utility of the stealth RBC. Schematic representation of the
monocyte-monolayer assay (MMA). (A) Untreated RBC; (B) RBC treated with control (antigen matched) serum or
plasma; (C) RBC treated with alloimmunized serum/plasma; and (D) PEGylated RBC treated with alloimmunized
serum/plasma. Representative photomicrographs for panels C and D are shown in Figure 3.
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By using the MMA, the potential efficacy of RBC PEGylation can be done on an individu-
alized basis. The probable success of the stealth RBC transfusion can be further enhanced
by serologically selecting (or even better MMA testing) the best possible matches from the
donor RBC inventory so as to minimize the risks of additional complications. Once the sero-
logical or MMA testing of the donor blood unit has been done, the unit can be PEGylated
as described then tested against the individual’s alloantibodies via the MMA prior to trans-
fusion into the recipient. However, the identification of the donor unit(s), PEGylation and
MMA testing does require 48-96 h lead time. Hence, identification of potential patients
should be done as early as possible to assure the availability to source appropriate polymer
stock, prepare the PEGylation device and identify and test possible donor units. Concurrent
with the evaluation of the potential clinical value of the stealth RBC, the physician/transfu-
sion service must also receive institutional and governmental approval for their use.

5. Institutional and governmental approval for patient use

Prior to the actual clinical use of the stealth RBC in a seriously ill patient, compassionate use
approval must be obtained from both the hospital Research Ethics Board (REB; or equivalent)
and the appropriate governmental agencies (e.g., in Canada, Health Canada). This is likely to
be a physician-driven process done in conjunction with the hospital's transfusion service and/
or blood provider. Key to these requests is the need to clearly cite the lack of, or very limited
availability, of suitable donor RBC. Once institutional approval has been obtained, the hospital
REB would likely lead the interaction with the appropriate governmental agency (e.g., Health
Canada) regarding an Investigative New Drug (IND) submission. For compassionate use in a
single patient who would be likely to die in the absence of a transfusion, a formal IND submis-
sion may or may not be necessary. These steps will, obviously, change from country to country.

One question likely to be raised by the REB is whether the proposed mPEG-dosing is safe. The
answer to this important question is, at least in part, addressed by recent Phase I-III clinical trials
of PEGylated human haemoglobin (PEG-Hb; Sangart, San Diego, CA, USA) [69-73]. These clini-
cal trials have infused humans, at the highest dosing schedule, with up to 8.33 ml/kg of PEG-Hb.
At this dosing, the typical male volunteers (180 Ibs/81.8 kg) received 680 ml of the PEG-Hb solu-
tion as a single dose, an infusion of ~25 g of PEG. Importantly, no adverse effects were noted
in any of the human volunteers receiving this dose. Furthermore, in animal studies (e.g., rats),
PEG-Hb was safely infused at a single adjusted dose exposure of to 46 g of PEG-Hb [74].

6. Conclusion

Grafting of immunologically ‘inert’ polymers to the membrane of allogeneic RBC can effec-
tively camouflage non-ABO antigens from immune recognition. These immunocamouflaged
(i.e., stealth) RBCs may be an effective tool in both preventing and treating alloimmuniza-
tion in the chronically transfused patient; the transfusion of individual patients with rare
blood phenotypes; for emergency situation or geographic locations (e.g., China) where
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RhD-negative blood is unavailable. Importantly, several characteristics of the immuno-
camouflaged RBC may also make them highly suitable in patients/diseases characterized
by RBC-mediated vaso-occlusive events (e.g., sickle cell) consequent to the polymer-medi-
ated reduction in low-shear viscosity. For the hospital or clinic, the immunocamouflaged
RBCs are inexpensively and easily manufactured using commonly available equipment and
existing blood bags. Moreover, the potential clinical utility of the stealth RBC can be evalu-
ated for the individual patient using the clinically validated monocyte-monolayer assay in
which antigen-mismatched RBCs are PEGylated and then opsonized with the patient’s own
alloantibody.
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Abstract

Blood coagulation and thrombin generation are primarily a function of platelets,
coagulation factors, and endothelial cells. Red blood cells (RBCs) have generally been
viewed as innocent bystanders in the clotting process. However, there has been a steadily
growing clinical data revealing the active roles of erythrocytes in hemostasis. RBCs may
contribute to thrombosis in several ways. In polycythemia, RBCs increase blood viscosity
and marginate platelets toward the endothelium. The increased incidence of thrombosis
is also associated with hemolytic anemia, especially with sickle cell disease and parox-
ysmal nocturnal hemoglobinuria. RBCs express phosphatidylserine and microparticles,
supporting thrombin generation. They interact with platelets, endothelial cells, and
fibrinogen, and these interactions lead their incorporation into the thrombi. The presence
of RBCs in clots suppresses plasmin generation and reduces clot dissolution. Decreasing
thrombus RBC content would accelerate thrombus resolution. In conclusion, RBCs are
important complements of the complex reactions of clot formation.

Keywords: thrombin, red blood cells, blood coagulation, thrombophilia

1. Introduction

Generation of thrombin is a dynamic process that begins with endothelial injury. Endothelial
cells, factors in coagulation cascade, platelets, antithrombotic control mechanisms, and
fibrinolytic enzymes play major role in this hemostatic process. In addition, various mechanical
factors, including blood flow and intercellular molecular bridges, are also involved in the regu-
lation of primary thrombus formation [1]. Red blood cells (RBCs) are the most abundant blood
cells, compromising 35-45% of the blood volume. Their plasma membrane has a unique dis-
coid shape, which provides biological and mechanical properties to RBCs necessary to perform
their functions [2]. While the major function of RBCs is hemoglobin-mediated oxygen transport
through the body, they also actively participate in both arterial and venous thrombosis.
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2. Evidences and mechanisms for erythrocyte participation in thrombus
formation

There has been a steadily growing clinical data revealing the active roles of RBCs in hemostasis.
First clinical observation about the role of RBCs in coagulation was published in 1910. In this
article, Duke noted that thrombocytopenic patients showed an improvement in bleeding
times after transfusion, even though their platelet counts remained low [3]. Fifty years later,
Hellem et al. reported decrease in bleeding time upon transfusion of washed RBCs in anemic
patients with bleeding defects [4]. The causal factor was again assumed to be the erythrocyte.
Ho et al. showed the improved bleeding times after RBC transfusions in patients with anemia
and thrombocytopenia [5]. Ho et al. also reported the shortening bleeding time in patients
with iron deficiency anemia as their hematocrit increases after iron administration [6]. Anemia
increases the risk of bleeding, whereas erythrocytosis increases the risk of thrombosis. When
the hematocrit reduced, platelets travel closer to center of the vascular lumen and are thus less
likely to interact with the subendothelium [7, 8]. Hemoglobin also scavenges nitric oxide (NO)
and therefore a reduced hematocrit would be associated with enhanced NO activity and pro-
moting platelet inhibition and vasodilatation [8]. In addition, red blood cells release adenosine
diphosphate (ADP) and thromboxane A2 (TXA2) which enhances platelet aggregation [8].
Weiss et al. corrected a platelet adhesion defect present in patients with a platelet storage pool
deficiency by RBC transfusion and concluded about the possible role of ADP [9].

In contrast to patients with low hematocrits, abnormally high RBC counts as in polycythemia
vera patients predispose to thrombotic disease [10, 11]. An increase in hematocrit is also
associated with cerebral infarction and internal carotid atherosclerosis [12, 13]. In addi-
tion, diseases which secondarily alter RBC membrane properties can lead to thrombosis; an
increase in RBC aggregation has been associated with thrombosis in retinal venous occlu-
sion, leg vein thrombosis, and coronary heart disease [10, 14-16]. In these disorders, throm-
bus formation was associated with RBC aggregation that blocks microvascular blood flow.
An increase in hematocrit leads to an increase in blood viscosity, an increase in RBC aggre-
gation, and/or a decrease in RBC deformability [10, 17]. Increasing hematocrit promotes
the transport of platelets and coagulation factors toward the vessel wall, thereby increasing
collisions of platelets with the activated endothelium and with themselves (Figure 1) [10,
18, 19]. A decrease in RBC deformability may encourage thrombosis by rendering the eryth-
rocyte less capable of squeezing through narrow apertures [10, 17, 20]. In addition, RBCs
have been shown to release adenosine triphosphate (ATP) addition to ADP in response to
mechanical deformation, as well [21, 22]. Sickle cell disease (SCD) is a well-known hemoglo-
binopathy in which the deformability of RBCs decreased, thrombin generation and platelet
activation increased. Arterial-venous thrombosis can occur during the vaso-occlusive crisis
of SCD. RBC membrane proteins can also promote thrombotic episodes and again SCD is a
good example for this; microparticles (MPs) are small membrane vesicles that play impor-
tant roles on coagulation. RBC and platelet-derived MPs can initiate thrombin generation
through factor Xlla, presumably via a phosphatidylserine-mediated process (Figure 1) [23].
And sickled RBCs not only shed MPs but also there is an abnormal phosphatidylserine (PS)
exposure on RBCs as a result of repeated sickling and unsickling processes [24]. An increase
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in RBC aggregation and abnormal PS exposure on RBCs have been implicated as possible
causative factors of thrombotic complications in beta-thalassemia major cases, as well [10,
25-27]. In addition, under conditions of low pO, and low pH, which can occur in diseases
like hemoglobinopathies, again ATP is secreted by RBCs [28].

Activated platelets express PS on their surfaces which localize the coagulation complexes (intrin-
sic factor tenase and prothrombinase) to the site of vascular injury and have been viewed as the
primary surfaces upon which coagulation occurs [2, 29]. However, normally, a subfraction of
RBCs (0.5%) also express PS on their surfaces. With an average RBC count of ~4 x 10° mL™,
this corresponds to approximately 2.5 x 10" mL"of PS-expressing RBCs, which is 20% of the
average platelet count [2]. So, even a small proportion of PS-positive RBCs could significantly
affect thrombin generation and promote fibrin deposition during venous thrombosis [2, 30, 31].
Kawakami et al. identified RBCs as having the most active membrane surface among blood cells
and endothelial cells in catalyzing the coagulation process in their in vitro study, as well [32].

Horne MK et al. also explored the effect of RBC on thrombin generation in clotting whole
blood [33]. They not only found that thrombin concentrations increased as the hematocrit
increased from 10 to 40% but also found that maximal thrombin concentration increased
when red cell lysate mixed with intact red cells or with platelet. The latter effect was lost by
filtering the lysate. The authors concluded that it was due to MPs derived from RBCs, and the
effect of intact red cells and MPs derived from RBCs on thrombin generation is probably due
to the presence of exposed PS on their membranes [33].

Thrombosis is a well-known complication of paroxysmal nocturnal hemoglobinuria (PNH)
and has been suggested due to several pathophysiological sates: a suppressed fibrinolytic
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Figure 1. In normal conditions, erythrocytes travel in the center of blood flow and platelets travel closer to the endothelial
cells. When the hematocrit reduced, platelets travel closer to center of the vascular lumen and are thus less likely to
interact with the subendothelium. MPs are small membrane vesicles, which play important roles on coagulation.
RBC and platelet-derived MPs can initiate thrombin generation. After formation of the fibrin plaque, RBCs become
intertwined within the thrombus to stabilize and strengthen its structure (RBC: red blood cell, MP: microparticle).
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system, increased leucocyte-derived tissue factor, complement-mediated damage to platelets
and endothelia, and increased platelet derived MPs [34]. Hemolytic attack is often accompa-
nied by thrombosis in PNH and the increased levels of circulating procoagulant MPs derived
from hemolyzed RBCs can also contribute thrombophilia by providing the catalytic surface
necessary for the assembly of procoagulant, prothrombinase, and tenase enzyme complexes
[34]. NO plays an important role in normal platelet functions through the downregulation of
platelet aggregation and adhesion. Therefore, NO reduction due to intravascular hemolysis
also contributes to thrombogenesis in PNH [34, 35].

Besides all these data about the roles of PS and MPs in thrombogenesis, the erythrocytes
do not normally present PS in their outer membrane [10, 36]. For this reason, phospholipid
scramblase is required to move the specific aminophospholipids (PS) to an external location.
An ATP-requiring mechanism is responsible for this translocation [37] and an increase of the
intracellular Ca* concentration in RBC is known to activate the scrambling of membrane
phospholipids [37-39]. Phospholipid scrambling plays a stimulatory role in MP generation,
as well [40]. Protein kinase C in RBCs mediates the phosphorylation of cytoskeletal proteins
and also plays role in Ca™ entry into RBCs and subsequent PS exposure on RBC [34, 41, 42].

During clot formation, erythrocytes communicate with platelets as well, and erythrocytes
enhance the aggregation of platelets. In the presence of RBCs, greater quantities of free fatty
acids and eicosanoid metabolites were generated during platelet activation, rather than in the
absence of RBCs [43, 44]. Addition of erythrocytes also enhances platelet degranulation (ADP,
serotonin, and beta-thromboglobulin) and aggregation during collagen or thrombin stimula-
tion of platelet-rich plasma [43-48].

RBCs are also incorporated into thrombi via specific interactions during thrombogenesis.
RBCs interact with activated endothelial cells (Figure 2) and this interaction is demon-
strated in a study of arterial thrombosis in which RBCs were the first cells to adhere to a
FeCl,-treated intact endothelium, prior to arrival of platelets, and mediate platelet adhesion
to the intact endothelial surface [49]. Integrin-mediated interactions between RBCs and leu-
kocytes and platelets may also lead erythrocyte incorporation into thrombi [50]. RBCs bind
to platelet allbf3 receptor with their intracellular adhesion molecule-4 (ICAM-4) ligand (LW
[Landsteiner and Wiener] blood group antigen) and this interaction depends on the platelet
activation state [51]. RBC ICAM-4 also interacts with leucocyte 1 and (32 integrins [52]. RBCs
and fibrinogen also directly interact specifically with each other. Two potential receptors on
RBCs have been implicated in fibrinogen-RBC interactions: 33 or a $3-like molecule and the
integrin-associated protein CD47 [53, 54]. Fibrinogen-mediated transport of factor Xllla to
the clot is necessary for RBC retention in thrombi, as well [55, 56]. Compared to wild-type
mice, mice with reduced or delayed factor XlIla activation produce smaller venous thrombi
with reduced RBC content [55]. RBCs affect the structural and mechanical properties of fibrin
clots [57]. The interaction of RBCs with fibrin clots (red thrombi) was revealed to be associ-
ated with lytic resistance of thrombi due to an increased mechanical strength as compared to
clots constituted to plasma only (white thrombi) [58, 59]. In an experimental cerebral ischemia
study, it was shown that RBCs within a thrombus transformed from normal discoid shape to
form projections which allowed them to interact both with each other and with fibrin fibers.
And the authors concluded that through the extension projections, RBCs become intertwined
within a thrombus to stabilize and strengthen its structure (Figure 1) [57].
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Figure 2. Transmission electron microscope of a capillary with a biconcave disk-shaped red blood cell interacting with
an endothelial cell (x12,000). By Courtesy of Histology and Embryology Department, Mersin University Medical Faculty.

In summary, RBCs contribute thrombosis by their viscosity effects and by margination of
platelets to the vessel wall. However, in addition to these simple viscosity effects of RBC
participation in platelet aggregation, RBCs also express PS and MPs, supporting thrombin
generation. RBCs interact with platelets, endothelial cells, and fibrinogen, as well and these
interactions lead their incorporation into the thrombi. Intertwined RBCs within a thrombus
stabilize and strengthens its structure and decrease fibrinolysis. In conclusion, RBCs are
important complements of the complex reactions of clot formation.

Abbreviations
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NO Nitric oxide

ADP Adenosine diphosphate
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SCD Sickle cell disease
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W Landsteiner and Wiener

47



48 Transfusion Medicine and Scientific Developments

Author details

Anil Tombak

Address all correspondence to: aniltombak@mersin.edu.tr

Medical Faculty, Department of Internal Medicine — Hematology, Mersin University,
Yenisehir, Mersin, Turkey

References

(1]

(2]

(3]

(4]

[7]

8]

(10]

(1]

[12]

Mori D, Yano K, Tsubota K, Ishikawa T, Wada S, Yamaguchi T. Computational study
on effect of red blood cells on primary thrombus formation. Thrombosis Research.
2008;123:114-121. DOI: 10.1016/j.thromres.2008.03.006

Whelihan MF, Mann KG. The role of the red cell membrane in thrombin generation.
Thrombosis Research. 2013;131:377-382. DOI: 10.1016/j.thromres.2013.01.023

Duke WW. The relation of blood platelets to hemorrhagic disease. The Journal of the
American Medical Association. 1910;55:1185-1192

Hellem A]J, Borchgrevink CF, Ames SB. The role of red cells in haemostasis: The rela-
tion between haematocrit, bleeding time and platelet adhesiveness. British Journal of
Haematology. 1961;7:42-50

Ho CH. The hemostatic effect of adequate red cell transfusion in patients with anemia
and thrombocytopenia. Transfusion. 1996;36:290

Ho CH. Increase of red blood cells can shorten the bleeding time in patients with iron
deficiency anemia. Blood. 1998;91:1094

Livio M, Gotti E, Marchesi D, Mecca G, Remuzzi G, de Gaetano G. Uraemic bleeding;:
role of anaemia and beneficial effect of red cell transfusions. Lancet. 1982;2:1013-1015.

Kunicki TJ, Nugent DJ. Qualitative Disorders of platelet function. In: Greer JP, Arber DA,
Glader B, List AF, Means RT, Paraskevas F, Rodgers GM, editors. Wintrobe’s Clinical
Hematology. 13th ed. Philadelphia: Lippincott Williams & Wilkins; 2014. p. 1128-1142.

Weiss HJ, Lages B, Hoffman T, Turitto VT. Correction of the platelet adhesion defect in
delta-storage pool deficiency at elevated hematocrit-possible role of adenosine diphos-
phate. Blood. 1996;87:4214-4222

Andrews DA, Low PS. Role of red blood cells in thrombosis. Current Opinion in
Hematology. 1999;6(2):76-82

Schafer AL. Bleeding and thrombosis in the myeloproliferative disorders. Blood. 1984;
64;1-12

Carallo C, Pujia A, Irace C, Defranceschi MS, Motti C, Gnasso A. Whole blood viscosity
and haematocrit are associated with internal carotid atherosclerosis in men. Coronary
Artery Disease. 1998;9:113-117



[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

Red Blood Cells and Relation to Thrombosis
http://dx.doi.org/10.5772/intechopen.69551

Harrison MJG, Pollock S, Kendall BE, Marshall J. Effect of haematocrit on carotid steno-
sis and cerebral infarction. Lancet. 1981;2:114-115

Chabanel A, Glacet-Bernard A, Lelong F, Taccoen A, Coscas G, Samama MM. Increased
red blood cell aggregation in retinal vein occlusion. British Journal of Haematology.
1990;75:127-131

Chabanel A, Horellou MH, Conard ], Samama MM. Red blood cell aggregability in
patients with a history of leg vein thrombosis: Influence of post-thrombotic treatment.
British Journal of Haematology. 1994;88:174-179

Demiroglu H. The importance of erythrocyte aggregation in blood rheology:
Considerations on the pathophysiology of thrombotic disorders. Blood. 1997;89:4236

Schmid-Schonbein H, Wells R, Goldstone ]. Influence of deformability of human red cell
upon blood viscosity. Circulation Research. 1969;25:131-143

Goldsmith HL. Red cell motions and wall interactions in tube flow. Federation
Proceedings. 1971;30:1578-1588

Goldsmith HL, Bell DN, Braovac S, Steinberg A, Mclntosh F. Physical and chemical
effects of red cells in the shear-induced aggregation of human platelets. Biophysical
Journal. 1995;69:1584-1595

Hebbel RP. Beyond hemoglobin polymerization: The red blood cell membrane and
sickle cell pathophysiology. Blood. 1991;77:214-237

Reimers RC, Sutera SP, Joist SH. Potentiation by red blood cells of shear-induced plate-
let aggregation: Relative importance of chemical and physical mechanisms. Blood.
1984;64:1200-1206

Sprague RS, Ellsworth ML, Stephenson AH, Lonigro AJ. ATP: The red blood cell link
to NO and local control of the pulmonary circulation. American Journal of Physiology.
1996,271:H2717-H2722

Van Der Meijden PE, Van Schilfgaarde M, Van Oerle R, Renné T, ten Cate H, Spronk HM.
Platelet- and erythrocyte-derived microparticles trigger thrombin generation via factor
XlIa. ] Thromb Haemost. 2012;10:1355-1362. DOI: 10.1111/j.1538-7836.2012.04758.x

Whelihan MF, Lim MY, Key NS. Red blood cells and thrombin generation in sickle cell
disease. Thrombosis Research. 2014;133:552-S53. DOI: 10.1016/j.thromres.2014.03.021

Chen S, Eldor A, Barshtein G, Zhang S, Goldfarb A, Rachmilewitz E, Yedgar S. Enhanced
aggregability of red blood cells of beta-thalassemia major patients. American Journal of
Physiology. 1996,270:H1951-H1956

Helley D, Eldor A, Girot R, Ducrocq R, Guillin MC, Bezeaud A. Increased procoagulant
activity of red blood cells from patients with homozygous sickle cell disease and beta-
thalassemia. Thrombosis and Haemostasis. 1996,76:322-327

Ruf A, Pick M, Deutsch V, Patscheke H, Goldfarb A, Rachmilewitz EA, Guillin MC, Eldor
A. In-vivo platelet activation correlates with red cell anionic phospholipid exposure in
patients with beta-thalassaemia major. British Journal of Haematology. 1997;98:51-56

49



50 Transfusion Medicine and Scientific Developments

(28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

Bergfeld GR, Forrester T. Release of ATP from human erythrocytes in response to a brief
period of hypoxia and hypercapnia. Cardiovascular Research. 1992;26:40-47

Butenas S, Branda RF, van’t Veer C, Cawthern KM, Mann KG. Platelets and phospho-
lipids in tissue factor-initiated thrombin generation. Thromb Haemost. 2001;86:660-667.

Peyrou V, Lormeau JC, Hérault JP, Gaich C, Pfliegger AM, Herbert JM. Contribution
of erythrocytes to thrombin generation in whole blood. Thrombosis and Haemostasis.
1999;81;400-406

Whelihan MF, Zachary V, Orfeo T, Mann KG. Prothrombin activation in blood coagula-
tion: The erythrocyte contribution to thrombin generation. Blood. 2012;120:3837-3845.
DOI: 10.1182/blood-2012-05-427856

Kawakami S, Kaibara M, Kawamoto Y, Yamanaka K. Rheological approach to the analy-
sis of blood coagulation in endothelial cell-coated tubes: Activation of the intrinsic reac-
tion on the erythrocyte surface. Biorheology. 1995;32:521-536

Horne MK 3rd, Cullinane AM, Merryman PK, Hoddeson EK. The effect of red blood
cells on thrombin generation. British Journal of Haematology. 2006;133:403-408

Kozuma Y, Sawahata Y, Takei Y, Chiba S, Ninomiya H. Procoagulant properties of mic-
roparticles released from red blood cells in paroxysmal nocturnal haemoglobinuria.
British Journal of Haematology. 2011;152:631-639. DOI: 10.1111/j.1365-2141.2010.08505.x

Cappellini MD. Coagulation in the pathophysiology of hemolytic anemias. Hematology
Am Soc Hematol Educ Program. 2007;1:74-78. DOI: 10.1182/asheducation-2007.1.74.

Devaux PF. Static and dynamic lipid asymmetry in cell membranes. Biochemistry.
1991;30:1163-1173

Seigneuret M, Devaux PF. ATP-dependent asymmetric distribution of spin-labeled
phospholipids in the erythrocyte membrane: Relation to shape changes. Proceedings
of the National Academy of Sciences of the United States of America. 1984;81:3751-3755

Zhou Q, Zhao ], Stout JG, Luhm RA, Wiedmer T, Sims PJ. Molecular cloning of
human plasma membrane phospholipid scramblase. A protein mediating transbi-
layer movement of plasma membrane phospholipids. Journal of Biological Chemistry.
1997;272;18240-18244

Bucki R, Bachelot-Loza C, Zachowski A, Giraud F, Sulpice JC. Calcium induces phos-
pholipid redistribution and microvesicle release in human erythrocyte membranes by
independent pathways. Biochemistry. 1998;37:15383-15391

Kamp D, Sieberg T, Haest CW. Inhibition and stimulation of phospholipid scrambling
activity. Consequences for lipid asymmetry, echinocytosis, and microvesiculation of
erythrocytes. Biochemistry. 2001;40:9438-9446

Andrews DA, Yang L, Low PS. Phorbol ester stimulates a protein kinase C-mediated
agatoxin-TK-sensitive calcium permeability pathway in human red blood cells. Blood.
2002;100:3392-3399



[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

Red Blood Cells and Relation to Thrombosis
http://dx.doi.org/10.5772/intechopen.69551

de Jong K, Rettig MP, Low PS, Kuypers FA. Protein kinase C activation induces phos-
phatidylserine exposure on red blood cells. Biochemistry. 2002;41:12562-12567

Valles J, Santos MT, Aznar J, Marcus AJ, Martinez-Sales V, Portoles M, Broekman M],
Safier LB. Erythrocytes metabolically enhance collagen-induced platelet responsiveness

via increased thromboxane production, adenosine diphosphate release, and recruit-
ment. Blood. 1991;78:154-162

Santos MT, Valles J, Marcus AJ, Safier LB, Broekman MJ, Islam N, Ullman HL, Eiroa AM,
Aznar ]. Enhancement of platelet reactivity and modulation of eicosanoid production
by intact erythrocytes. A new approach to platelet activation and recruitment. Journal of
Clinical Investigation. 1991;87:571-580

Valles ], Santos MT, Aznar ], Osa A, Lago A, Cosin J, Sanchez E, Broekman M], Marcus
AJ. Erythrocyte promotion of platelet reactivity decreases the effectiveness of aspirin
as an antithrombotic therapeutic modality: The effect of low-dose aspirin is less than
optimal in patients with vascular disease due to prothrombotic effects of erythrocytes on
platelet reactivity. Circulation. 1998;97:350-355

Santos MT, Vallés J, Aznar J, Marcus AJ, Broekman M], Safier LB. Prothrombotic effects
of erythrocytes on platelet reactivity: Reduction by aspirin. Circulation. 1997;95:63-68

Santos MT, Vallés ], Aznar ], Pérez-Requejo JL. Role of red blood cells in the early stages
of platelet activation by collagen. Thrombosis and Haemostasis. 1986;56:376-381

Pérez-Requejo JL, Aznar ], Santos MT, Vallés ]. Early platelet-collagen interactions in
whole blood and their modifications by aspirin and dipyridamole evaluated by a new
method (BASIC wave). Thrombosis and Haemostasis. 1985;54:799-803

Barr JD, Chauhan AK, Schaeffer GV, Hansen JK, Motto DG. Red blood cells mediate the
onset of thrombosis in the ferric chloride murine model. Blood. 2013;121:3733-3741. DOL:
10.1182/blood-2012-11-468983.

Aleman MM, Walton BL, Byrnes JR, Wolberg AS. Fibrinogen and red blood cells in venous
thrombosis. Thrombosis Research. 2014;133:538-540. DOI: 10.1016/j.thromres.2014.03.017

Hermand P, Gane P, Huet M, Jallu V, Kaplan J, Sonneborn HH, Cartron JP, Bailly P. Red
cell ICAM-4 is a novel ligand for platelet-activated alpha Ilbbeta 3 integrin. Journal of
Biological Chemistry. 2003;278:4892-4898

Hermand P, Huet M, Callebaut I, Gane P, Ihanus E, Gahmberg CG, Cartron JP, Bailly
P. Binding sites of leukocyte beta 2 integrins (LFA-1, Mac-1) on the human ICAM-4/LW
blood group protein. Journal of Biological Chemistry. 2000;275:26002-26010

Carvalho FA, Connell S, Miltenberger-Miltenyi G, Pereira SV, Tavares A, Ariéns RA,
Santos NC. Atomic force microscopy-based molecular recognition of a fibrinogen recep-
tor on human erythrocytes. ACS Nano. 2010;4:4609-4020. DOI: 10.1021/nn1009648

De Oliveira S, Vitorino de Almeida V, Calado A, Rosario HS, Saldanha C. Integrin-asso-
ciated protein (CD47) is a putative mediator for soluble fibrinogen interaction with
human red blood cells membrane. Biochimica et Biophysica Acta. 2010;1818:481-490.
DOQI: 10.1016/j.bbamem.2011.10.028

51



52 Transfusion Medicine and Scientific Developments

[55]

[56]

[57]

[58]

[59]

Aleman MM, Byrnes JR, Wang J-G, Mackman N, Degen JL, Flick M], Wolberg AS.
Fibrin crosslinking is required for retention of red blood cells in venous thrombi. Blood.
2013;122:451

Walton BL, Byrnes JR, Wolberg AS. Fibrinogen, red blood cells, and factor XIII in venous
thrombosis. Journal of Thrombosis and Haemostasis. 2015;13:5208-S215. DOI: 10.1111/
jth.12918

van der Spuy W], Pretorius E. Interaction of red blood cells adjacent to and within a
thrombus in experimental cerebral ischaemia. Thrombosis Research. 2013;132:718-723.
DOI: 10.1016/j.thromres.2013.08.024

Gerch KC, Nagaswami C, Weisel JW. Fibrin network structure and clot mechanical
properties are altered by incorporation of erythrocytes. Thrombosis and Haemostasis.
2009;102:1169-1175. DOI: 10.1160/TH09-03-0199

Wohner N, Sétonyi P, Machovich R, Szabé L, Tenekedjiev K, Silva MM, Longstaff C,
Kolev K. Lytic resistance of fibrin containing red blood cells. Arteriosclerosis Thrombosis
and Vascular Biology. 2011;31:2306-2313. DOI: 10.1161/ATVBAHA.111.229088



Section 2

Immunomodulatory Properties of Platelets







Chapter 4

Platelet and Immunity in Transfusion Medicine

Jinmei Xu, Qunxing An, Wen Yin and Xingbin Hu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69135

Abstract

Platelets are classically used in the clinic to maintain hemostasis, while recent evidence has
shown the important role for platelets in the host inflammatory and immune responses.
In fact, platelets in vivo produce different mediators such as cytokines or chemokines,
which may be involved in the course of disease treatment, thus platelets transfusion is
often an effective therapy in many cases. It is well known that platelets can regulate neu-
trophils, lymphocytes and other immune cells behavior in immune response, thus direct-
ing these immune cells onto the damaged tissues, organs or infected sites. On the other
hand, platelets can induce neutrophil extracellular traps release in response to bacterial
or viral infection. All the characterized novel profile of platelet, if not all, at least in some
situations, should be take into consideration when platelets have to be transfused into
patients.

Keywords: platelets, inflammation, immunity, transfusion, infection

1. Introduction

Platelet is one of the visible components in mammalian blood and is shed from the cytoplasmic
cleavage of megakaryocytes in bone marrow. Platelets are small and nucleuses cells with a
diameter of 2-3 um. There are 100-300 x 10°/L platelets in human blood circulation system [1,
2]. It was first proposed as platelets by an Italian physician Giulio Bizzozero in 1862 after he
found that platelets played an important role in the process of hemostasis after vascular injury
[3]. Now, platelets are used to curing dysfunction of blood coagulation, thrombopenia and
other diseases in hemostasis. As blood homeostasis greatly depends on platelets (PLT), plate-
lets are routinely transfused and its consumption is enormous in worldwide. There approxi-
mately 393375 PLT components were administrated between 2010 and 2012 in the United States
America [4], while the transfusion of PLT in China increases dramatically during past years.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIEN



56 Transfusion Medicine and Scientific Developments

To prevent activation in vitro before transfusion, platelets are conventionally being main-
tained at 22 + 2°C within shaking incubators, and this strategy only can guarantee functional
PLT available for 5-7 days. This storage temperature for PLT is a risk because of bacterial con-
tamination. However, bacterial infections after platelet transfusion are rarely reported. There
were only 39 transfusion-transmitted bacterial infected cases among the 790854 PLT transfu-
sions [5]. We recorded that the adverse reaction after PLT transfusion was 1% between 2013
and 2015, and bacterial contamination was not observed at all. The main reason undoubtedly
is restrictive PLT prepare and administrative procedures. However, the possibility that plate-
lets may have the potency to inhibit bacteria growth is not excluded.

Now, there is gradually recognized that platelets not only participate in hemostasis but
also play a role in immune response. Actually, platelets have been reported could help liver
macrophages (known as Kuffer cells) to fight against Bacillus cereus and methicillin-resistant
Staphylococcus aureus (MRSA) in mice and platelets were the first cells that contacted with bac-
teriain liver [6, 7]. Platelets were also identified to contain immune recognition receptors, such
as Toll-like receptor 4 (TLR4). Platelets are shedding from megakaryocytes in bone marrow.
Each megakaryocyte can produce about 2000 platelets. The content of mRNA is very low in
platelet, but it possesses 1/3 transcripts of the whole human genome can encode [8, 9]. There
are a, 0 and A particles in platelets, and it is well known that microbicidal proteins (PMPs)
and antibacterial effect cytokines are contained in the a particles [10]. So it’s no strange that
platelets may have the functions similar to neutrophilic granulocyte, and behavior more like
immune cells [11].

As methicillin-resistant S. aureus infection usually results in high mortality, it has been a seri-
ous threat to clinical patients and public health. Broad-spectrum antibiotics vancomycin,
cefoxitin and tigecycline are used to control MRSA infection, but frequent use of antibiotics is
easy to induce drug resistance. Thus the multidrug resistant “super bacterial” was produced.
The “super bacterial” is a great threat to human health. Cunningham et al. found that the
platelet-rich plasma (PRP) could significantly inhibit the growth of E. coli in vitro [12]. In vivo
studies using rabbit endocarditis model have shown that platelet-rich plasma could distinctly
relieve the early stage endocarditis induced by S. aureus [13]. These studies may reveal the
antimicrobial effect of platelets, and platelets may be a potential therapeutical agent to retard
the regeneration of “super bacterial”.

2. Platelet is essential to coagulation

The physiological role of platelets is to aggregate, be activated to adhesion and initial the
blood clot process on the wound site. Stimulating factors such as hormones, hypoxia, vascular
endothelial injury and a variety of proinflammatory cytokines, granules can cause platelet
activation. When the injury of blood vessel occurs, the structure of collagen located in vascu-
lar endothelium is changed to be easily combined with von Willebrand factor (vWEF). Then the
vWE/collagen complex is recognized by the glycoprotein Ib a (GPIba), which is expressed on
the surface of platelets, to recruit platelets to the injured site. Meanwhile, the collagen recep-
tor glycoprotein VI (GPVI) on the platelets membrane is continuously expressed to make the
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adhesion of platelets to the injury site more stable. After then, the activation of platelets will
happen [14, 15]. Activation of platelets is the key step in the coagulation. This is all depended
on the cascade amplification of platelets activation. Once the platelet is activated, its shape
changes from discoid to pseudopodium. Meanwhile, the activated platelets release particles
to the surrounding environment, thus concentration of adenosine diphosphate (ADP) and
thromboxane A2 (TXAZ2) from the platelets particles get higher in the vicinity, and will com-
bine with the adenonucleotide receptors P2X1 and P2Y12 on the adjacent platelets to induce
activation [2, 10, 16]. CD62p (p-selectin) is a common marker for activated platelets, and can
be acting as a bridge between platelets and immune cells that contain P-selecting Glycoprotein
Ligand-1 (PSGL-1) [17].

Moreover, the number of platelets is negatively related to the severity of the disease. It is
gradually clear that platelets will be activated and helpful to recruit immune cells like neutro-
phils to the infection sites. This illustrated that platelet may be not only simple enough to clot,
but it also plays a role in the immune response.

3. Platelets express a variety of immune recognition receptors

Platelet cell surface contains a variety of pathogens pattern recognition receptors (pattern rec-
ognition receptors, PRRs), such as the Toll-like receptor (TLR) family [18], nucleotide-binding
oligomerization domain-like receptor (NLR) family, formyl peptide receptor (FPR) (see in
Figure 1). These PRRs are helpful to the immune system to resist infection.

TLR is classical of key molecules in human innate immune response to pathogens. Different
TLRs could specifically recognize specific pathogens and induce immune cells to secrete
different cytokines, resulting in varying degrees of host defense immune response. TLR4 is
reported to be existed in both human and mice platelets [19, 20]. TLR4 can effectively recognize
Gram-negative bacteria lipopolysaccharide (LPS) and then contribute to acquired immune
response. LPS can induce rapid thrombocytopenia, hypotension, and sepsis. In the LPS-
induced mouse endotoxemia model, the accumulative platelets in the lung only happened in
TLR4 wild-type mice, not in TLR4 deficient animals. LPS could stimulate platelet secretion of
dense and granules as indicated by ATP release and P-selectin expression, and thus enhance
platelet activation [20, 21]. Platelets express TLR4, CD14, MD2, and MyD88 which are the LPS
receptor-signaling complex, and the effect of LPS on platelet activation could be abolished
by an anti-TLR4-blocking antibody or TLR4 gene knockout, suggesting that the effect of LPS
on platelet aggregation depends on the TLR4 pathway [21]. Recent studies showed platelets
TLR4 detected its ligands in blood and induced platelets binding to adherent neutrophils [22].
In addition to TLR4, TLR2 and TLR9 were also detected in platelets.

The NOD2 receptor is a cytoplasmic PRR, mainly recognizing the intracellular antigen and
could effectively recognize the Gram-positive bacterial muramyl dipeptide (MDP) to help
the body to play immune defense. The NOD2 receptor is mainly expressed in monocytes,
macrophages, dendritic cells, intestinal epithelial cells, and paneth cells. But NOD2 receptor
in human platelets was identified in recent [23]. The NOD2 receptor is necessary for platelet
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Figure 1. The immune receptors and factors in platelets.

aggregation and dense granule release induced by MDP, and the RIP2/MAPK pathway is
involved. Different from the NOD2 receptor, there is no NOD1 receptor in the platelets.

In addition to TLR4 and NOD2 receptor, platelet membrane surface also exists formyl peptide
receptor (FPR) [24], which plays important role in antimicrobial defense and an apoptosis-
related FAS pathway surface receptors exists in platelets too [25]. These immune recognition
receptors provide the possibility for the platelet to participate in immune response, which
suggests that platelets have the similar function to other immune cells.

4. Platelet granules contain special antimicrobial peptide

The platelet granule contains many molecules. Among the three type (a, 9, A) of granules,
nucleotides (such as ADP, ATP, and GTP), bioactive amines (histamine and serotonin) and
bioactive ions Ca*" are stored in the d granules; Enzymes such as proteases and glycosidases
are stored in the A granules; The a granules contain the abundant molecular for hemostasis
(for example, adhesion molecules, coagulation factors), the proteins and cytokines for anti-
bacterial activity (see in Figure 1). The a granules also have molecules such as mitogenic
factors and protease inhibitors [26]. The molecules in platelets with antibacterial activity
now have been classified as platelet microbicidal proteins (PMPs) and kinocidins [27]. There
are kinocidins CXC chemokine ligand 4 (CXCL4; also known as PF-4), CCL5 (also known as
RANTES) and CXCL7, and PMPs such as a human defensin, thymosin 34, and fibrinolytic
products (FP-A, FP-1) isolated and identified with antibacterial activity [28]. Structural analy-
sis showed that a cationic carboxy-terminal a-helix, which is consistent with peptides that
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exert direct microbicidal activity. These modular N- and C-terminal regions are an antiparal-
lel B-sheet domain containing the y-core motif, which is characteristic of all cysteine-stabilized
host defense polypeptides in CXCL4 [29]. CCL5 and CXCL4 were detected with high secre-
tion after HIV infection [30]. Human -defensins displayed classic antimicrobial activity and
played a key role in the process of neutrophil extracellular trap formation [31].

Recognition of bacteria by the surface receptor on platelets can activate the platelets effectively
and specifically, and induce the release of molecules from platelets granules. Then activation
of different types of downstream immune cells indirectly promotes platelets to be involved in
immune defense. Studies showed that platelets secrete different type and different doses of
molecules when stimulated by different bacteria. When Escherichia coli and Salmonella con-
tacted with platelets, the secretion of CCL5 and PDGF were at different levels, while the level
of CD62p and CXCL4 were no significant difference. This diversity also exists when periph-
eral blood mononuclear cells (PBMCs) exposed to the supernatant of platelets contacted with
Minnesota Salmonella-induced secrete IL-6, IL-8, and TNF«, while the supernatant of E. coli
stimulated platelets could not do that [32].

There are many cytokines stored in platelets granules, which the role is not clear yet in hemo-
stasis. For example, transforming growth factor-3 (TGF-f), which plays unique and potent
immunoregulatory properties, is the most stored in platelets o granules compared to that
produced by each leukocyte lineage, including lymphocytes, macrophages, and dendritic
cells. The content of TGFf3-1 in platelet is 40-100 times higher than those in other tissues [33,
34]. Increased levels of TGFB-1 in circulation are usually associated with a wide range of
dysfunctional disorders. The level of TGF3-1 in circulation is always elevated in Marfan syn-
drome (MFS), coronary heart disease, aortic stenosis and malignancy [35-39]. In contrast, in
patients with autoimmune thrombocytopenia, the level of TGFf-1 in circulation was drasti-
cally reduced and increased after treatment [40]. This observation indicates that TGF{3-1 from
platelets plays an important role in the immune regulation in diseases. So the role of TGFf3-1
may be helping participate in immune activities, whether TGF-1 has an impact on bacteria
inhibition is not known yet.

5. Antibacterial activity of platelet rich plasma

Platelet-rich plasma (PRP) is used to inhibit bacterium growth in vitro and in vivo [12]. Study
of PRP on knee osteoarthritis displayed significant improvement in pain with an effect last-
ing for up to 6 months [41]. E. coli was significantly inhibited in a time-dependent manner
when platelets co-cultured with platelet rich plasma (PRP) compared to the platelet poor
plasma (PPP). The inhibitory effects increased after co-cultured for 0.5 and 2 h by addition
of thrombin to pre-activate platelets in PRP [13]. Studies using rabbit endocarditis model
induced by S. aureus indicated that platelet-rich plasma could distinctly relieve the early stage
endocarditis. In a study of antimicrobial properties of autologous PRP in controlling S. aureus
with pressure ulcers (PrUs), which is particularly to urine and feces, resulted in increased
colonization of wounds, local application of autologous PRP changed the “biological milieu”
of the PrUs by its antimicrobial properties, leading to the a reduction of bacterial colonization.
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This must be a significant association between PrUs colonization and bacteria present in local
environment [42]. An in vitro study of antibacterial properties of PRP on five bacteria (E. coli,
S. aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae and Streptococcus faecalis), indicated
that both PRP and PPP inhibited bacterial growth for up to 2 h of incubation. The antimicro-
bial effect of PRP was significantly higher than that of PPP, and the inoculation concentra-
tions lower or higher, the incubation times longer or shorter are mainly depending on the
different bacterial strain. It also indicated that PRP might supply an early protection against
bacterial contaminations, because the inhibitory effect is already evident from the first hour of
treatment, which may provided the possibility that physiological molecules in PRP might be
important in the time interval required for the activation of the innate immune response [12].
As plasma contains antimicrobial peptides and other active substances, the inhibition effect
are dependent on platelets or not, is not that clear yet.

6. Platelets are involved in inflammation and infection

Clinical studies have shown that bacterial infections, especially sepsis, frequently brought
extensive platelet depletion, and the number of platelets is negatively correlated with the
severity of the disease [43]. It is known that the sepsis caused by gram-positive bacterium
such as Staphylococcus aureus often followed by the count reduction of platelets. And infection
of gram-negative bacterium Helicobacter pylori can induce the immune-thrombopenia [44].
HIV patients are easily detected with drastic platelets number decrease, and this trend is
more relevant to the stage of AIDS progress [45]. Similar to HIV infection, infection with
Hepatitis C virus (HCV) also lead to the reduction of platelets [46]. It also reported plate-
lets were involved in the fungal infections, such as Aspergillus, Candida, and Cryptococcus
[47-50]. As platelets PMPs and kinocidins display sound antibacterial activity, more and
more evidence showed that the function of platelets relates to inflammation or infection.
Platelets help neutrophils to initial immune defense by secreting a variety of immune associ-
ated chemotactic factors, such as B-defensins [31]. Additionally, the link between platelets
and neutrophils depends on the combination of CD62p with P-selectin glycoprotein ligand
1 (PSGL1; also known as CD162) molecular on neutrophils. When exposed to the foreign
bacterium, platelets are quickly activated and adhere to the wrapped bacterium, while the
platelet cell itself occurs intracellular and extracellular membrane rearrangement. Then the
CD62p molecular, which rearranges to the platelet membrane surface during the activation of
platelets, combines with its ligand PSGL1 to recruit neutrophils to reach the site of infection,
and promote the formation of neutrophils extracellular network structure (NET) [51]. After
that, it will release antimicrobial substances to kill the bacterium. Platelets can also recruit
T cells or B cells (see in Figure 1) to reach the site of infection after the bacterial antigens
presented by antigen-presenting cells (APCs) such as dendritic cells (DCs) [29, 52-54]. In
addition, a recent study reported that there was stem-like megakaryocyte committed progen-
itors (SL-MkPs) from hematopoietic stem cells (HSCs). SL-MkPs share many features with
multipotent HSCs and served as a lineage-restricted emergency pool inflammatory. During
homeostasis, SL-MkPs are maintained in a primed but quiescent state, thus contributing little
to the megakaryopoiesis in a steady state. Once the inflammation is triggered, SL-MkPs are
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activated, resulting in megakaryocyte protein production from pre-existing transcripts, then
the activated SL-MkPs mature into other megakaryocyte progenitors. This leads to an effi-
cient replenishment of the reduced platelets during inflammatory challenge [55].

7. PLT transfusion refractory and immune-related factors

Platelet transfusion is used in cases of very low platelet counts or coagulation dysfunction.
The count of platelets is usually performed by a blood cell counter, while thromboela-sto-
gram (TEG) is used for the test of blood clotting function. It has been defined as thrombo-
cytopenia when platelet counts are lower than 150 x 10°/L. Thrombocytopathy appears if a
patient has functionally abnormal platelets. Both thrombocytopenia and thrombocytopathy
can result in bleeding. Platelet transfusion is suitable for and treatment of thrombocytope-
nia or platelet dysfunction in patients after or before bleeding, and has become a variety of
hematological with chemotherapy and effective supportive therapy for cancer of leukemia
patients [56]. But patients in multiple blood transfusion (whole blood, erythrocyte, platelets),
pregnancy and organ transplantation, easily produce platelet-related antibodies, resulting in
platelet transfusion refractory (PTR). Invalid platelet transfusion refers to the patient in the
transfusion of platelets after the platelet count did not effectively improve and the clinical
bleeding symptoms did not improve, either. It is generally believed that patients who have
received at least two consecutive randomized ABO blood type matched platelets have not
achieved a suitable post-transfusion platelet count correction index (CCI) value are consid-
ered to be ineffective in platelet transfusion (PTR). At present, the clinical judgment of PTR is
mainly the percentage of platelet recovery (PPR or PR%) and CCI [57].

The main causes of PTR can be divided into two categories, non-immune factors, and immune
factors. Most PTRs are caused by nonimmunogenic factors, such as the quality of platelet
products, hypersplenism, disseminated intravascular coagulation, fever, and antibiotic use.
Immune factors include ABO blood type incompatibility, anti-HLA, HPA antibodies, autoan-
tibodies, drug antibodies, allogeneic immune factors. Platelet homologous immunity is equiv-
alent to several times the frequency of erythrocyte antibodies. Antibodies against platelet
surface antigens, especially HLA, are the main cause of PTR [57-59]. Platelet-borne antigens
can be divided into two major categories: one is the platelet-associated antigen, including
HLA class I antigen, as well as ABH, MN, lewis, etc; the other is platelet-specific antigen
(HPA), which has a unique type specificity and forms part of the platelet membrane structure.
HLA class I antibodies are the most common immune factors that cause PTR, accounting for
80% of all immune factors and 11.7% of all etiologies. PTR caused by HPA antibodies accounts
for about 1.7% of all etiologies. Among the HPA types, HPA 1a antigen frequency is > 99.9% in
the Chinese population [60, 61], and HPA 2b, 5b, 4b, 3a is not high [62], suggesting that may be
the same kind of immune factors lead to the main impact on PTR antigen system.

The current clinical platelet transfusion is a mainly preventive infusion, which become an
important means of treatment for thrombocytopenia patients, significantly reducing the
mortality of patients with hematological and tumor disorders. However, the pre-procedure
platelet transfusion was reported with a high risk of thrombosis and death. In a study of
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more than 350 hospitalized patients undergoing an invasive procedure, the rate of throm-
bosis and death increased. Another study of pre-procedure platelet transfusions in a single
facility of 376 patients, 19 thrombotic events were appeared up to 5%, this was 21 times
greater than the thrombosis rate reported by the Centers of Disease Control and Prevention.
So platelets transfusion triggers may need to be reevaluated in non-bleeding patients with
available platelet counts [63].

8. Summary

Platelets are key factors to maintain hemostasis. Since platelets are involved in infection and
inflammation, the immunologic and antimicrobial functions of platelets cannot be ignored
when transfused in the clinic. The abundant molecules involved in immune recognition on
the platelets surface, such as TLRs, NOD2, CD62p, provide the basis for platelets functional
diversity. The functions of bacteria inhibition and performances of anti-infective defense are
being more and more recognized. The PMPs and kinocidins from platelets are more potential
to be acting as anti-infective agents due to the remarkable immune capability. These natural
molecules are safer for the disease control compared to antibiotics, since antibiotics are eas-
ily developed into drug-resistance. Moreover, a better understanding of platelets function is
helpful to use in diseases therapy. There are also many molecules produced by platelets are
unknown, which are deserved to study in the future. In short, the impact of platelets biology
on the clinic is profound, and deeply understanding of platelets function will undoubtedly
benefit the transfusion medicine.
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Abstract

Objective: The objective is to study the relationship between cell age and function in the
process of the red blood cell (RBC) normal metabolism and investigate the functional
changes of red blood cells in the preservation process.

Methods: The methods are (1) the use of discontinuous density gradient separation to
divide the whole blood into different fractions; (2) the use of spectrophotometry and
flow cytometry determinated red blood age; (3) the use of flow cytometry, erythrocyte
rosette test, and spectrophotometry detected red blood cell function; (4) exploration of
the condition of in vitro RBC oxygen-carrying assay system and analysis of the change of
RBC during preservation; and (5) in vivo, the changes of hemoglobin concentration after
RBCs stored for variable time were transfused to (3-thalassemia major (TM) patients have
been studied.

Results: PS expression increased gradually with the increase of cell age and PK expres-
sion reversed. The positive rate of erythrocyte CR1 receptor expression and the number
of CD35+ reduced with the cell age. Q value, P50, 2,3-DPG, and Na*-K*-ATPase gradually
declined with the preservation time.

Conclusion: There is a close correlation between the red blood cell density and the age.

Keywords: red blood cell, transfusion, cell age, storage, function, dose

1. Introduction

Transfusion is important in clinical treatment, while red blood cell (RBC) is one of the most
widely used components in transfusion medicine, but the function of RBC changed during

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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their preservation as RBC storage lesion. Therefore, calculating the function dose of different
storage time RBCs can achieve quantitative RBC transfusion, and improve the therapeutic
effect of RBC transfusion. Here is the brief introduction to RBC transfusion and function dose
as follows.

2. Focus of red blood cell transfusion research

2.1. Constant updating of red blood cell transfusion guidelines

A scientific reasonable blood transfusion can cure diseases and save lives, but as a coin has
two sides, blood transfusion may bring transfusion risks. Blood transfusion cannot only
transmit infectious diseases but also may give rise to hemolytic transfusion risk, as well as
“Class III risk” [1]—anaphylactic reaction, transfusion-associated graft versus host disease
(TA-GvHD), transfusion-related acute lung injury [2] (TRALI), transfusion-related immune
modulation (TRIM), etc.

As an effective therapeutic measure for improving oxygen-carrying capacity and tissue
hypoxia of anemia patients during clinical treatment, red blood cell (RBC) transfusion is
being extensively applied clinically. There are various blood group antigens on RBC sur-
face; thus transfused RBCs may bring hemolytic transfusion risks. According to statistics, the
amount of transfusion is about 85 x 106U RBCs around the world every year [3]; however,
RBC transfusion criteria vary with countries in RBC transfusion practice; one of the primary
reasons may be the lack of high-quality evidence of advantages and disadvantages arising
from RBC transfusion, so it is difficult to reach a consensus about RBC transfusion criteria.
With deeper understanding of transfusion-related adverse reactions in clinical practice and
increasingly significant blood supply versus demand contradiction, efficacy and safety of
transfusion of stored RBCs become a problem to be addressed urgently in clinical transfu-
sion practice.

“Red Blood Cell Transfusion Guidelines” [4] issued by American Association of Blood
Banks (AABB) in 2012 proposed the recommendations of restrictive blood transfusion
strategies and RBC transfusion criteria for adults and children with stable hemodynamics,
in which RBC transfusion should be decided depending on patient symptoms and hemo-
globin (Hb) level together. During the systematic retrospective analysis, no clinical study
on transfusion threshold assessment for patients with acute coronary syndrome was found;
therefore no recommendation can be given due to lack of clinical randomized controlled
trial (RCT).

In October 2016, the latest version of “Red Blood Cell Transfusion Guidelines” was issued by
AABB, aimed at establishing criteria for blood storage and transfusion behavior. Comparative
study of restricted transfusion threshold and free transfusion threshold on 31 clinical trials
from clinical randomized controlled trials with quantitative study hemoglobin threshold for
RBC transfusion from 1950 to May 2016 revealed that the proportion of poor prognosis was
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not increased. Meanwhile 13 RCTs of 5515 patients subjected to random transfusion of fresh
or stored RBC suspension from 1948 to May 2016 were compared, and it was found that
fresh RBCs could not improve clinical prognosis. Furthermore, evidence-based advice for
transfusion safety in terms of Hb level and RBC preservation time during RBC transfusion
for most hemodynamically stable hospitalized adult patients was raised through Grading
of Recommendations Assessment, Development and Evaluation (GRDE) study. Therefore,
two Hb levels were set as transfusion thresholds in the recommendations: the restrictive RBC
transfusion threshold for adult patients with stable hemodynamics, including severe patients,
is 7 g/dL; for patients with past cardiovascular disease or patients subjected to cardiac or
orthopedic surgery, the restrictive RBC transfusion threshold is 8 g/dL. The guidelines also
demonstrate equal safety for most hospitalized patients in stable condition (even including
neonates) to transfuse both stored RBCs within the validity period and stored blood within
10 days.

As can be seen from updates and advances of blood transfusion guidelines in recent years,
RBC transfusion criteria have been changed from open strategy to restrictive strategy, and it
has to further evolve to individualized transfusion strategy. In other words, RBC transfusion
decision should not only rely on Hb level of a patient but also consider other factors, such as
oxygen supply-associated symptoms and vital sign of patient individual and application of
alternative blood transfusion protocol [5].

Although the Blood Transfusion Guidelines, issued by AABB in 2016, validate current restric-
tive transfusion strategy based on more randomized controlled studies of RBC transfusion
and recommend two restrictive transfusion thresholds applicable to most patients in most
cases so that blood transfusion decision becomes more individualized [6], the guidelines
are still primarily limited in that setting blood transfusion threshold based on Hb level fails
to consider fully other factors of oxygen supply balance and neither quantitates or semi-
quantitates medical condition of a patient nor sets out a target Hb level of RBC transfusion;
therefore, transfusion time and amount still rely more on clinical experience. And the new
guidelines are applicable to most patients in perioperative period, critically ill patients with
normal volume anemia, and internal medicine and geriatric patients. However, acute hemor-
rhage patients, patients with unstable hemodynamics, or selective operation patients with
very low hemoglobin level due to acute massive hemorrhage are excluded. For patients with
acute coronary syndrome, serious thrombocytopenia, and transfusion-dependent chronic
anemia, no recommendation was made because of insufficient evidence.

2.2. Fresh RBCs and stored RBCs transfusion

RBC preservation time is a hot issue debated a lot in blood transfusion field; there are more
than 50 observational studies reported about it [7, 8]. Most clinical transfusion researches dis-
cuss about effects of transfusion of “fresh” and “stored” RBCs on clinical prognosis of blood
recipients. As the most common blood component, RBCs are one of the most widely used
ingredients with the largest amount in transfusion therapy. The amount of blood collected
worldwide each year exceeds 1 x 108 U. For preservative solutions ranging from sodium
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citrate, ACD, and CPD to CPDA and SAGM in popular application, RBC preservation time
extends from the initial 5 to 42 days; nonetheless, a preservative solution can only delay aging
of ex vivo RBCs, but cannot prevent its own aging process; therefore, as preservation time
proceeds and metabolite accumulates [9], RBCs will change in shape and aggregation prop-
erty, reduced oxygen-carrying capacity, and increased immunogenicity; changes of RBCs in
oxygen-carrying capacity and immune functions are called “storage injuries” [10]. Current
FDA standard allows frozen RBCs to be stored for up to 42 days prior to blood transfusion
and stipulates that stored RBCs can be transfused back only after meeting two criteria as fol-
lows: (1) hemolytic rate of RBCs is less than 1% and (2) within 24 h after infusion, more than
75% of the red blood cells can survive in the body [11]. But more and more evidences demon-
strate that, even if the above criteria are met, transfusion of RBCs which stored for a long time
may still increase patient’s risk of transfusion-associated adverse complications.

A large number of retrospective clinical studies show that transfusion of stored RBCs is asso-
ciated with increased risk of cardiovascular events and higher mortality of clinically critical
patients [11-13]; it is found in a study of cardiac surgery patients that, compared with patients
who receive transfusion of stored RBCs alone or both fresh and stored RBCs, the fresh RBC
transfusion group had a significantly decreased postoperative length of stay (PLOS). Among
patients who receive transfusion of 1 URBCs, PLOS of patients receiving stored blood transfu-
sion was 3.8 times more than that of patients receiving transfusion of fresh blood alone [14].
Nevertheless, this finding is still controversial. Lelubre and Vincent [15] conducted a system-
atic evaluation of such papers, which searched from MEDLINE covering a period from 1983
to December 2012, and studied the relevance of RBC preservation time to mortality or mor-
bidity of adult patients. And they did not find any explicit argument to support superiority of
fresh RBC transfusion (4 days) to stored RBC transfusion (26.5 days) in this systematic evalu-
ation. Through the investigation of 1153 cardiac surgery patients with perioperative blood
transfusion, McKenny et al. [16] also found that postoperative mortality, pulmonary infec-
tious complication, ICU admission time, and postoperative ventilation duration were relevant
to transfusion volume but irrelevant to blood preservation time. In 2015, the New England
Journal of Medicine (NEJM) published a multicenter randomized clinical trial with impor-
tant reference value [17], showing that, with 90-day mortality as primary outcome measure,
disease outcomes were not statistically different between critically ill patients who received
transfusion of fresh RBCs stored for up to 10 days (6.1 + 4.9 days) and critically ill patients
who received transfusion of stored RBC (storage time, 22 + 8.4 days) in line with “first-in-first-
out” principle, and between-group comparisons in secondary outcome measures (main com-
plications, respiration, hemodynamics, renal support treatment duration, length of stay, and
transfusion reaction incidence) and comparisons between subgroups (age, APACHE score,
number of transfused RBC units, disease type such as medicine, surgery, and injury) show no
statistical difference. In the same year, NEJM reported that Steiner et al. performed a prospec-
tive multicenter randomized study of cardiac surgery patients [18], finding that even if stor-
age time was longer than 21 days, prognosis of transfusion recipients would not be affected.
It is found that comparison between transfusion of fresh RBCs (<10 days) and transfusion
of RBCs having a storage period >21 days show no significant difference in adverse events,
except high probability of hyperbilirubinemia occurring in the long-term storage group. In
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a trial of 377 extremely low birth weight neonates and preterm infants who received ran-
domly fresh RBCs (<8 days) or stored RBCs [19], adverse outcome incidence had no difference
between groups. Heddle’s observational study [20] also suggested that, in general, nosoco-
mial mortality of hospitalized patients was irrelevant to storage time of transfused RBCs, but
this study failed to observe transfusion of old RBCs having a storage time of 35-42 days [21],
so it is biased. Dhabangi and Fergusson et al. [22, 23] did not find any difference in clinical
prognosis between transfusion of RBCs having a storage time of 21-28 days and transfusion
of RBCs having a storage time <7 days. The Blood Transfusion Guidelines issued by AABB in
2016 strongly recommended that RBCs at any time within storage period can be transfused
into hospitalized patients including neonates, based on evidence that fresh RBCs (stored for
<10 days) and RBCs within standard storage period are transfused in most RCT samples,
whereas only a very few samples receive transfusion of old RBCs having a storage time of
36—42 days. The National Blood Collection and Utilization Survey Report issued by the US
Department of Health and Human Services (US DHHS) pointed out that RBCs transfused
in the USA had mean storage duration of 17.9 days, so the AABB guidelines did not assess
RBCs stored for more than 35 days, either. Unexpectedly, The Lancet published a retrospec-
tive cohort study in 2016 [24], in which the investigators divided 91,065 transfusion events (all
RBCs were leukofiltered) occurring in 23,634 adult patients during 2008-2014 into fresh RBC
group (1-7 days), mid-term RBC group (3-5 days), and long-term RBC group (36-42 days)
by RBC storage time, assessed effects of blood storage time on a 90-day mortality of transfu-
sion recipients and concluded that overall mortality risk of fresh RBC group was higher than
that of long-term RBC group and a 90-day mortality of patients receiving transfusion of fresh
RBCs was higher than those of patients receiving transfusion of stored RBCs; the research
team said that its causes had to be further studied.

We can find from a number of observational (retrospective and prospective) study reports
that transfusion of RBCs having average blood storage times differing by more than 10 days
was mostly studied, though the dividing time point between fresh RBCs and stored RBCs
has not yet been uniformly defined; meanwhile, due to scarcity of blood resource, patients
seldom receive transfusion of old RBCs (>35 days) in clinical practice, which enables the pres-
ence of multiple independent confounding variables that may influence outcome measures
in RCT studies and clinical trials, such as site (treatment difference), disease severity, transfu-
sion occurring after a clinical event, etc., all of which will cause biases. Therefore, research
that lacks multicenter and large-sample randomized controlled data cannot help one assess
correctly benefits and hazards of intervention measures [24]. Importantly, none of the studies
clarified that transfusion of stored RBCs would cause any harm in clinical transfusion [7, 25].

2.3. Open transfusion strategy and restrictive transfusion strategy

RBC transfusion plays an irreplaceable important role in correcting anemia and surgical and
trauma ischemia rescue. Upon anemia, Hb level falls, blood viscosity declines, blood flow
volume increases, and 2,3-DPG activity is stronger, so that tissue blood flow volume and
oxygen release increase [26], not only lowering tissue (including myocardium) oxygen supply
but also needing higher cardiac output to maintain sufficient systemic oxygen supply so as
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to meet myocardial oxygen demand; therefore RBC transfusion becomes an effective treat-
ment mode for full restoration of tissue oxygen supply in the event of insufficient oxygen
supply [27]. Given that anemia is closely related to preoperative anemia or poor prognosis of
cardiovascular disease [28], most clinicians select free transfusion strategy based on clinical
experience; however, when most patients are hemodynamically stable, hemoglobin threshold
of ordinary critically care patients [29] is 7 g/dL; patients having Hb level of 7-9 g/dL did not
need blood transfusion, unless there is any particular comorbidity or acute disease-related
factor changed clinical decision. Initially, RBC transfusion used to adopt open transfusion
strategy or use higher Hb level to trigger blood transfusion. Adams and Lundy proposed ini-
tially “10/30 criterion” in 1942 [30], that is, blood is transfused when Hb level declines below
10 g/dL or hematocrit (Hct) falls below 30%, which has served as a trigger of RBC transfusion
in decades though there is a paucity of clinical evidence [27]. From updates and advances of
blood transfusion guidelines and blood transfusion indications in the past years, we can see
that RBC transfusion indications have gradually transformed from open transfusion strat-
egy to restrictive transfusion strategy in clinical transfusion practice; the Blood Transfusion
Guidelines updated by AABB in 2016 also support restrictive transfusion strategy with large-
scale multicenter RCT evidence without increasing incidence rate of adverse clinical outcome.

In recent years, a large amount of data of many RCTs studying clinical influences of transfu-
sion strategies support more and more vigorous RBC transfusion strategy. In terms of clinical
therapeutic effect, restrictive RBC transfusion strategy is at least not inferior to or even superior
to open RBC transfusion strategy. For people receiving surgery or critical care, the restrictive
transfusion strategy has been proven to be safe and even safer than free transfusion strategy in
some cases. In a prospective RCT conducted by Hajjar et al. [31], during hospitalization of adult
patients receiving cardiac surgery with extracorporeal circulation, differences of 30-day mor-
tality and severe morbidity (cardiogenic shock, acute respiratory distress syndrome, or acute
kidney injury necessitating renal dialysis or hemodialysis) between free transfusion strategy
group and restricted transfusion strategy group were not statistically significant. In 2011, the
New England Journal of Medicine reported that [32], for high cardiovascular-risk patients
aged above 50 under hip surgery, starting blood transfusion at a Hb level of 100 g/L did not
yield a lower mortality or hospitalized morbidity than starting blood transfusion at 80 g/L.
For adult acute leukemia patients under chemotherapy [33], restrictive transfusion strategy
had no impact on 30-100-day mortality, hemorrhage, and length of stay. To determine hemo-
globin threshold of patients with acute gastroenteric hemorrhage, investigators recruited 921
patients with acute upper gastrointestinal hemorrhage, assigned transfusion strategy at ran-
dom, and stratified the subjects depending on whether or not a subject contracts liver cirrho-
sis, finding that restrictive transfusion strategy improved significantly prognosis of patients
with acute upper gastrointestinal hemorrhage, as compared with free transfusion strategy
[34], which agrees with the finding of previous observational study and RCT that restrictive
transfusion strategy did not increase [32] but even decreased [35] mortality. As shown in a
study [36], the use of restrictive hemoglobin threshold enabled RBC transfusion rate to fall
by 43%, and compared with free transfusion strategy, no evidence indicated that the restric-
tive transfusion strategy affected a 30-day mortality; the researchers further assessed other
adverse clinical prognoses, including infection (pneumonia, wound infection, and sepsis),
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heart disease, apoplexy, and thrombosis and did not find any difference between both trans-
fusion strategies, either. Therefore, we can know that, for hemodynamically stable hospital-
ized patients, restrictive transfusion strategy (7-8 g/dL) is at least effective like free transfusion
strategy (hemoglobin threshold, 7-10 g/dL) and does not produce any result adverse to clini-
cal prognosis, including a 30-day mortality, cardiac morbidity, and infection. In other words,
no RCT data can verify that higher hemoglobin threshold (9-10 g/dL) will benefit clinical
prognosis. In addition, a single-center RCT conducted by Shehata et al. [37] also demonstrated
that, for high-risk heart disease patients who adopted randomly restricted transfusion strat-
egy or open transfusion strategy, between-group comparison shows no difference in indi-
vidual adverse prognosis. Therefore, triggering blood transfusion in strict accordance with
restrictive hemoglobin threshold in clinical transfusion practice would decrease greatly trans-
fusion volume of a patient and could lower unnecessary blood transfusion risk of the patient.
Rohde et al. [38] made a systematic review of clinical RCT data of hospitalized patients involv-
ing RBC transfusion threshold and ran meta-analysis of relevance of restrictive and free RBC
transfusion strategies to medical infection, and the results indicate that restrictive transfusion
strategy is irrelevant to holistic medicine-associated infection reduction, but restrictive RBC
transfusion strategy is relevant to reduction in serious infection risk.

The transfusion should be started with one unit of RBCs rather than two in clinical transfu-
sion practice when following the restrictive transfusion strategy; this may have important
impact on blood transfusion behavior. Moreover, development of blood protection measures
also enriches connotation of the restrictive transfusion strategy, so as to attain no or less blood
transfusion. Blood protection measures include certainty of blood transfusion indications,
treating anemia with iron supplement, minimizing the use of ischemia drugs, using autolo-
gous blood transfusion to patients with large blood loss, etc.

3. Functional dose of RBC

3.1. Concept of RBC “functional dose”

The main functions of RBCs consist of oxygen-carrying function and immune functions.
Oxygen-carrying function of mature RBCs is evaluated worldwide by using many methods:
P50, 2,3-DPG, effective oxygen-carrying capacity (Q), and Na'-K"-ATPase. The most primary
immune function of RBCs is to remove circulating immune complexes (CICs); the comple-
ment C3b receptor (CR1) on membrane surface is able to adhere to and bind CICs in blood,
bring them to mononuclear phagocyte systems of the liver and spleen, and then dissociate
and remove them, so as to reduce CIC deposition in tissues. Therefore, quantitative assay
of CR1 molecules in RBCs and quantitative evaluation of their bioactivity can help assess
immune function state of RBCs at different days of age.

So far the quality standards of suspended RBC mainly focused on RBC count and hemolytic
change during the preservation; however, the stored RBC in the preservation period could
experience the aging process of RBC itself on one hand; on the other hand, RBC oxygen-carrying
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function and immune function will change due to damage of RBC in preservation. Following
the prolonging of preservation time of RBC, aging RBC will increase concurrently, while the cell
volume will decrease, hemoglobin content will decrease, cell density will increase, the activ-
ity of pyruvate kinase (PK) will decrease, P50 will decrease significantly, RBC oxygen affinity
will increase [39], and RBC oxygen-binding ability gets stronger, which is not conducive to
oxygen release. At the same time, the level of C3b is decreased, which gives rise to the apparent
weakening of its immune adherence function as well as the capacity to clear the pathological
circulating immune complex. Therefore, the amount of RBC used in the present situation as
well as oxygen-carrying function cannot accurately reflect the true situation of RBC. However,
the function of storing RBCs and fresh RBCs was regarded as the same in clinical at present. It is
reported that storage damages of red blood cells in vitro and at low temperature can reduce the
deformability of red blood cells, 2,3-DPG, and oxygen-carrying capacity which lead to reduc-
tion of infusion efficiency [40]. In order to accurately reflect the functional status of RBC at
different preservation time, we proposed that the dose unit of RBC should use the “functional
dose” unit. “Functional dose” of 1 RBC refers to the function of the RBC contained in 200 mL
whole blood under physiological conditions (oxygen-carrying capacity and immunity).

3.2. Study on the days of age and function of mature RBC under physiological
conditions

The average life expectancy of mature RBC in healthy adults is about 115-120 days [41]; RBCs are
constantly emerging and damaged, which maintain a dynamic balance. Adults need to update
200 billion (2 x 1012) RBC per day to maintain the total amount of 2-3 x 1013 RBC in the body
[42]. Therefore, the RBC in the body is a heterogeneous group of RBC with different days of age.

Based on the change of red blood cell density, Wu Zhou et al. from our laboratory [43] divided
the whole blood RBCs into six different density gradients by discontinuous density gradient
separation method at low temperature and low centrifugal force within a short time and then
detected the ratio of pyruvate kinase of each layer of RBC and pyruvate kinase activity in RBC of
whole blood, days of age of RBC were calculated according to Bracey on the RBC pyruvate kinase
ratio and the average age of the RBC data, different density of RBC represent RBC of different
days of age, and the correlation between RBC density and its days of age was revealed according
to the expression positive age of phosphatidylserine on the surface layers of RBC membrane;
the quantitative measurement of CRI molecules and the quantitative evaluation of its bioactivity
were conducted to evaluate the immune function of RBC of different days of age, the natural
immune adhesion tumor cell rosette test was used to detect immune activity of RBC immune
activity, and the method of measuring the oxygen-carrying capacity of RBC was discussed.

3.2.1. Isolating RBC populations with variable days of age by discontinuous density gradient
method.

As shown in Figure 1 courtesy of Wu Zhou, centrifuging RBCs at 3500 g and 10 °C for 20 min
yielded six clearly stratified density layers, and their average RBC days of age (in the ascending
order of density) could be obtained from ratio values and the calculation formula for average
RBC days age: 11.5, 46, 63.8, 74.6, 80.5, and 102.2.
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Figure 1. Different ages of red blood cell separation.

3.2.2. Assay of pyruvate kinase activity

Table 1 lists ratios of pyruvate kinase (PK) activity of stratified RBCs at different density to
that of the whole blood, from low-density portion (layer 1) to high-density portion (layer 6);
PK activity weakened gradually and phosphatidylserine (PS) expression increased gradu-
ally. According to ratio formula, ratio = PK activity of stratified RBCs with variable density/
PK activity of non-isolated RBCs (whole blood), days of age of RBCs with variable density in

Figure 1 were calculated.
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11.5d

46d

63.8d

74.6d

80.5d
102.2d

Cell stratification PK (U/gHb) PK (Ratio) PS* (%)

Whole blood 5.62+1.15 0.73+0.46
1 8.11+1.70 1.49 +0.44 0.36 £0.16
2 6.21+1.24 1.14+0.32 0.53 +0.24
3 5.16£1.23 0.96 +0.31 0.59 £0.12
4 4.53+1.06, " 0.85+0.26 0.67 £0.21
5 4.37£0.68", ¥ 0.79£0.13 0.61+0.19
6 320+0.74,% 4 0.57 £0.11 1.03+0.88

‘Compare with the first layer, P < 0.05.
‘Compare with the second layer, P < 0.05.
ACompare with the third layer, P < 0.05(n = 10).

Table 1. Erythrocyte PK activity and the ratio of PK activity to the whole blood.
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3.2.3. Study on days of age versus function for mature RBCs under physiological condition

Difference in number of CD35 (CR1 receptor) molecules shown between RBC populations at
different days of age is just one manifestation of immune function difference shown in process
of RBC aging, while innate immune adherence rosette test is just one aspect of RBC receptor
immunoactivity. As shown in Figure 2, the higher the RBC density, the fewer the RBCs with
positively expressed CD35 molecules, and the lower the immune adherence rosette rate of differ-
ent stratified cells, and the rosette rate declined more significantly than CD35 RBC percentage.

Mature RBC age in physiological state and oxygen-carrying function is shown in Figure 3.
As shown in Figure 3, RBCs at different days of age differed significantly in oxygen-carrying
capacity, and RBC function was inversely correlated with RBC days of age.

3.3. Regulated changes of RBC function under storage condition

It is well known that RBCs will change in morphology and function during storage: RBC volume
is getting smaller, and RBC density is increasing, relating to RBC aging associated with cell mem-
brane vesiculation [44], resulting in loss of cell membrane and some intracellular hemoglobin
and weakened regulating capacity of supramembrane Na*-K* ion pump. RBC transfusion in
stored state cannot improve an organism’s capability of taking in oxygen, which is associated
with reduction in oxygen-carrying capacity of stored RBCs [45]. Such reduction is even ear-
lier than reduction in 2,3-DPG [45, 46]. Therefore, measured Q value, 2,3-DPG, P50, and Na*-
K*-ATPase of stored blood can be used to evaluate effects of blood stored for different times
on oxygen-carrying function of RBCs [46]. Then, how will oxygen-carrying capacity of RBCs
change with variable storage time? Is transfusion of stored RBCs further capable of supplying
oxygen to organism tissues very efficiently? How is RBC transfusion volume determined to
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Figure 2. Changes in immune functions of various ages of RBC under physiological conditions.
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Figure 3. Different ages of RBCs and Q changes under physiological status. Note: 7 is not separated before the whole
blood specimens.

achieve the same treatment effect? Can we quantitate oxygen-carrying capacity of stored RBCs
to provide transfusion dose to clinical transfusion more accurately?

In 2013, Ting et al. [47] conducted a study on oxygen-carrying capacity of RBC in different
storage time and obtained the change law of oxygen-carrying capacity of RBC suspension
at different ages. As shown in Figures 4-7, the values of Q and P50 were decreased with the
increase of the number of days during storage, among which the faster decrease appeared in
the first 14 days. With the concentration of 2,3-DPG was decreased gradually, it was difficult to
release Oz/ ATPase decreased with the increase of storage time, and the most severe decrease
appeared in the first 7 days. It can be seen that in a full linear correlation between Q value
and P50, the oxygen-carrying capacity of RBCs depends on their own aging variation. The
authors established a mathematical multivariate linear model, with effective oxygen-carrying
volume as the dependent variable and 2,3-DPG, Na*-K*-ATPase, and storage time as indepen-
dent variables: the multivariate linear model was Q = 5.457 - 0.925 x 2,3-DPG + 0.142 x Na*-
K*-ATPase -0.076 x T (Storage days), and we obtained functional doses of RBCs stored in vitro
for different days. Physical packaging dose unit fails to effectively reflect functions of RBCs
transfused at various time points during storage period; therefore establishing a conversion
formula for determining oxygen-carrying capacity coefficient of unit RBC stored for differ-
ent days can enable realistic quantitative transfusion, guide clinical blood use with scientific
functional dose, and improve RBC treatment effect.

3.4. Functional dose of RBCs for clinical trial

Based on the above in vitro RBC tests, we found that oxygen-carrying capacity of RBCs
declined progressively with increasing storage time. In order to explore clinical transfusion
efficacy of RBCs versus storage time and provide experimental data for quantitative transfu-
sion of RBCs, Yunayuan et al. [48] observed changes of hemoglobin concentration after RBCs
stored for variable time were transfused to -thalassemia major (TM) patients. The authors
collected 52 (persons) parts (400 mL/part) of blood that were leukofiltered within 6-8 h, had
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Figure 4. Changes of Q value of red blood cells in stock of different ages.

a RBC Hct of 45-47% and passed routine inspection, then divided each part into two aliquots
of 1 U (200 mL/U) leukoreduced RBCs for later use; leukoreduced RBCs that were collected
from one same blood donor and stored until Day 3 (fresh blood, 1U) and Day 17 (old blood,
1U) were transfused into 52 TM patients enrolled as per study criteria; blood routine, blood
gas analysis, and 2,3-DGP concentration were assayed 24 h prior to and 24 h after transfusion
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Figure 5. Changes of P50 of red blood cells in stock of different ages.
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Figure 6. Changes of 2,3-DPG of red blood cells in stock of different ages.

and on day 14 after transfusion, respectively. Variations per 10 kg of body weight 24 h and
14 days after every transfusion were compared. In the trial, there are 10 dropout cases and
42 completed cases. The results are shown in Figures 8 and 9: Hb and 2,3-DGP of patients
receiving transfusion of blood stored for 3 days were obviously better than those of patients
receiving transfusion of blood stored for 17 days.
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4. Conclusion

Blood transfusion has an irreplaceable position and significance in rescuing patients, and the
blood belongs to the scarce resource because of the long-time shortage worldwide. In light
of this situation, it is most necessary to have a good command of transfusion indications in
clinical transfusion practice, determine the optimum therapeutic dose, and supply safe and
effective blood within storage period for rescue treatment of patients. After functional doses
of RBCs with different storage times are determined, quantitative RBC transfusion can be
achieved to minimize transfusion risk and improve RBC transfusion efficacy, which is the
ultimate objective of our study.
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Abstract

Hematopoietic stem cell transplantation is increasingly performed in several diseases;
majority of them are hematologic malignancies. Hematopoietic stem cell transplantation
is not an instant procedure; contrarily, its unique clinical and laboratorial consequences
may take life-long time. Blood product transfusion is an inevitable and critical component
for the management. Hematopoietic stem cell transplant patients have different require-
ments regarding blood products transfusion because of their immune status, long-term
cytopenias and especially HLA and ABO incompatibilities. Health-care staff who take
a part in the management of those patients should be aware of specific and specialized
transfusion requirements.

Keywords: transfusion, hematopoietic stem cell transplantation, allogeneic, autologous,
blood products

1. Introduction

1.1. Definition of hematopoietic stem cell transplantation

Hematopoietic stem cell transplantation (HSCT) is the procedure that is transplantation of
multipotent hematopoietic stem cells, which are derived from bone marrow, peripheral blood,
or umbilical cord blood [1]. Autologous HSCT (Auto-HSCT) is transplantation of stem cells,
which are collected from the patient by apheresis and stored in a freezer for a while. Before re-
transplantation of patients own stem cells, patient should be treated with high-dose chemo-
therapy (sometimes also with radiotherapy) in order to eradicate malignant cell population
in the body. According to the intensity of chemo and radiotherapy to destroy bone marrow,
this procedure may be partial or complete myeloablative. After myeloablation, bone marrow
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Leukemias Lymphoid malignancies Other diseases
AML DLBCL Acquired SAA
ALL MCL Acquired AA/PNH
CML FL Constitutional SAA

e Fanconi anemia

* Dyskeratosis congenita

Myelofibrosis WM Germ cell tumors
MDS TCL Ewing’s sarcoma family of tumors
CLL Primary CTCL Multiple sclerosis

HL Systemic scleroderma

MM Systemic lupus erythematosus

AL Crohn'’s disease

Rheumatoid arthritis
Vasculitis
Polymyositis-dermatomyositis

Cytopenias

Note: AA = aplastic anemia, AML = acute myeloid leukemia, ALL = acute lymphoid leukemia, AL = amyloidosis, CML =
chronic myeloid leukemia, CLL = chronic lymphocytic leukemia, CTCL = cutaneous T-cell lymphoma, DLBCL = diffuse
large B cell lymphoma, FL = folicular lymphoma, HL = hodgkin lymphoma, MCL = mantle cell lymphoma, MDS =
myelodysplastic syndrome, MM = multiple myeloma, PNH = paroxismal nocturnal hemoglobinuria, SAA = severe
aplastic anemia, TCL = T-cell lymphoma, WM = waldenstrom macroglobulinemia.

Table 1. Indications of HSCT for adults.

is supposed to be free of malignant cells. Patient’s own stem cells then reinfused via his/her
venous vascular access in order to locate bone marrow and maintain normal hematopoiesis.
Patient have the risk of infection during leukopenia, but it is lower in auto- than allo-HSCT
because imunosuppression is milder in auto-HSCT. Graft versus host disease (GVHD) is the
condition in which white blood cells in the graft (donated blood product) recognize the host
as a foreign particle and attack the host’s cells. GVHD is so rare but possible in auto-HSCT
although the host and the graft are genetically same. Donor in allo-HSCT is another healthy
person whose HLA (human leukocyte antigen) type is matched with the recipient. HLA gene
complex encodes the major histocompatibility complex (MHC) cell-surface proteins, which
regulate immune system. Transplant reactions occur according to the compatibility of HLAs
between donor and the recipient. Allogeneic transplant donors can be syngeneic (identical
twin), HLA-identical sibling, other family member or unrelated donor (from a volunteer).
10/10 or 8/8 identical donor based on HLA high-resolution typing for class I (HLA-A, -B, -C)
and II (HLA-DRB1, -DQB1) is defined as well-matched unrelated donor. A mismatched unre-
lated donor means that at least one allele at HLA-A, -B, -C or -DR are mismatched [2]. Related
donors are relatives or siblings of the patient. Unrelated donors are available by national or
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Hematological malignancies Non-malignant disorders; solid tumors
AML Primary immunodeficiencies

ALL Thalassemia

CML Sickle cell disease (high risk)

NHL Aplastic anemia

HL Fanconi anemia

MDS Blackfan-Diamond anemia

Chronic granulomatous disease
Kostman's disease
MPS-1H Hurler

MPS-VI Maroteaux-Lamy
Osteopetrosis
Autoimmune diseases
Germ cell tumor

Ewing’s sarcoma

Soft tissue sarcoma
Neuroblastoma

Wilm’s tumor

Brain tumors

AML = acute myeloid leukemia, ALL = acute lymphoid leukemia, CML = chronic myeloid leukemia, HL = Hodgkin
lymphoma, NHL = non-Hodgkin lymphoma, MDS = myelodysplastic syndrome, MPS = mucopolysaccharidosis.

Table 2. Indications of HSCT for children.

international bone marrow donor programs. Syngeneic donor means the monozygotic twin
of the patient who is full HLA-matched. Umbilical cord blood is an alternative source for
hematopoietic stem cell. It is a kind of allo-HSCT which is usually limited to children and the
dose of the infused cells are very low [3]. Because of the similarity between allo-HCST, we will
not separately discuss transfusion in umbilical cord blood transplantation.

1.2. Indications for HSCT

HSCT is widely performed in hematologic malignancies but also indicated in other solid
tumors, and non-malignant diseases. Here are the lists of indications of HSCT for adults
and children according to the sixth report from the European Society for Blood and Marrow
Transplantation (EBMT) [2] (Tables 1 and 2). Because of the wide range of under-investiga-
tion indications, we only list diseases for which HSCT is standard of care, generally indicated
in suitable patients or clinical option that can be carried after careful assessment of risks and
benefits.
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2. Transfusion in transplantation

HSCT patients need transfusion of blood products before, during and after the transplanta-
tion period. As a consequence of increase in the number of HSCTs, need for transfusions
increased in the hospitals where transplantations are performed and also other health care
centers that are involved in managing these patients. Transfusion in HSCT has unique fea-
tures such as alloimmunization, ABO-mismatched transplantations, infections and more that
will be discussed in detail.

2.1. Before transplantation

Recipients of HSCT require special blood components such as leukocyte-reduced, cytomega-
lovirus (CMV) negative and y-irradiated blood components [4, 5].

2.1.1. Leukocyte-reduced erythrocyte and platelet components

Leukocyte reduction from erythrocyte and platelet products prevents febrile, nonhemo-
lytic transfusion reactions, alloimmunization to HLA antigens and transfusion-transmitted
cytomegalovirus (CMV) infections. HLA alloimmunization means formation of antibodies
against non-self HLA antigens. Anti-HLA antibodies are inducible by multiple pregnancies
and transfusion of blood products (especially if they are not leukocyte-reduced). These anti-
bodies are problematic in HSCT recipient because of the resistance or refractoriness to plate-
let/erythrocyte transfusion and also cause cross-match positivity against HLA antigens [6].
HLA crossmatch positive allo-HSCT may result with primary graft rejection [6]. Leukocyte
reduction filters are not completely effective, some leukocytes and membrane fragments are
able to pass through them [5]. In spite of insufficiency to prevent HLA alloimmunization,
transfusing only leukocyte-reduced erythrocyte and platelet components to pretransplanta-
tion patients is one of the few tools available to potentially reduce the risk of platelet transfu-
sion refractoriness [7].

2.1.2. CMV infection

CMV serology status of both donor and the recipient is important components of transplan-
tation. CMV transmission from blood products into immunocompromised patients such as
transplant recipients can cause fatal infection. Current technologies in prevention of trans-
mission include: provision of CMV-seronegative blood components; postdonation leuko-
cyte reduction filters; and pathogen inactivation, for example, photodynamic therapy with
psoralens and UV or visible light [8]. The American Association of Blood Banks states that
levels of less than 5 x 10° leukocytes per blood component may significantly reduce transfu-
sion-transmitted CMV infection [9]. There are also contrary results that support the use of
CMV-seronegative products to be superior to leukocyte reduction filters in preventing CMV
transmission [10, 11]. The last survey of current practice for prevention of transfusion-trans-
mitted CMV in the United States reported wide variability in the use of leukoreduction ver-
sus CMV-seronegative products [12]. CMV serology should be tested for the donor and the
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recipient. If the recipient is seropositive, the most common CMYV infection is reactivation of
latent infection; for this reason, using seronegative blood products has little importance. If
HSCT is HLA-matched sibling or autologous transplantation, CMV positivity of the patient
may be overcome by preemptive antiviral treatment (ganciclovir, foscarnet) with or without
high-dose intravenous immunoglobulin [13-15]. CMV infection risk is the highest when CMV
seropositive patients receive transplantations from unrelated, HLA-mismatched, or sibling-
matched (matched other than genotypic) donors and T lymphocyte-depleted or cord blood
allografts [7]. For this reason, most centers routinely administer anti-CMV prophylactic ther-
apy to HSCT recipients in whom immunocompetence is delayed (haploidentical, T-lympho-
cyte-depleted, and cord blood transplantations) [7]. The risk for CMV infection is so low in
seronegative HSCT recipient exposed to only seronegative blood products and CMV negative
donor. Obtaining CMV negative blood products is not always easy, and urgent transfusions
should not be delayed until seronegative products are available [7].

2.1.3. Transfusion-related graft versus host disease and gamma irradiation

Transfusion-related graft versus host disease (TR-GVHD) is a complication of blood product
transfusion, which contains donor T lymphocytes that engraft in susceptible immunosup-
pressed host and trigger an immune response against it [16]. TR-GVHD usually develops
4-30 days after the blood transfusion. Viable donor lymphocytes attack recipient’s antigen-
presenting tissues. The attack is manifested in skin, liver, gastrointestinal tract and bone
marrow. Bone marrow involvement distinguishes TR-GVHD from transplantation-related
disease. In HSCT, bone marrow is the nest for donor cells so privileged from the attack [17].
Usually donor lymphocytes are destroyed by the recipient’s immune system; however, this
protection does not work in two conditions: immunodeficiency in the recipient and specific
type of partial HLA matching between the donor and the recipient. Examples for immuno-
deficient states are hematologic cancers, lymphoproliferative disorders, patients with solid
tumors and rheumatologic diseases who are immunosuppressed because of chemotherapy
or radiotherapy, Congenital immune deficiency, and AIDS [18-20]. Second setting for suscep-
tibility to TR-GVHD is that recipients of blood who are heterozygous for an HLA haplotype
for which the donor is homozygous [21]. Donor lymphocytes are not detected as foreign
particles by recipient, since the only HLA antigens seen by the host lymphocytes are shared
by the recipient. But donor lymphocytes recognize the host’s tissues as foreign and initiate
an immune attack which is named as TR-GVHD. Blood products associated with TR-GVHD
are nonirradiated whole blood, packed red cells, platelets, granulocytes, and fresh and non-
frozen plasma. TR-GVHD is not associated with frozen, deglycerolized red cells, fresh frozen
plasma, or cryoprecipitate. The early clinical features are fever, maculopapular skin rash,
diarrhea and hepatitis occurring 1-2 weeks after transfusion. Later, bone marrow involve-
ment produces severe hypoplasia with profound pancytopenia [22]. Diagnosis is generally
made by the biopsy of the affected organs such as skin, gut, and liver, showing evidence
of persistence of donor lymphocytes. In order to prove the donor lymphocytes in the host
tissue, polymerase chain reaction in peripheral blood [23] or short tandem repeat analysis
using peripheral blood and skin biopsies from affected and non-affected sites in the patient,
and peripheral blood samples from the implicated donors [24] can be used. The major way
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for prevention from TR-GVHD is gamma or X-irradiation of blood components, by validated
systems. The minimum dose achieved in the irradiation volume should be 25 Gy, not exceed-
ing 50 Gy. Blood components that should be irradiated for at-risk patients are all red cell,
platelet, and granulocyte components except cryopreserved red cells after deglycerolization.
There is no need to irradiate fresh frozen plasma, cryoprecipitate or fractionated plasma. Also
all transfusions from first- or second-degree relatives should be irradiated, even if the patient
is immunocompetent. All recipients of allo-HSCT must receive irradiated blood components
from the time of initiation of conditioning chemoradiotherapy and should be continued while
the patient keeps receiving GVHD prophylaxis. If chronic GVHD exist or immunusupres-
sive treatment is continued, irradiated blood components should be given. Allo-HSCT donors
(peripheral blood or bone marrow) should be transfused with irradiated blood 7 days prior
to or during the harvest. Auto-HSCT patients should receive irradiated cellular blood compo-
nents during and for 7 days before the harvest to prevent the collection of viable allogeneic
T lymphocytes, which can potentially resist cryopreservation. Otherwise auto-HSCT patients
should receive irradiated cellular blood components from initiation of conditioning therapy
until 3 months from transplantation (6 months if total body irradiation was used in condition-
ing) [22].

2.2. Peritransplantation

The peritransplantation period begins with immunosuppressive preparation regimen, includ-
ing stem cell infusion, and until engraftment. HSCT donor must be screened of blood group
serology, HLA groups, CMV serology status, donor-recipient size disparity, and donor health.
Donor and recipient ABO/Rh (D) types are preferred to be compatible but if not, it does not
exclude the HSCT donor volunteering. Nearly one-half of all HSCT involve recipient-donor
ABO incompatibility [25].

2.2.1. ABO Incompatibility

Major ABO Mismatch: Donor’s erythrocytes are incompatible with recipient’s plasma. It occurs
most frequently in group O patients who are receiving HSCT from group A, group B, or
group AB donors and also when group A and group B recipients receive grafts from group AB
donors. Erythrocyte content in the HSC graft should be minimal in order to prevent signifi-
cant hemolysis after HSCT transfusion. Erythrocytes can be extracted from the donor’s bone
marrow by Hetastarch separation, mononuclear cell concentration by machine, or through
density gradient separation [26]. If a major ABO incompatibility exists, hematocrit should be
less than 2% during apheresis collection [7].

Minor ABO Mismatch: Donor’s plasma is incompatible with recipient’s erythrocytes. ABO
minor incompatibility may occur in such conditions: (1) if a patient of AB blood group
receives HSCT from a non-AB blood group donor, which contains anti-A, anti-B, or both; (2)
if a patient from group A receives a B or an O HSCT, which contains anti-A; or (3) if a group
B patient receives an A or O transplantation, which contains anti-B [25]. In order to mini-
mize the risk plasma-depleted HSCT products will be collected. The removed plasma volume
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is proportional to the titer of the offending antibody(s) and the ratio of plasma-to-recipient
erythrocyte volume [7].

2.2.2. Transfusion thresholds in peritransplatation period

Threshold for platelet transfusion is generally 10,000/uL in most transplantation centers
[27, 28]. Nevertheless, patient’s clinical condition must be the basic determinant for transfu-
sion requirements. Bleeding is common and multifactorial in HSCT patients such as mucositis,
hemorrhagic cystitis, GVHD, veno-occlusive disease (VOD), and diffuse alveolar hemor-
rhage. If the patient has another factor for bleeding, platelet transfusion threshold must be
personalised. In HSCT patients, platelet rise may be less efficient than other patient groups as
a result of alloimmunization. HLA-matched or crossmatched apheresis platelets are required
to overcome alloimmunization.

Hemoglobin threshold for erythrocyte transfusion also varies for different clinical conditions.
It can be summarized as follows [29]:

¢ Hemoglobin < 6 g/dL —transfusion recommended except in exceptional circumstances.
* Hemoglobin 6-7 g/dL —transfusion generally likely to be indicated.

* Hemoglobin 7-8 g/dL —transfusion may be appropriate in patients undergoing orthopedic
surgery or cardiac surgery, and also for patients with underlying cardiovascular disease,
after evaluation of the patient’s clinical needs.

¢ Hemoglobin 8-10 g/dL —in general, transfusion is not required, but some populations such
as patients with symptomatic anemia, with active bleeding, suffering from acute coronary
heart disease, and with hematological or oncological malignancies those having thrombo-
cytopenia and at risk of bleeding may need erythrocyte transfusions.

* Hemoglobin > 10 g/dL—transfusion generally not indicated except in exceptional
circumstances.

The impact of erythrocyte transfusions on outcome and the hemoglobin threshold in HSCT
patients are not well understood. In a recent study, patients with a hematologic malignancy
requiring HSCT were randomized to either a restrictive (hemoglobin threshold <7 g/dL) or
liberal (hemoglobin threshold <9 g/dL) erythrocyte transfusion strategies between Day-0 and
Day-100. The use of a restrictive red blood cell (RBC) transfusion strategy is compared with
a liberal strategy in patients undergoing HSCT as the HRQOL (health-related quality of life)
is similar and there are no appreciable differences in HSCT-associated clinical outcomes [30].

2.2.3. Recommendations for ABO/Rh(D) matching

In HSCT, blood group matching is not required between donor and the recipient, but there are
unique transfusion rules that exist. ABO incompatibility is classified as either major, minor, or
bidirectional [25] (Table 3).

The clinical consequences and management of ABO incompatibilities are discussed below.
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2.3. After transplantation

ABO-mismatched allo-HSCTs have some complications such as immediate or delayed hemo-
lytic reactions, delayed erythrocyte engraftment and red cell aplasia. Immediate immune
hemolysis is usually after HPC transplantation infusion and is due to major ABO mismatch
(because of the antibodies in the recipient), whereas delayed hemolysis is a consequence of
minor ABO-mismatch (because of donor blood group antibodies) [7]. Several clinical con-
ditions that can mimic immune hemolysis include veno-occlusive disease, GVHD, and
thrombotic thrombocytopenic purpura. Direct antiglobulin positivity is highly suspicious
for transplant-related immune hemolysis. Table 4 demonstrates an overview to hemolysis in
patients after HSCT [7].

2.3.1. Passenger lymphocyte syndrome

Passenger lymphocyte syndrome (PLS) occurs when transplanted B lymphocytes produce
incompatible blood group antibodies after transplantation [31]. Hemolysis due to PLS may be
delayed by 5-15 days after transplantation but is rare after 6-8 weeks [32, 33]. PLS includes
ABO incompatibility; additionally, incompatibility in the Rh, Kell, Duffy, or Kidd blood group
systems has been reported [34-37]. It is wise to expect higher PLS in peripheral HSCT than
bone marrow HSCT because of the higher lymphocyte content in peripheral blood but reports
regarding this are mostly anecdotal [7]. Other risk factors for PLS are the use of cyclosporine
alone in the absence of an antiproliferative agent, such as methotrexate, for posttransplan-
tation GVHD prophylaxis [38, 32], and the use of a reduced-intensity preparative regimen.
After 5-15 days, hemolysis limits itself as the incompatible erythrocytes are eliminated and
switched by donor or transfused erythrocytes. “Bystander” immune hemolysis is the term,
when hemolysis is more extensive than expected from patient’s erythrocytes alone, attributed
to hemolysis of transfused compatible erythrocytes [38]. Plasma reduction does not diminish
the B lymphocyte content of HSC material and, for this reason, does not affect the incidence
of PLS. Rituximab may be used in PLS prevention [39]. Pretransplantation red cell exchange
procedures to reduce the volume of donor incompatible erythrocytes in the recipient before
infusion are found to be ineffective and associated with a relatively large fraction of residual
recipient red cells [40].

The major complications of major ABO-incompatible transplantation include delayed red cell
engraftment and pure red cell aplasia (PRCA). Major ABO incompatibilities may cause delay
in RBC engraftment. The diagnosis of PRCA is established if reticulocytopenia persists for
more than 60 days and erythrocyte precursors are absent in the bone marrow aspirate. In addi-
tion, an inverse correlation between ABO hemagglutinin titers and reticulocyte counts exists.
In some major ABO incompatible allo-HSCTs, donor hematopoietic stem cells’ conversion and
RBC production are inhibited by isohemagglutinins produced by recipient plasma [41]. The
primary pathology is disruption of normal bone marrow maturation by the recipient isohem-
agglutinins at the colony-forming-units-ertyhroid stage [42]. Time for recovery of erythropoi-
esis depends on the pretransplantation titer of antidonor isohemagglutinins, quantity of target
antigen available, rate of clearance of isohemagglutinins, presence of GVHD, transplantation-
conditioning regimen, and the native recipient erythropoietic function [43, 44]. Resolution of
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Diagnosis

Pathophysiology

Serologic findings

HSC graft-related immune hemolysis

Major ABO incompatibility between
HSC donor and recipient

Minor ABO incompatibility between
HSC donor and recipient

Major incompatibility: other blood
group antigens

Minor incompatibility: other blood
group antigens

Hemolysis of transfused
erythrocytes, delay in erythrocyte
engraftment

Hemolysis of patient’s erythrocytes
caused by transfused donor’s plasma
or by passenger lymphocyte-derived
isohemagglutinins

Hemolysis of transfused donor’s
erythrocytes

Hemolysis of patient’s erythrocytes
caused by alloantibodies in
transfused donor plasma or by
passenger lymphocyte-derived
alloantibodies

Transfusion-related immune hemolysis

Transfusion of erythrocytes
incompatible with donor or patient

Transfusion of plasma incompatible
with donor or patient

Other causes of immune hemolysis

Autoimmune hemolytic anemia

Drug-induced hemolytic anemia

Nonimmune hemolysis
TTP
Cryopreserved stem cell products

infusion

Clostridium perfringens sepsis

Hemolysis of transfused erythrocytes
caused by patient’s native or graft-
derived antibodies

Hemolysis of patient and/or donor
erythrocytes

Hemolysis and serologic
incompeatibility of (all) crossmatched
donor erythrocytes

Autoantibody formation induced by
drug, hapten mechanism, or drug
modification of erythrocyte membrane

Microangiopathic hemolytic anemia

Nonimmune hemolysis may be
observed during infusion of DMSO-
cryopreserved HSC preparations

C perfringens-produced hemolysin
toxins cause nonimmune
intravascular hemolysis

DAT positive for C3d, IgG or both;
anti-A and/or anti-B present in eluate

DAT positive for C3d, IgG or both
anti-A and/or anti-B present in eluate

DAT positive for C3d, IgG or both;
antibody to non-ABO red blood cell
antigen(s) identified in eluate and
patient plasma

DAT positive for C3d, IgG, or both:
antibody to non-ABO red blood cell
antigen(s) identified in eluate and
patient plasma

DAT positive for C3d, IgG or both:
anti-A and/or anti-B or antibody to
other RBC antigen identified in eluate
and patient plasma

DAT positive for C3d, IgG or both;
anti-A and/or anti-B or antibody to
other RBC antigen identified in eluate
and patient plasma

DAT positive for C3d, IgG or both;
panagglutinin present in eluate and
patient plasma

DAT positive for C3d, IgG or both;
eluate may react with drug-treated
erythrocytes

DAT and antibody screen negative

DAT negative

DAT negative

Note: HSC = hematopoietic stem cell, DAT = direct antiglobulin test, C3D = complement factor 3D, DMSO = dimethyl
sulfoxide, IgG = immunoglobulin G, RBC = red blood cell, TTP = thrombotic thrombocytopenic purpura.

Table 4. Differential diagnosis of hemolysis in HSCT patients.
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PRA usually takes a few weeks or months but rarely continues for 5 years [45]. Management of
PRA includes tapering immunosuppression, using erythropoietin, steroids, plasma exchange,
rituximab, and donor lymphocyte infusions [46—48].

2.4. Post-engraftment period

There are some clinical conditions specific to post-engraftment of stem cells, which may
increase the requirement for blood products.

2.4.1. Graft-versus host disease

In acute GVHD cytopenias of 1-3 cell lines and an immune-based hemolytic anemia may
occur; also, gastrointestinal GVHD may cause bleeding because of ulcers in gastrointestinal
system, and severe liver GVHD may also develop the clotting disturbances [49]. Blood prod-
uct support during GVHD is essential.

2.4.2. Hemorrhagic cystitis

Hemorrhagic cystitis is a toxicity related with cyclophosphamide; however, several viral etiolo-
gies, including adenovirus and BK virus, have been reported [50]. HSCT patients with hemor-
rhagic cystitis may require RBC replacement proportional to its loss and platelet transfusion if the
patient is thrombocytopenic. Tranexamic acid should be avoided because of possible clothing
within the ureters. Bladder irrigation and platelet transfusion are the mainstay of the treatment.

2.4.3. Hepatic veno-occlusive disease

Hepatic veno-occlusive disease (VOD), also known as sinusoidal obstruction syndrome, is
a major complication of HSCT and carries a high mortality risk. Many different risk factors
for VOD have been described, including platelet transfusions containing ABO-incompatible
plasma [51]. Incompatible isoagglutinins to ABO blood-group antigens on hepatic sinusoi-
dal endothelial cells may cause toxic injury initiating a sequence of biological events that
may lead to circulatory compromise of centrilobular hepatocytes, fibrosis, and obstruction of
blood flow, resulting in VOD [7]. It is wise to think that all platelet transfusions after HSCT
should be ABO-compatible with both donor and recipient blood types. In VOD, the need for
platelet transfusion is increased as a result of activated coagulation and portal hypertension-
related thrombocytopenia.

2.4.4. Donor lymphocyte infusion

Donor lymphocyte infusion (DLI) is one of the strategies for managing relapsed hematologic
malignancy after HSCT. This procedure is the infusion of lymphocytes from the original stem
cell donor after the transplant to augment an antitumor immune response or to be sure that
the donor HS5Cs remain engrafted. Aim is to initiate the process called the graft-versus-tumor
effect. T cells of donor are supposed to attack residual cancer cells.
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2.4.5. Granulocyte transfusion

Granulocyte transfusion is not routine procedure, but larger doses of granulocytes collec-
tion became possible after the discovery and availability of recombinant granulocyte colony-
stimulating factor (G-CSF) increased the interest for the issue [52]. It is possible to collect
5-10 x 10" granulocytes at once [53-55]. Some authors recommend granulocyte transfusion in
patients meet that criterion regardless of the cause of neutropenia [56]:

* Absolute neutrophil count <500 cells/uL, except in the case of chronic granulomatous
disease.

¢ Evidence of bacterial or fungal infection (i.e., clinical symptoms of infection, positive
cultures, pathological diagnosis of infection from biopsies, radiographic evidence of
pneumonia).

* Unresponsiveness to antimicrobial treatment for at least 48 hours (except in extreme cir-
cumstances with life-threatening infection)

Chemotherapy and HSCT are the most common indications for granulocyte transfusion even
though their use is rare in daily practice. Family members and community donors both can
donate granulocytes; however, donor must fulfill some criterion. Donors must be ABO and
Rh-matched to the recipient, negative for all blood transfusion-associated infectious disease
markers within 30 days of granulocyte donation, having good vascular access, and not be
pregnant and having hemoglobinopathy. G-CSF (300 mcg subcutaneously) and dexametha-
sone (8 mg orally) are administered on the day prior to each collection [54]. Granulocyte har-
vesting by apheresis is performed by removing granulocytes and returning erythrocytes and
plasma to the donor. Adverse reactions associated with granulocyte transfusion are pulmo-
nary adverse reactions [57], transfusion-associated GVHD [58], alloimmunization [59], and
infections [60], especially CMV [61].

2.4.6. Erythrocyte chimerism

Allo-HSCT patients should be assessed with chimerism studies in order to detect the genotypic
origin of posttransplant hematopoiesis. This study serves to define engraftment, graft failure,
and relapse. Complete chimerism means hematopoiesis is entirely from the donor; mixed chi-
merism is the condition that a variable ratio of donor- to recipient-derived cells, and engraft-
ment failure means cells are all from the recipient. Blood group chimerism is an important
issue in allo-HSCT patients. According to ABO matching, varied incidences of ABO-grouping
discrepancies or mixed field-agglutination reactions have been reported [7]. Antierythrocyte
antibodies are measured to document erythrocyte chimerism, once the patient’s blood becomes
full-donor chimera, recipient-derived antierythrocyte antibodies disappear. Then, blood prod-
ucts consistent with donor ABO typing should be used. After establishing full donor engraft-
ment, the onset of mixed erythrocyte chimerism (circulating erythrocytes typing with mixed
field-donor recipient ABO groups) may be signaling for the relapse and/or graft failure [62].

Transfusion-support recommendations for ABO incompatible HSCT are summarized in Table 5
[25].
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Autologous and allogeneic HSCT are associated with pancytopenia in the pre-, peri-, and
posttransplant period. Blood product transfusion is an inevitable and critical component for
the patient management. HSCT patients have special requirements regarding blood products
transfusion. Transfusion services, hospitals, physicians, and other health care staff who take
care of transplant patients should be aware of that those patients have specific and specialized
transfusion requirements.
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Abstract

Acute upper gastrointestinal bleeding (UGIB) is a potentially lethal and frequent diges-
tive disease. It is mainly divided into the nonvariceal UGIB and variceal bleeding accord-
ing to the source of bleeding. Red blood cell transfusion is the core therapeutic option
for the management of acute UGIB. In this chapter, we reviewed the primary evidence
from meta-analyses and large-scale randomized controlled trials regarding red blood cell
transfusion strategy for acute UGIB.

Keywords: red blood cell, transfusion, upper gastrointestinal bleeding, variceal bleeding,
peptic ulcer, management, hemoglobin

1. Introduction: Upper gastrointestinal bleeding

1.1. Definition

Traditionally, gastrointestinal bleeding is divided into upper and lower gastrointestinal
bleeding according to the site of gastrointestinal tract. Upper gastrointestinal bleeding (UGIB)
refers to the occurrence of bleeding above the ligament of Treitz, which is often character-
ized by hematemesis and/or melena; by contrast, lower gastrointestinal bleeding refers to the
occurrence of bleeding below the ligament of Treitz. Currently, some researchers also propose
the term “mid gastrointestinal bleeding,” which refers to the occurrence of bleeding between
the ligament of Treitz and ileocecal valve.
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1.2. Incidence

UGIB is one of the most common emergency diseases. The epidemiological data are het-
erogeneous among regions. In the UK, an audit study identified a total 6750 patients with
acute UGIB from 208 hospitals during a 2-month period (May 1-June 30, 2007) [1]. In
Wales, there were 22,299 patients with 24,421 admissions for UGIB during an 8-year period
(1999-2007) [2]. The hospitalized incidence of UGIB was estimated to be 134 per 100,000
[2]. In Iceland, a prospective population-based study involving 1731 patients undergoing
2058 upper gastrointestinal endoscopies demonstrated that the annual incidence of acute
UGIB was 87/100,000 inhabitants [3]. The data were also heterogeneous among periods.
In Italy, there were 532 patients with 587 admissions during a 2-year period from 1983
to 1985 and 513 patients with 539 admissions during a 2-year period from 2002 to 2004
[4]. In Crete, Greece, a population-based study found that the annual incidence of acute
UGIB was 160/100,000 during a 1-year period from 1998 to 1999 and 95/100,000 during
a 1-year period from 2008 to 2009 [5]. In Achaia, Greece, a population-based study found
that the annual incidence of acute UGIB was 162.9/100,000 and 108.3/100,000 in1995 and
2005, respectively [6].

1.3. Mortality

UGIB is a potentially lethal disease. Until now, there are lots of data regarding the mortality of
patients with UGIB. The mortality is about 10% [1, 2, 7]. A majority of evidence suggests that
the mortality is being decreased with time. Loperfido et al. reported that the annual mortality
of UGIB decreased from 17.1/100,000 during the period of 1983-1985 to 8.2/100,000 during
the period of 2002-2004 [4]. Paspatis et al. also reported that the annual mortality of UGIB
decreased from 9/100,000 during the period of 1998-1999 to 6.3/100,000 during the period
of 2008-2009 [5]. However, Theocharis et al. found that the overall mortality increased from
3.9% in 1995 to 6.5% in 2005, but no statistically significant difference was found between the
two periods [6].

1.4. Causes

Peptic ulcer, which primarily refers to gastric and duodenal ulcer, and gastroesophageal vari-
ces, which is primarily caused by liver cirrhosis, are the two most common causes of UGIB
[8, 9]. First, the major risk factors of peptic ulcer are recent use of nonsteroidal anti-inflamma-
tory drugs (NSAIDs) and anti-platelet agents, Helicobacter pylori infection, Zollinger-Ellison
syndrome, and smoking [8, 9]. Aspirin is the most widely used NSAID associated with the
development of peptic ulcer, especially in patients with previous history of cardiovascular
or cerebrovascular diseases. Second, the major etiologies of gastroesophageal varices include
liver cirrhosis, portal vein obstruction, and Budd-Chiari syndrome.

Additional causes of UGIB include malignancy, Mallory-Weiss tears, acute inflammation and
erosion of esophageal, gastric, and duodenal mucosa, Dieulafoy's lesions, gastric antral vas-
cular ectasia, and arteriovenous malformations.
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2. Current treatment strategy of UGIB

UGIB is often divided into nonvariceal UGIB and variceal bleeding, because the treatment
strategy is greatly different between them.

2.1. Nonvariceal UGIB

Several high-impact consensus and practice guidelines have clearly established the rec-
ommendations regarding the management of nonvariceal UGIB. First, in the International
Consensus UGIB (ICON-UGIB) conference, the management strategy mainly includes five
major sections, as follows: (1) resuscitation, risk assessment, and pre-endoscopy manage-
ment; (2) endoscopic management; (3) pharmacologic management; (4) nonendoscopic and
nonpharmacologic in-hospital management; and (5) post-discharge, acetylsalicylic acid, and
NSAIDs [10]. Second, the Asia-Pacific Working Group proposes the consensus statements
regarding the management of nonvariceal UGIB as follows: pre-endoscopy prognostic scale,
early discharge, use of proton pump inhibitor, timing of endoscopic intervention, endoscopic
treatment plus proton pump inhibitor, necessity of second-look endoscopy, angiographic
embolization, and use of NSAIDs, aspirin, and/or clopidogrel in specific population [11].
Third, the European Society of Gastrointestinal Endoscopy (ESGE) guideline makes the main
recommendations in the following parts: (1) initial patient evaluation and hemodynamic
resuscitation; (2) risk stratification; (3) pre-endoscopy management; (4) endoscopic therapy;
and (5) post-endoscopy/endoscopic hemostasis management [12].

2.2. Variceal bleeding

Recently, the recommendations regarding the management of variceal bleeding are primarily
obtained from the UK practice guideline [13], Baveno VI consensus [14], American Association
for the Study of Liver Diseases (AASLD) practice guidance [15], and the Standards of Practice
Committee of the American Society for Gastrointestinal Endoscopy (ASGE) [16]. In general,
the main management strategy is classified as follows: (1) screening for varices; (2) primary
prophylaxis of variceal bleeding; (3) treatment of acute variceal bleeding; and (4) secondary
prophylaxis of variceal bleeding.

3. Red blood cell transfusion for acute UGIB

3.1. Recommendations from practice guideline and consensus
In nearly all practice guidelines and consensus, a restrictive red blood cell transfusion strategy
is proposed.

As for nonvariceal UGIB, the ICON-UGIB recommends that the threshold of initiating red
blood cell transfusion should be a hemoglobin level of <70 g/L, but does not establish a target
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of red blood cell transfusion [10]; the ESGE guideline recommends that the target of red blood
cell transfusion should be a hemoglobin level of 70-90 g/L in general population and should
be moderately elevated in specific population, such as ischemic cardiovascular diseases [12].

As for variceal bleeding, the UK practice guideline recommends that the target of red blood
cell transfusion should be a hemoglobin level of 70-80 g/L in hemodynamically stable patients
[13]; the Baveno VI consensus recommends that the target of packed red blood cell transfu-
sion should be a hemoglobin level of 70-80 g/L and should be modified according to the
cardiovascular disorders, age, hemodynamic status, and ongoing bleeding [14]; the AASLD
practice guidance recommends that the threshold of initiating packed red blood cell transfu-
sion should be a hemoglobin level of <70 g/L, and the target should be a hemoglobin level of
70-90 g/L [15].

3.2. Evidence from meta-analyses

Several meta-analyses have been published regarding red blood cell transfusion for the man-
agement of UGIB. First, in 2009, Hearnshaw et al. did a Cochrane systematic review and meta-
analysis of three trials including 126 patients [17]. The authors suggested no sufficient data
regarding the outcomes of red blood cell transfusion for the management of UGIB. Second,
in 2010, Jairath et al. updated the Cochrane systematic review [18]. However, no new data
were found. The conclusions were unchanged. In 2013, our team did a meta-analysis of four
studies and found that restrictive red blood cell transfusion was superior to liberal red blood
cell transfusion for the improvement of overall survival, but the risk of rebleeding was similar
between the two red blood cell transfusion strategies [19]. However, it should be noted that
the characteristics and definitions of restrictive transfusion were heterogeneous among the
included studies.

3.3. Evidence from major individual studies

There were two large-scale randomized controlled trials comparing the efficacy and safety of
restrictive versus liberal red blood cell transfusion for acute UGIB.

A Spanish, single-center, randomized controlled trial enrolled 921 patients with acute UGIB
between 2003 and 2009, in which 461 and 460 patients were assigned to restrictive and liberal
red blood cell transfusion groups, respectively [20]. In the restrictive transfusion group, the
threshold of initiating red blood cell transfusion was a hemoglobin level of <70 g/L, and the
target was a hemoglobin level of 70-90 g/L. In the liberal red blood cell transfusion group,
the threshold of initiating red blood cell transfusion was a hemoglobin level of <90 g/L, and
the target was a hemoglobin level of 90-110 g/L. First, the most remarkable finding was that
restrictive red blood cell transfusion could significantly decrease the incidence of 6-week
death in the overall analysis (5% [23/444] versus 9% [41/445], P = 0.02, hazard ratio = 0.55,
95% confidence interval = 0.33-0.92). However, restrictive red blood cell transfusion could
not significantly influence the incidence of 6-week death in the subgroup analyses of patients
with bleeding from varices (11% [11/93] versus 18% [17/97], P = 0.18, hazard ratio = 0.58, 95%
confidence interval = 0.27-1.27) or peptic ulcer (3% [7/228] versus 5% [11/209], P = 0.26, hazard
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ratio =0.70, 95% confidence interval = 0.26-1.25). Second, restrictive red blood cell transfusion
could significantly decrease the incidence of further bleeding in the overall analysis (10%
[45/444] versus 16% [71/445], P =0.01, hazard ratio = 0.62, 95% confidence interval = 0.43-0.91).
However, restrictive red blood cell transfusion could not significantly influence the incidence
of further bleeding in the subgroup analyses of patients with bleeding from varices (11%
[10/93] versus 22% [21/97], P = 0.05, hazard ratio = 0.50, 95% confidence interval = 0.23-0.99)
or peptic ulcer (10% [23/228] versus 16% [33/209], P = 0.09, hazard ratio = 0.63, 95% confidence
interval = 0.37-1.07).

A UK multi-center pragmatic, open-label, cluster randomized trial enrolled 936 patients
with acute UGIB between 2012 and 2013, in which 403 and 533 patients were assigned to
restrictive and liberal red blood cell transfusion groups, respectively [21]. In the restrictive
transfusion group, the threshold of initiating red blood cell transfusion was a hemoglobin
level of <80 g/L, and the target was a hemoglobin level of 80-100 g/L. In the liberal red
blood cell transfusion group, the threshold of initiating red blood cell transfusion was a
hemoglobin level of <100 g/L, and the target was a hemoglobin level of 100-120 g/L. Neither
28-day mortality (5% [14/257] versus 7% [25/383]) nor further bleeding (5% [13/257] versus
9% [31/383]) was significantly decreased by the restrictive transfusion strategy. No subgroup
analyses according to the source of bleeding were available.

3.4. Real-world practice

Despite the restrictive red blood cell transfusion strategy is clearly recommended by the major
practice guidelines and consensus, not all clinicians fulfilled this policy in clinical practice. A
UK survey of six clinical scenarios regarding red blood cell transfusion triggers for acute
UGIB in different clinical conditions was conducted in 815 clinicians [22]. A majority of clini-
cians would like to choose a red blood cell transfusion trigger of 60-100 g/L, and only a minor-
ity of clinicians agreed to choose a red blood cell transfusion trigger of 2100 g/L. Compared
with the surgeons, the physicians preferred to choose a higher red blood cell transfusion
trigger. A Canadian survey of seven clinical vignettes regarding red blood cell transfusion
threshold for acute UGIB in different clinical conditions was conducted in 203 clinicians [23].
The red blood cell transfusion threshold was a mean hemoglobin level of 71 and 86.7 g/L in
hemodynamically stable and unstable patients, respectively; a mean hemoglobin level of 84,
744, and 71 g/L in patients with coronary artery disease, with liver cirrhosis, and without
previous disease history, respectively.

4. Conclusions

Acute UGIB is a lethal and frequent digestive disease. A restrictive red blood cell transfu-
sion has been clearly recommended by the practice guidelines and consensus. Generally,
the threshold for initiating red blood cell transfusion should be often a hemoglobin level of
<70 g/L, and the target of red blood cell transfusion should be a hemoglobin level of 70-80 or
70-90 g/L (Table 1). However, based on two large-scale randomized controlled trials, we could
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Guideline or consensus Nonvariceal UGIB Variceal UGIB
International Consensus UGIB (ICON-UGIB) Hemoglobin <70 g/L

European Society of Gastrointestinal Endoscopy (ESGE) Hemoglobin 70-90 g/L

United Kingdom practice guideline Hemoglobin 70-80 g/L
Baveno VI consensus Hemoglobin 70-80 g/L
American Association for the Study of Liver Diseases practice Hemoglobin <70 g/L
guidance

Table 1. Current recommendations from guideline and consensus regarding red blood cell transfusion.

not establish any strong recommendations regarding restrictive red blood cell transfusion
in individual patients with variceal bleeding or nonvariceal UGIB. Additionally, in clinical
practice, not all clinicians completely fulfilled a restrictive red blood cell transfusion strategy.
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