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Stored Packed Red Blood Cell Transfusion Up-regulates
Inflammatory Gene Expression in Circulating Leukocytes
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Summary Background Data: The transfusion of more than 6 units
of packed red blood cells (PRBCs) within the first 12 hours of injury
is the strongest independent predictor of multiple organ failure
(MOF). This suggests that stored blood contains bioactive factors
that may modify the immunoinflammatory response.

Methods: To simulate postinjury major transfusions ex vivo, we
obtained whole blood from 4 healthy adults and divided it into four
7-mL groups (I-1V). Group I was not diluted. Group Il had 7 mL of
0.9% sterile saline (SS) added. Group III received 3.5 mL each of
leuko-reduced stored PRBC and SS (simulating a major transfu-
sion). Group IV received 3.5 mL each of SS and a hemoglobin-
based oxygen carrier (PolyHeme) to evaluate the effects of hemo-
globin alone. The hemoglobin content in groups III and IV was
measured to be equal. Total leukocyte RNA was purified, and its
gene array profiles were obtained.

Results: Of the 56,475 oligonucleotide probe sets interrogated, 415
were statistically different (P < 0.001). Fourteen of the 415 probe
sets were inflammatory-related. The PRBC group had a significantly
different expression profile compared with the others and included
up-regulation of the interleukin-8, toll-like receptor 4, cryropyrin,
prostaglandin-endoperoxide synthase-2, and heparinase genes.
Conclusions: PRBCs activate inflammatory genes in circulating
leukocytes, which may be central to the pathogenesis of the adverse
inflammatory responses that lead to postinjury MOF.
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Restoring oxygen delivery to ischemic organs after hem-
orrhagic shock is a fundamental goal of postinjury
resuscitation. Currently, crystalloid resuscitation followed
by transfusion of packed red blood cells (PRBCs) remains
the standard of care; however, stored PRBC transfusion is
not without adverse consequences. Allogenic blood trans-
fusion for hemorrhagic shock has been linked to increased
infection rates,' and recent clinical studies indicate that the
volume and timing of blood transfusion can increase the
recipient’s risk for developing postinjury multiple organ
failure (MOF): specifically, transfusion of greater than 6
units of PRBC in the first 12 hours postinjury has been
shown to be an independent risk factor for MOF, irrespec-
tive of the severity.>® The precise mechanisms in the
pathogenesis of MOF remain unclear, and identification of
these risk factors suggests that blood transfusion delivers
an incremental insult contributing to a dysregulated sys-
temic inflammatory response.*

Although it is known that stored red blood cells
progressively change in size and shape with age,® in vitro
and clinical studies have offered greater insight into the
proinflammatory effects of blood transfusion. Several bio-
active substances accumulate with blood storage, including
cytokines and proinflammatory lipids.”® Others have
shown that there are extractable agents found in PRBC that
can directly cause increased lung leak.'® Although remov-
ing leukocytes from stored PRBCs can reduce cytokine
accumulation, proinflammatory lipids remain unfiltered.
Furthermore, clinical studies demonstrate that despite leu-
koreduction, patients continue to experience adverse out-
comes associated with transfusion.!' !¢ Conversely, avoid-
ing PRBCs with the use of acellular hemoglobin-based
oxygen carriers (HBOCs) to resuscitate severely injured
patients is associated with a significantly lower systemic
inflammatory response.!” In sum, it would seem that the
predominant mechanism for the proinflammatory effect of
PRBC transfusion lies in the interplay between the bioac-
tive substances found in stored blood and the body’s
immune cells. Therefore, we think it is important to better
understand how PRBCs affect the recipient’s immune
system, particularly in trauma where large-volume blood
transfusions are common.

In this study, we simulate major postinjury transfusion
ex vivo and investigate the effect of PRBCs on circulating
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leukocyte gene expression. We hypothesize that PRBC trans-
fusion induces inflammatory gene expression.

METHODS

All volunteers were informed of the risks and benefits
of venipuncture and blood sampling, and were allowed to
withdrawal from the procedure at any time. They were
informed that their personal information would be de-identi-
fied, and that their identity would not be revealed in any
publication.

After obtaining institutional review board approval and
informed consent, we obtained 30 mL of blood utilizing a
sterile technique from 4 healthy adult donors (designated
“A)” “B”, “C,” and “D”) via venipuncture. Each donor’s
blood was anticoagulated with 1 mL of heparin and divided
into four 7-mL aliquots to make up 4 separate groups (I-1V).
Group I (control) consisted only of the donor’s whole blood
and served as undiluted controls. Group II (NS) was diluted
with an equal volume (7 mL) of 0.9% sterile saline for
injection, USP (Baxter Healthcare, Deerfield, IL). Group III
(PRBC) samples were diluted with 3.5 mL of stored O
negative PRBC and 3.5 mL of 0.9% saline (to simulate
massive transfusion). We obtained PRBCs that, at day 42 of
storage, had been leuko-reduced 1 day prior to use (on day
41). The fourth (IV) group (HBOC) was diluted with 7 mL of
the HBOC, PolyHeme (Northfield Laboratories, Evanston,
IL). PolyHeme is a human polymerized hemoglobin solution
with a hemoglobin concentration of 10 g/dL and was used in
this study to evaluate the effect of an oxygen-carrying red cell

FIGURE 1. The gene expression

substitute devoid of the cytokines and cellular constituents
found in stored PRBCs. The total amount of hemoglobin
added in the PRBC and HBOC groups was equivalent and
intended to simulate the volume that would be contributed
from transfusing 6 units of PRBC or HBOC. We extrapolated
this ratio of volumes based on our previous clinical trial,
which showed that 4.4 units of HBOC transfusion contributed
40% of the total circulating hemoglobin in severely injured
patients.'® Each sample was incubated at 37°C in a 5% CO,
incubator for 30 minutes and then total leukocyte RNA was
extracted and purified using RNEasy mini-prep columns
(Qiagen Inc., Valencia, CA). The purity of each extraction
and the quality of the total RNA were determined (Agilent
Bioanalzyer, Foster City, CA). Each RNA sample was then
probed using the gene chip array: Human Genome U133+2.0
(Affymetrix Inc., Santa Clara, CA).'"> Analyses of the probe
sets were conducted using Affymetrix Net Analysis software
(Affymetrix NetAffix Analysis Center, www.affymetrix.com).

RESULTS

Of the 56,475 oligonucleotide probe sets interrogated in
the Human Genome U133+2.0 array, 415 probes were sta-
tistically different among the groups (P < 0.001). Cluster
analysis of these 415 probes determined the hierarchical
relationship among the 4 different groups based on each
sample’s gene expression profile (Fig. 1). The overall gene
expression profile of the samples treated with the PRBC (III)
was the most different compared with the other 3 groups (I,
IL, IV). In relationship to the control group (I), the NS group

profile for each sample is shown by ) A-1v _
the hybridization intensities for the Group I: Control ol
415 significant probe sets. The top Group II: NS -1
portion of the figure summarizes Group IV: HBOC =
the 2 groups separately found to e
have similar gene expression clus- A=l
tering. The dendrogram shows that B-1Vv
stored PRBC (lll) samples expressed S
a statistically significantly different

gene expression profile compared

with controls (group 1), normal sa- -1
line (NS, group II), or the hemoglo- Group II: i
bin based oxygen carrier (HBOC, stored pRBCs -1

group V). Thus, it represented in a

separate hierarchical cluster and ad-
ditional inter-relationships among
each samples based on their gene
expression profile is shown. Each de-
gree of branch separation indicates
relative intersample differences. The
lower portion demonstrates the raw,
individual sample data depicted
along the y-axis. Signal intensities
were translated into color codes
ranging from —3.0 to 3.0 standard
deviation relative change. Increas-
ingly positive or negative gene ex-
pression is noted by increasingly red
or green intensity, respectively.
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(IT) had the closest gene expression profile, whereas the gene
expression profile in the HBOC (IV) samples was found to be
intermediate.

The gene ontology (GO) database was used to query for
inflammatory-related probe sets (Gene Ontology ID # 6954),
which were among the 415 significant probes identified in
this study. This database provides an interface to classify the
different probes on the Affymetrix genechip array to various
gene classifications. Fourteen of the 415 probe sets were
classified as oligonucleotide probes specific for 11 inflamma-
tory-related genes as depicted in Figure 2. Comparison of the
14 mean probe intensities from the stored PRBC group (III)
to the control group (I) indicated that stored PRBCs increased
10 of these 11 inflammatory genes in the leukocytes (Fig. 2);
the exception was apolipoprotein L gene expression (oligo-
nucleotide probe 221087_s_at), which was reduced by
PRBCs (III) compared with the control (I) group.

Comparison of the gene expression intensities among
the different treatment groups within each donor is shown in
Figure 3. PRBCs (III) generated the greatest inflammatory

Probe Set ID Gene Title
prostaglandin-endoperoxide synthase
1554997 _a_at, 2
204748 _at PTGS2)
202859 _x_at; Interleukin 8 2
211506_s_at aLs) Wy
5e
202877_s_at complement component E 'g
(C1QR1) =
<
207075_at cold autoinflammatory syndrome 1 o
(CIASD %S
NG
209189 _at v-fos FBI murine osteosarcoma viral g E
oncogene homolog 9> [
FOS) 2%
£x
209545_s_at receptor-interacting serine-threonine 2 °
kinase 2 2
(RIPK2)
209774 _x_at chemokine (C-X-C motif) ligand 2
(CXCL2)
212501 _at CCAAT/enhancer binding protein
(C/EBP), beta
(CEPBP)
221087_s_at apolipoproteinL, 3
(APOL3)
222881 _at Heparanase
(HPSE)
224341_x_at; toll-like receptor 4
232068 _s_at (TLR4)

effect on each donor’s circulating leukocytes. Furthermore,
except for the IL-8 gene expression levels in donor D, stored
blood had a greater proinflammatory effect compared with
the HBOC group (IV) in all samples.

DISCUSSION

We find, in this ex vivo study simulating the effects of
major blood transfusion on circulating leukocytes, that
PRBCs alone stimulate inflammatory gene expression. These
results affirm our recent finding that stored blood stimulates
IL-8 gene expression in neutrophils.?® IL-8 is a well-known
inflammatory chemokine that is produced by a variety of cells
in response to tissue damage and is potent mediator of
neutrophil priming and chemotaxis as well as hematopoietic
stem cell mobilization.?'** Previously, we reported that cir-
culating levels of IL-8 were significantly elevated in injured
patients who received stored PRBCs compared with those
who were resuscitated with a HBOC (ie, PolyHeme).!” Our
current finding of increased IL-8 gene expression in circulat-
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FIGURE 2. The table lists the 14 probes among the 415 significant probes that are specific to 11 inflammatory related genes;
designated abbreviations for each gene are listed. Mean gene expression intensities for the 14 inflammatory related probes
are shown graphically for the control (I) and the stored PRBC (lll) groups. Overall, stored PRBCs (lIl) evoke a larger proinflam-

matory response compared with controls ().
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FIGURE 3. Normalized log-transformed median-centered gene expressions for significant inflammatory related genes are
graphed for each donor (A-D). The y-axis depicts log, gene expression signal values ranging from —3.0 to 3.0 magnitudes
and the x-axis shows the 4 different treatment groups bracketed by each inflammatory gene (designated abbreviations listed
in the Fig 2. table). Intradonor comparisons show that the PRBC group (Ill) collectively induced greater proinflammatory gene

expression levels than the other 3 groups.

ing leukocytes suggests that these leukocytes may be an
important source for the elevated IL-8 plasma levels associ-
ated with PRBC transfusion.

Additionally, the spectrum of inflammatory genes in-
duced by the PRBC group indicates a broader inflammatory
effect by blood transfusion. Several of these inflammatory-
related genes are associated with nuclear-factor kappa B
(NF-kB) activation, an important transcriptional promoter of
cellular inflammation. Expression of both the toll-like recep-
tor 4 (TLR4) gene and the receptor-interacting serine-threo-
nine kinase 2 (RIPK2) gene was up-regulated by PRBCs and
has an essential role in activating the NF-«kB pathway in
different leukocyte subtypes.>*® The PRBC-induced eleva-
tion of cold autoinflammatory syndrome 1 (also known as
cryopyrin or CAIS1) mRNA is also consistent with recent
findings that this protein is critical for the activation of
caspase-1 and subsequent release of IL-1¢, IL-13, and IL-18
in macrophages.?”*®

Conversely, the apolipoprotein (APOL3) gene expres-
sion was decreased in the PRBC group in comparison with
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the control group; inhibition of the gene expression of mem-
bers of the apolipoprotein family has been associated with
increased NF-«B activation.?

Two other inflammatory-related genes up-regulated by
the PRBC group are notable: prostaglandin-endoperoxide
synthase 2 (PTGS2) and heparinase (HPSE). PTGS2, known
more commonly as the inducible isoform of the cyclooxy-
genase enzyme (COX-2), promotes synthesis of pro-inflam-
matory prostaglandins.>® HPSE is an endoglycosidase that
can be released extracellularly.*'** HPSE has been shown to
have an important role in inflammation and tissue injury by
degrading the extracellular tissue matrix; this facilitates trans-
migration of circulating immune cells and their sequestration
in tissue.*’

Identification of the mediator(s) in stored blood respon-
sible for the deleterious proinflammatory effects of transfu-
sions remains incompletely understood. In this study,
poststorage leukoreduction of the PRBCs was performed to
remove leukocytes in the stored blood. Although leukoreduc-
tion reduces levels of cytokines in stored blood, adverse
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transfusion-related outcomes continue to occur.”%131%3% Our

previous work suggests that the culprit agents may be lipid
mediators generated from the cellular components of stored
red blood cells.” This is supported by our findings that the
acellular, lipid-free HBOC group provoked less inflammatory
gene expression levels compared with the PRBC group. Our
results imply that stored, leuko-reduced blood causes an
undesirable inflammatory stimulus (independent of its in-
tended oxygen carrying role) and that HBOCs may be pref-
erable for improving the oxygen debt after severe injuries.

Even though microarray analyses can detect mRNAs
present at levels as low as 1 transcript in 100,000, biologic
variation remains an important consideration in extrapolating
information from this study.'®> Of particular note, individ-
ual donor variation of expression levels for the same inflam-
matory-related gene occurred within the same group (Fig. 3).
Variability of gene expression profiles in human blood has
recently been published, and these authors found that gene
profiles differed based on the relative proportion of circulat-
ing leukocyte subsets present; furthermore, gene expression
varied with age, gender, and the time of day blood was drawn
from their donors.*® All 4 donors in this study were appar-
ently healthy, had white blood cell differentials that were
within normal distribution, but did differ in age, ethnicity,
and gender. Severely injured patients have shifts in their
leukocyte distribution and frequently have dramatic hemody-
namic, endocrine, and metabolic derangements that necessar-
ily need to be considered when comparing their gene expres-
sion profiles to healthy individuals. Nevertheless, this study is
among the first to our knowledge to show that PRBC trans-
fusion directly alters leukocyte gene expression and that
HBOCs may be less inflammatory.

A potential flaw in our study design is that there may be
contamination in the PRBCs by unfiltered leukocytes. How-
ever, it has been well demonstrated that there is no detectable
DNA in leuko-reduced PRBCs, even after purposeful centrif-
ugation to increase this yield. In addition, there was no
detectable foreign DNA in the postmortem analysis of pa-
tients that had received over 60 units of blood (complete
circulatory replacement) prior to death.’

While we only focused on the inflammatory-related
genes, the overall number of significantly expressed genes
that differed among the 4 treatment groups was over 400
(P < 0.001). Thus, further studies to elucidate the profound
effect of blood transfusion on the trauma recipient’s immune
cells are warranted. Hopefully, expanding our understanding
of the immunomodulatory effects of both stored blood and
HBOCs will lead to more selective and prudent use of blood
transfusion.
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