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Background: Transfusion of packed red blood cells (PRBCs) 
saves lives in the neonatal critical care setting and is one of 
the most common interventions in the preterm infant. The 
number and volume of PRBC transfusions are associated with 
several major neonatal morbidities, although a direct causal 
link between transfusion and major neonatal morbidity is still 
to be proven. Transfusion-related immunomodulation (TRIM) 
may underlie these adverse outcomes, yet it has received little 
attention in the high-risk preterm infant.
Methods: One transfusion event was studied in infants 
≤28 wk gestation between 2 and 6 wk postnatal age (n = 28). 
Plasma inflammatory cytokines and markers of endothelial 
activation were measured in the infants before and 2–4 h after 
transfusion, as well as in the donor pack.
Results: Median (range) age at transfusion was 18 (14–39) 
days with the pretransfusion hemoglobin level at 9.8 (7.4–10.2) 
g/dl. Interleukin (IL)-1β (P = 0.01), IL-8 (P = <0.001), tumor necro-
sis factor-α (P = 0.008), and monocyte chemoattractant protein 
(P = 0.01) were increased after transfusion. A similar elevation in 
markers of endothelial activation was seen after transfusion with 
increased plasma macrophage inhibitory factor (P = 0.005) and 
soluble intracellular adhesion molecule-1 (P = <0.001).
Conclusion: Production of inflammatory cytokines and 
immunoactivation of the endothelium observed after the trans-
fusion of PRBCs in the preterm infant may be a manifestation 
of TRIM. The implications of this emerging phenomenon within 
the preterm neonatal population warrant further investigation.

Transfusion of blood products is not benign. In adults, trans-
fusion is an independent predictor of death and is associ-

ated with an increased incidence of multiorgan system failure, 
length of hospital stay, infection risk, and modulation of the 
immune system (1,2). Although the mechanisms underlying 
these associations are yet to be comprehensively character-
ized, a two-hit model of posttransfusion injury has been pro-
posed (3). In the clinical setting of an underlying inflamma-
tory state priming the recipient’s immune system, transfusion 
of packed red blood cells (PRBCs) may trigger immune cell 
activation and related immunomodulation, resulting in frank 

inflammation (4). This transfusion-related immunomodula-
tion (TRIM), encompassing not only adverse proinflamma-
tory and immunosuppressive responses but also the whole 
spectrum of posttransfusion effects on organs and tissues, has 
been proposed to underlie much of the increased transfusion-
associated morbidity and mortality seen in adults (4).

In the neonatal population, there is an increasing awareness 
of the excess morbidity and mortality associated with PRBC 
transfusions (5,6). PRBC transfusions have been implicated 
in the development of problems not encountered in the adult 
population, including chronic lung disease (7), retinopathy 
of prematurity (8), and necrotizing enterocolitis (9,10), with 
the incidence and severity of these conditions correlating with 
the number and volume of PRBC transfusions received (7,8). 
Although it is not known if these associations in the preterm 
infant are manifestations of TRIM, alterations in circulating 
proinflammatory cytokines and endothelial activation have 
been implicated in the pathogenesis of these severe neona-
tal morbidities (11–13). Therefore, we hypothesized that the 
transfusion of PRBCs in the preterm infant would be associ-
ated with increased proinflammatory cytokine production and 
endothelial activation, a likely manifestation of TRIM.

Results
Twenty-eight infants were included in the study; their clinical 
characteristics are defined in Table 1. Detectable levels of inter-
leukin (IL)-5 (0.14 pg/ml), IL-6 (0.03 pg/ml), IL-8 (2.1 pg/ml), 
IL-10 (0.9 pg/ml), IL-13 (2.8 pg/ml), monocyte chemoattractant 
protein-1 (MCP-1) (48.9 pg/ml), and tumor necrosis factor-α 
(TNF-α) (1.1 pg/ml) were present in the supernatant of the PRBC 
transfusion packs, but no correlation between cytokine level and 
age of the transfusion pack was observed. Significant increases in 
plasma IL-1β (P = 0.01), TNF-α (P = 0.008), IL-8 (P = <0.001), 
and MCP-1 (P = 0.01) were observed after transfusion (Figure 1). 
No other significant alterations between pre- and posttransfusion 
plasma cytokines levels were observed. The magnitude of the 
posttransfusion increase in plasma proinflammatory cytokine 
and chemokine levels was not influenced by whether the infants 
were still receiving parenteral nutrition or had reached full enteral 
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feeds before transfusion (IL-1β, P = 0.37; TNF-α, P = 0.09; IL-8, 
P = 0.21; and MCP-1, P = 0.2). Furthermore, no influence of the 
type of enteral milk (exclusive expressed breast milk vs. preterm 
infant formula) was observed (IL-1β, P = 0.16; TNF-α, P = 0.28; 
IL-8, P = 0.23; MCP-1, P = 0.34).

Similarly, soluble intercellular adhesion molecule-1 (sICAM-1, 
64.2 pg/ml), soluble vascular cell adhesion molecule-1 
(sVCAM-1, 45.4 pg/ml), and macrophage inhibitory factor 
(MIF, 11.8 pg/ml) were detectable in the supernatant of the 
PRBC transfusion packs, but again the levels did not demon-
strate a significant relationship with the age of the PRBCs trans-
fused. Following transfusion, MIF (P = 0.005) and sICAM-1 (P 

= <0.001) were significantly increased (Figure 2). Soluble Fas 
and soluble Fas ligand were not detectable in the PRBC super-
natant nor were circulating plasma levels altered by the transfu-
sion of PRBCs. Following transfusion, plasma MIF levels were 
positively correlated with IL-1β (ρ = 0.38 and P = 0.04) but 
not IL-8, TNF-α, or MCP-1, whereas sICAM-1 was positively 
correlated with IL-8 (ρ = 0.33 and P = 0.045) and TNF-α (ρ = 
0.39, P = 0.04). As observed for the proinflammatory cytokines, 
the posttransfusion increase in sICAM and MIF did not differ 
between those infants who were yet to achieve full enteral feeds 
and those fully enterally fed (MIF, P = 0.8; sICAM, P = 0.58) or 
between those exclusively receiving expressed breast milk and 
those receiving preterm infant formula (MIF, P = 0.2; sICAM, 
P = 0.08).

Discussion
This study, investigating alterations in circulating proinflam-
matory cytokine concentration and related downstream path-
ways in response to PRBC transfusion, supports the potential 
for PRBCs to be biologically active in the preterm infant. The 
increases in IL-1β, IL-8, TNF-α, and MCP-1 observed after 
transfusion in convalescing preterm infants correlated with 
increases in markers of endothelial activation, principally 
sICAM-1 and MIF. This proinflammatory reaction may be a 
manifestation of TRIM, not previously reported in the preterm 
infant (14), and may partly explain the association between 
PRBC transfusion and the pathogenesis of several neonatal 
morbidities affecting the brain, lung, and gut.

PRBC transfusion–related immunomodulatory effects 
have been demonstrated both in vitro and in vivo. Direct 
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Figure 1.  Pre- and post-PRBC transfusion plasma (a) IL-1β, (b) IL-8, (c) 
TNF-α, and (d) MCP-1. *P = 0.01, **P = 0.008, †P < 0.001. IL, interleukin; MCP, 
monocyte chemoattractant protein; PRBC, packed red blood cell; TNF, 
tumor necrosis factor.
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Figure 2.  Pre- and post-PRBC transfusion plasma (a) MIF, (b) sICAM, (c) 
tPAI-1, and (d) sVCAM. *P = 0.005, **P < 0.001. MIF, macrophage inhibitory 
factor; PRBC, packed red blood cell; sICAM, soluble intercellular adhesion 
molecule; sVCAM, soluble vascular cell adhesion molecule; tPAI, total 
plasminogen activator inhibitor.

Table 1.  Clinical characteristics of 28 preterm infants ≤28 wk 
gestation at study inception

Characteristic Value

Male, n (%) 13 (46%)

Birth weight, g 789 (380–1,250)

Gestational age, wk 27 (24–28)

Age at transfusion, d 18 (14–39)

SGA, n (%) 7 (25)

Pretransfusion hemoglobin, g/dl 9.8 (7.4–10.2)

Age of transfused PRBCs, d 23 (6–33)

Ventilated, n (%) 12 (43)

Noninvasive ventilation, n (%) 13 (46)

Exclusive expressed breast milk feeds, n (%) 18 (64)

Full enteral feeds prior to transfusion, n (%) 11 (40)

Data are expressed as mean (range) or n (%).

PRBCs, packed red blood cells; SGA, small for gestational age (<10th centile).
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immunomodulatory effects of allogeneic PRBCs include the 
deletion or anergy of cytotoxic T lymphocytes, reduced natu-
ral killer cell activity and T-lymphocyte blastogenesis, altered 
cytokine responses of recipient T cells, a reduction in CD4+ 
cells and decreased ratio of CD4+:CD8+ T cells, and increased 
suppressor T-lymphocyte activity (15). In addition, in vitro 
allogeneic PRBC transfusion appears to have the potential to 
promote polymorphonuclear cell-mediated cytotoxicity and to 
suppress neutrophil locomotion (16) and apoptosis (17).

Our findings of significant increases in proinflammatory 
cytokines after transfusion are in keeping with both in vitro evi-
dence for induction of pro- and anti-inflammatory cytokines 
following PRBC exposure (18,19) and adult in vivo data (20). 
Specifically, PRBC transfusion has been demonstrated to result 
in significant increases in TNF-α (19) and IL-8 (21). We observed 
significant increases in plasma IL-1β, IL-8, TNF-α, and MCP-1. 
Significantly, whereas the posttransfusion increases in IL-1β and 
MCP-1 did not reach the levels observed in infants with known 
inflammatory conditions (12,22), the posttransfusion increases 
observed for TNF-α and IL-8 are comparable with the levels of 
these important proinflammatory cytokines observed in infants 
with significant inflammatory processes in the neonatal period 
such as necrotizing enterocolitis or sepsis (23,24).

The endothelium plays an essential role in facilitating tissue 
response to inflammatory stimuli. Activation of endothelial 
cells during inflammatory responses is typically induced by 
proinflammatory cytokines, such as TNF-α and IL-1β (25), 
resulting in leukocyte recruitment at the sites of cellular dam-
age. The process of leukocyte recruitment occurs through the 
expression of several adhesion molecules and chemokines 
such as MIF, which promotes the expression of endothelial 
P-selectin and arrest of leukocyte rolling (26); sICAM-1, which 
results in leukocyte adhesion (25); and MCP-1 and IL-8, which 
promote leukocyte emigration from the vasculature (27).

Both MIF and sICAM-1 were increased after transfusion. 
MIF, a 12.5-kDa cytokine, is important in the regulation of 
host inflammatory and immune responses. MIF is produced 
and secreted by monocytes/macrophages upon stimulation 
with various proinflammatory stimuli, including cytokines 
such as TNF-α and interferon (28). Recently, MIF was reported 
be acutely raised in preterm infants with necrotizing entero-
colitis (22). The elevated posttransfusion levels observed in the 
current study, higher than baseline levels previously reported 
for preterm infants (22), may represent one manifestation of 
TRIM and contribute to the development of full-scale activa-
tion of the immune system in the predisposed infant.

Soluble ICAM-1 represents a circulating form of ICAM-1 
(CD54) that is constitutively expressed or is inducible on the 
cell surface of various cell lines. The release of sICAM-1 is mod-
ulated by several cytokines including TNF-α, IL-1β, and IL-6, 
with sICAM-1 playing an important role in both innate and 
adaptive immune responses (29). It is involved in the transen-
dothelial migration of leukocytes to the sites of inflammation, 
as well as interactions between antigen-presenting cells and T 
cells, and has been proposed as a reliable marker of general 
endothelial activation in response to an inflammatory stimulus 

(30). Although elevated sICAM-1 has been observed in pre-
term infants with chronic lung disease (31) and blood culture–
positive sepsis (32), the posttransfusion levels observed in the 
current study were significantly lower.

It is generally accepted that “passenger leukocytes” accom-
panying PRBCs in storage are pivotal mediators of TRIM (33). 
Leukodepletion, using standard filtration techniques, removes 
99.9% of leukocytes and has been widely adopted in an attempt 
to minimize TRIM and improve clinical outcomes (34). 
Randomized controlled clinical trials demonstrate that modi-
fications in PRBC processing improve important clinical out-
comes such as inflammatory responses and overall mortality 
(34); however, the effectiveness of this intervention is limited 
by storage-related changes to PRBCs that result in TRIM. In 
vitro, leukodepletion attenuates the IL-1β response induced in 
peripheral blood mononuclear cells following exposure to red 
blood cell supernatant but only partially mitigates the TNF-α 
and IL-6 responses (35). Leukodepletion has also been shown 
to have no effect on the PRBC transfusion-mediated priming 
of neutrophil cytotoxicity (17).

The current data clearly demonstrate a significant residual 
capacity for PRBC transfusion–related immunomodulatory 
effects despite standard PRBC processing and are consistent with 
clinical studies in which leukodepletion has not been definitively 
proven to ameliorate the immune activation effects of PRBC 
transfusion (36). Such effects may be mediated by bioactive sub-
stances such as free hemoglobin, nontransferrin-bound iron, 
and bioactive phospholipids that continue to accumulate over 
time in microparticle and supernatant fractions, even follow-
ing leukoreduction. The release of these potentially hazardous 
bioactive components, collectively termed the storage lesion, is 
known to result in endothelial activation, including upregula-
tion of sICAM-1 (37) and the initiation of a proinflammatory 
state via induction of TNF-α and IL-8 (38); these events would 
be consistent with the observations of the current study.

It is important to acknowledge the limitations of the current 
study. Inflammatory cytokines and markers of endothelial acti-
vation were measured 2–4 h after transfusion, and therefore, it 
is not known whether the increase was sustained or transient. 
Furthermore, the proinflammatory cytokines, chemokines, and 
markers of endothelial activation that were elevated after transfu-
sion were all, with the exception of IL1-β, detectable in the PRBC 
pack supernatant. It could be argued that the posttransfusion 
increases observed in cytokines and markers of endothelial acti-
vation were therefore a result of the transfusate and not second-
ary to TRIM. However, no significant posttransfusion increases 
were observed for IL-5, IL-6, IL-10 IL-13, or sVCAM, all of 
which were present in the PRBC supernatant. In addition, the 
discrepancy between the supernatant levels, all close to the mini-
mum detectable concentrations of pg/ml and the magnitude of 
the increase in circulating cytokines and markers of endothelial 
activation observed in the current study, supports our hypoth-
esis that bioactive components of PRBC transfusions initiate or 
amplify inflammatory processes in the preterm infant.

Although the lack of a control group means these data sug-
gest but cannot prove causality, it would be unethical to either 
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withhold a clinically indicated transfusion or provide a transfu-
sion when not required. Furthermore, this study was not designed 
to determine the incidence of transfusion-related clinical end 
points, such as development of chronic lung disease or retinopa-
thy of prematurity, nor the relationship between observed differ-
ences in circulating cytokines or markers of endothelial activa-
tion and these significant neonatal morbidities.

In summary, our study provides novel data to support the 
existence of TRIM in the preterm infant, which appears to man-
ifest as increased proinflammatory cytokine production and 
endothelial activation. Although blood transfusions save lives in 
the neonatal critical care setting, there is increasing awareness 
that transfusion of blood products is an independent predictor 
of adverse outcome. Furthermore, interventions in blood prod-
uct processing designed to prevent TRIM have not been defini-
tively proven to ameliorate the risk of adverse outcomes asso-
ciated with PRBC transfusion. With infants receiving neonatal 
intensive care among the most frequently transfused patients, 
the mechanisms contributing to TRIM and the potential impli-
cations of this emerging significant clinical problem within the 
preterm neonatal population require urgent investigation.

Materials and Methods
Study Participants
Preterm infants admitted to Neonatal Intensive Care, Women’s and 
Children’s Hospital, Adelaide, Australia, with a gestational age ≤28 wk 
were eligible to be included in the study. Infants identified as requir-
ing a clinically indicated PRBC transfusion between the chronological 
ages of 2 and 6 wk were enrolled following informed parental consent. 
The decision to transfuse was made by the attending consultant neona-
tologist according to a standardized transfusion algorithm. Infants with 
suspected or blood culture–proven sepsis at the time of PRBC transfu-
sion were excluded from the study. The protocol was approved by the 
Women’s and Children’s Hospital Human Research Ethics Committee.

Study Design and Methods
Standard allogeneic, cross-matched, unwashed, and nonirradiated leu-
kodepleted PRBCs were transfused (15 ml/kg) over 3 h via a periph-
eral intravenous cannula, as is standard clinical practice in our unit. 
The median (range) age of transfused red blood cells was 23 (6–33) d. 
Venous or peripheral capillary samples of 0.5 ml were collected imme-
diately before and 2–4 h after transfusion; a 3-ml sample was drawn also 
from the PRBC transfusion pack. Plasma from each specimen was then 
obtained by centrifugation at 3500g before storage at −20 °C.

Each plasma sample was analyzed for cytokine levels (granulocyte 
monocyte colony stimulating factor, interferon-γ, IL-1β, IL-2, IL-4, 
IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, MCP-1, and TNF-α) by 
Milliplex MAP Human Cytokine/Chemokine ELISA (Merck Millipore, 
Billerica, MA). Samples were also analyzed for levels of markers of 
endothelial activation (MIF, total plasminogen activator inhibitor-1, 
soluble Fas, soluble Fas ligand, sICAM-1, and sVCAM-1) by Milliplex 
MAP Human Sepsis/Apoptosis ELISA (Merck Millipore).

Data Analysis
Clinical characteristics and results are presented as mean (range) 
or number (percentage) where appropriate. As the plasma cytokine 
and markers of endothelial activation were not normally distributed, 
the Wilcoxon signed rank test was used to assess differences between 
pre- and posttransfusion levels of inflammatory cytokines and mark-
ers of endothelial activation. Relationships between pack cytokines and 
circulating markers of endothelial activation and age of PRBCs and 
posttransfusion cytokine levels and circulating markers of endothelial 
activation were determined by Spearman’s rank correlation. Data were 
analyzed using the Statistical Package for the Social Sciences (SPSS v18; 

IBM SPSS, Chicago, IL). To adjust for multiple comparisons, the alpha 
level was set at 0.01.
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