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S econdary infection is an important source of morbidity and
mortality after severe traumatic injury, affecting up to 27%

of patients requiring intensive care unit (ICU) level care and
up to 34% of wounded military personnel.1–5 This high-infection
burden highlights a need to understand posttrauma derangements
in inflammation and immune function. Although severe trau-
matic injury induces a recognizable systemic inflammatory
response, it is increasingly apparent that this inflammatory
response is accompanied by a concurrent and significant immune
suppression.6–12 In fact, both elevated markers of inflammation
and measures of immune suppression are associated with ad-
verse outcomes including nosocomial infection and mortality
posttrauma.6,11,13,14 Mechanisms of trauma-induced immune
dysregulation are complex, multifactorial, and are likely influ-
enced by blood product transfusion. Blood product transfusion,
although undoubtedly a lifesaving therapy for hemorrhagic
shock, is nonetheless independently associatedwith nosocomial in-
fection and mortality in traumatically injured patients—suggesting
immunosuppressive effects of transfusion.15–19 Preclinical models
likewise reveal that various blood products used for transfusion
interact with and have the ability to significantly alter immune cell
function.20 Understanding the potential contribution of blood prod-
uct transfusion to perpetuation of immune dysregulation after
severe traumatic injury remains an important step to enhancing
transfusion safety in this highly vulnerable population.

The Immunologic Response to Trauma
It has long been recognized that severe traumatic injury is

accompanied by an overwhelming inflammatory response
which manifests as signs and symptoms commonly seen at the
bedside including shock, capillary leak, tachycardia, and organ
dysfunction. However, as early as the 1980s, the concept of a
dysregulated inflammatory response to severe traumatic injury
emerged, which includes not only systemic inflammation but
also an early compensatory anti-inflammatory response which

is severe enough to cause significant acquired immune
suppression.6–11,21 Evidence of clinically relevant immune
suppression after severe trauma can be inferred from high rates
of nosocomial infection in trauma patients.1–5 The susceptibility
to microchimerism after transfusion in trauma provides addi-
tional evidence in support of posttrauma immune dysregulation,
as the ability of donor white blood cells to engraft in a recipient
is indicative of significant immune suppression.22 Although
transfusion-associated microchimerism may occur in other im-
munosuppressed patient populations, including other critically
ill patient populations, this has not been well studied.23 Simi-
larly, whether leukoreduced red blood cells (RBCs) are associ-
ated with posttransfusion microchimerism is unclear, because
existing reports provide conflicting evidence.23,24

Posttrauma immune suppression can be directly measured
by quantifying circulating concentrations of anti-inflammatory
mediators, quantifying ex vivo immune cell function, or by eval-
uating immune cell subsets or antigen presentation capacity by
flow cytometry. Using these measures, both innate and adaptive
immune suppressions have been commonly demonstrated after
severe traumatic injury and are consistently associated with in-
creased risks of nosocomial infection and/or mortality.14,25–29

Importantly, immunomodulatory therapies aimed at restoring
immune cell function may mitigate infection risk suggesting a
causal link between posttrauma immune suppression and
adverse outcomes.30

Mechanisms of posttrauma immune dysregulation are
likely complex, driven by both proinflammatory and immuno-
suppressive mediators (Fig. 1). The complexity of the immuno-
logic response to trauma is illustrated by recent transcriptomic
analysis of leukocytes drawn from 167 traumatically injured
adults which revealed over 5,000 genes with altered expression
after severe blunt trauma.31 Consistent with a mixed phenotype
of immune dysregulation, early postinjury transcriptional changes
included upregulated innate immunity pathways with simulta-
neously downregulated pathways involved in cellular immunity
and antigen presentation. Although it is tempting to consider in-
flammation and immune suppression as distinct (or even diamet-
rically opposed) phenomenon, these findings highlight the fact
that inflammation and immune suppression are closely related
to each other. Indeed, the magnitude of the initial inflammatory
response can predict the magnitude of posttrauma immune
suppression. Consequently, prompt resuscitation and shock
reversal, by mitigating inflammation, may lessen the severity
of posttrauma immune suppression. Although the magnitude
of immune dysregulation is certainly important, the duration
of the response also relates to adverse outcomes.14,31,32

Factors related to perpetuation of dysregulated immunity
posttrauma are not well understood, though they likely
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include treatments received in the ICU including blood prod-
uct transfusion.

Defining Transfusion-Related Immunomodulation
in Trauma

Trauma-related immune dysregulation is likely multifac-
torial, and transfusion is likely but one piece of a multicausal
mechanism. In fact, it may be that the immunologic effects of
transfusion are small compared with the effects of trauma itself.
However, blood product transfusion represents a potentially
modifiable mechanism. As such, understanding any additive im-
munologic effects of transfusion in the setting of critical trauma
remains paramount.

The fact that transfused blood products are capable of
altering immune cell function is certain. However, dissecting the
clinical effects of traumatic injury versus those of transfusion-
related immunomodulation remains elusive. Understanding clini-
cal outcomes related to immunologic effects of transfusion is
challenging due to the underlying complexities of individual
blood products, individual patient characteristics, and highly
dynamic changes in immune function resulting from trauma
alone. In this context, it is likely that blood product transfusion
exerts both inflammatory and immunosuppressive effects, the
clinical relevance of which may depend on the recipient’s un-
derlying states of inflammation and immune competence. For
instance, one would expect that a patient who is suffering
from more profound posttrauma immune suppression would
be much more susceptible to any additive immunosuppressive
effects of a given blood product transfusion compared with a

patient with intact immune function. However, because this
form of immune suppression is rarely diagnosed at the bed-
side, prospective studies to date have been unable to account
for baseline differences in immune function among subjects.
Further complicating the issue are differences in blood prod-
uct donor characteristics, manufacturing, and storage condi-
tions which have been shown to significantly alter potential
mediators of transfusion-related immunomodulation but are
rarely quantified in the context of clinical study. As such,
many questions remain.

To date, clinical evaluations of immunologic effects of
transfusion have been limited to observational studies. Unfortu-
nately, causal inferences from observational studies are limited
by confounding by indication and it is likely that interventional
transfusion trials which include longitudinal assessments of
immune function will ultimately be necessary to unpack immu-
nologic effects of transfusion from those of underlying injury.
However, preclinical and observational studies may still be nec-
essary to identify which specific blood product-related and
patient-related risk factors might confer greatest risk to best
inform future prospective clinical study.

Trauma and Blood Product Transfusion
Blood product transfusion is common in patients admitted

to the ICU after trauma, ranging from 25% to 67% among pub-
lished reports.16,33–35 For many patients, the bulk of the transfu-
sion burden is within 24 hours postinjury—a time at which the
immune system is highly engaged and in flux.35 Although early
blood product transfusion is essential in the case of life-threatening

Figure 1. Critical trauma is characterized by both a systemic inflammatory response syndrome (SIRS) and a compensatory
anti-inflammatory response syndrome (CARS). Hallmarks of the SIRS response include: high levels of circulating proinflammatory
cytokines (i.e., IL-6, IL-8), fever, capillary leak, and early organ dysfunction. The compensatory anti-inflammatory response is typified by
high levels of circulating anti-inflammatory mediators (i.e. IL-10, IL-1RA), and suppressed ex vivo cytokine production capacity, antigen
presentation capacity, and cellular immunity. SIRS andCARS responses that aremodest, well balanced, and short lived lead to a return to
immunologic homeostasis and uncomplicated recovery from trauma (dashed line). By contrast, exaggerated and/or prolonged
SIRS/CARS responses are associated with adverse outcomes including late organ dysfunction, nosocomial infection, and death.

J Trauma Acute Care Surg
Volume 82, Number 6, Supplement 1 Shah et al.

© 2017 Wolters Kluwer Health, Inc. All rights reserved. S51



hemorrhage, blood product transfusion is also associated with
adverse outcomes, including nosocomial infection, organ dys-
function, and mortality.16–19,33,36 Certainly, a proportion of ex-
cess risk observed in transfused trauma patients reflects greater
severity of injury among those transfused. However, it is also
likely that transfused blood products confer some harm.
Transfusion-related harm can be inferred from the fact that re-
lationships between blood product transfusion and adverse
outcomes persist after controlling for baseline differences.
Additionally, randomized controlled trials across various diag-
noses which compare restrictive to liberal transfusion strategies
consistently identify no benefit to liberal transfusion.37–41

Further, when combined, these randomized controlled trials
suggest increased risk of nosocomial infection among those
liberally transfused.42 Among traumatically injured patients, after
controlling for injury severity, blood product transfusion is indepen-
dently associated with increased risks for ventilator-associated
pneumonia, blood stream infections, sepsis, multiple organ dys-
function, and mortality.16–19,33,36 Taken together, these data sug-
gest that blood product transfusion may importantly contribute
to postinjury immune dysregulation.

Red Blood Cell Transfusion and Immune Function
in Trauma

A number of preclinical studies demonstrate direct effects
of blood products on immune cell function, with most models to
date focusing on stored red blood cells. Overall, RBC products
exhibit both proinflammatory and immunosuppressive effects
depending on products evaluated and model systems used.20

With respect to trauma, animal models of transfusion after
traumatic injury similarly indicate mixed immunomodulatory
effects. Inflammatory effects of RBC transfusion observed in
murine hemorrhagic shock models include neutrophil activation
and elevated inflammatory cytokine production, which may be
influenced by RBC storage duration.43–45 By contrast, transfu-
sion with older stored RBC resulted in depressed macrophage

phagocytic function and impaired bacterial clearance in a mu-
rine multiple injuries model.46 Although these preclinical
models have the advantage of experimentally separating immu-
nomodulatory effects of transfusion from those of trauma, it is
unclear whether findings translate to humans owing to known
differences in innate immune responses between humans and
mice.47 Additionally, each of these models used non-leukoreduced
red cell products, which limits the ability to translate their find-
ings in settings where prestorage leukoreduced RBC units are
transfused. Notably, a canine model of hemorrhagic shock and
transfusion with leukoreduced RBC units suggested that
42-day-old RBC may be advantageous to very fresh RBC,
resulting in more favorable hemodynamics, lower C-reactive
protein, and a trend toward improved survival.48 In vitro transfu-
sion models confirm immunomodulatory potential of stored red
blood cell products on human immune cells, with effects includ-
ing neutrophil priming and activation, lymphocyte suppression,
monocyte suppression, and altered cytokine production.49–55

Clinical studies evaluating immune function in critically
injured, transfused patients similarly reveal mixed results (Table 1).
A few studies have evaluated circulating plasma cytokines in the
settings of trauma and transfusion. On the proinflammatory
side, Lee et al.59 evaluated plasma cytokines and chemokines
in 55 adults after severe trauma and shock. On multivariable
analyses, blood product transfusion was independently associated
with persistently elevated plasma concentrations of the neutrophil
chemoattractant, CXCL8 (interleukin [IL]-8). Unfortunately it
is difficult to tell if this cytokine response was related to the
RBC transfusion or to the severity of injury requiring transfusion,
and it should be noted that the evaluated RBC products were
non-leukoreduced which could have accounted for the more
proinflammatory phenotype observed.

Jackman et al.44 measured 41 plasma cytokines, chemokines,
and inflammatory markers over multiple time points in 56 criti-
cally injured adults. Consistent with a mixed inflammatory and
immunosuppressive state of immune dysregulation, trauma

TABLE 1. Observational Studies Evaluating Markers of Inflammation and Immune Function in Transfused Critically Injured Patients

Year Population n Blood Product(s) Findings Storage Effect Reference

Immunosuppressive effects

2015 Adult trauma 112 LR RBC Early RBC transfusion independently associated with
higher IL-10 and lower TNFα, IFNγ gene expression

Not evaluated (56)

2014 Pediatric trauma 29 LR RBC Suppressed monocyte function over time
in pts transfused older vs fresher RBC

Yes (14)

2015 Adult trauma 64 LR RBC Decreased IL-12, IL-23, RORγt gene
expression with older RBC

Yes (57)

Inflammatory effects

2012 Adult trauma 37 Massive transfusion
(>10 units RBC)

Increased p38 MAP kinase and c-Jun
activation in massively transfused patients

Not evaluated (58)

2012 Adult trauma 88 Non LR RBC Transfusion independently associated
with persistently elevated plasma IL-8

Not evaluated (59)

Mixed effects

2012 Adult trauma 56 LR RBC Transfusion with 1–4 RBC units
associated with mixed cytokine response.
Transfusion with >4 RBC units associated with
higher plasma IL-6, MMP-9, VEGF compared with
smaller volume transfusion

Not evaluated (44)

LR, leukocyte reduced; INF, interferon; MAP kinase, mitogen-activated protein kinase; MMP, matrix metalloproteinase; VEGF, vascular endothelial growth factor.
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patients exhibited significant alterations in multiple inflamma-
tory markers over time with early responses largely characteris-
tic of immune suppression followed by later induction of wound
healing pathways. In this context, RBC transfusion was also as-
sociated with a mixed cytokine response including elevated
levels of some inflammatory mediators and lower concentra-
tions of others. Again, owing to the observational nature of the
study, it is challenging to ascertain changes related to transfusion
itself versus the underlying severity of injury and indication for
transfusion. Consequently, a murine model of hemorrhage and
transfusion evaluating similar targets was used to try to separate
effects of transfusion from underlying trauma. In these models,
fresh non–LR RBC transfusion was associated with early blunted
release of both proinflammatory IL-6 and anti-inflammatory
IL-10. Transfusion was also associated with exacerbations of
trauma-induced alterations in plasma MCP-1, IL-1α, IL-5,
IL-15, and sE-selectin concentrations. Taken together, these data
indicate that the immunologic response to trauma is complex
and dynamically changes over time, and that blood product trans-
fusion may indeed impact immunologic responses to trauma.

Additional observational studies of trauma patients have
observed immune suppression associated with RBCs of greater
storage duration. In studies of transcriptional profiles among
transfused trauma patients, transfusion with older stored RBCs
is associated with immunosuppressive gene expression.56,57

Similarly when evaluating ex vivo innate immune cell function
in transfused pediatric trauma patients, longer RBC storage du-
ration was associated with more prolonged innate immune sup-
pression.14 Immunosuppressive effects of older stored RBCs
have also been inferred based on numerous observational studies
noting higher rates of adverse effects including nosocomial
infection associated with longer RBC storage durations.60–63

Although these findings stand in stark contrast to results of
recent randomized controlled trials evaluating fresh vs. standard
issue RBC, trauma patients represent a minority of subjects
included in these trials—perhaps due to the fact that traumati-
cally injured patients are often transfused early, including in
the emergency department or prehospital setting, thus excluding
them from many prospective studies to date.64–66 Given the sig-
nificant early alterations in immune function (within the first
24 hours posttrauma) it might be expected that transfusion dur-
ing this time period may have the greatest impact on immune
dysregulation, though these early transfusions have yet to be
fully evaluated in prospective study. It is also important to note
that differences in RBC product processing, storage solutions,
and donor characteristics may have very different impacts
on immunomodulatory potential. In fact, comparisons of RBC
products across manufacturing methods reveal significantly dif-
ferent concentrations of potential immunomodulatory mediators
including residual platelets, leukocytes, and microparticles.67–70

RBC manufacturing differences have also been linked to differ-
ences in recipient outcomes.71 Interactions between donor char-
acteristics, product manufacturing, and storage have yet to be
fully evaluated in the context of trauma and transfusion-related
immunomodulation.

Platelet Transfusion and Immune Function
Less is known about immunomodulatory effects of plate-

let transfusion in trauma patients. However, platelets themselves

are increasingly recognized as playing important roles in modu-
lating innate inflammatory responses.72–74 Similarly, platelet-
derived microparticles found within platelet products have been
found to induce both immune cell suppression and activa-
tion.75,76 It is likely that the balance of these effects on clinical
outcomes will depend on the context in which platelets are
transfused such that some patients may be more susceptible to
inflammatory versus immunosuppressive effects. In the context
of transfusion, it is also important to consider that differentially
processed platelet products may have very different immuno-
modulatory properties. For instance, in an in vitro model,
peripheral blood mononuclear cells exposed to Mirasol patho-
gen reduced platelets then stimulated with lipopolysaccharide
produced significantly more inflammatory interleukin-8 and
less soluble CD62P compared to peripheral blood mononuclear
cells exposed to untreated platelets.77 In a separate study, whole
blood exposed to INTERCEPT-treated platelets produced
significantly less tumor necrosis factor (TNF)α after lipopoly-
saccharide stimulation compared to untreated platelet exposure,
suggesting immune suppression related to INTERCEPT patho-
gen reduced platelets. In the same study, neutrophil priming ac-
tivity increased as platelet storage time increased for both
INTERCEPT-treated and non-treated platelets.78 Taken to-
gether, these data suggest that important differences exist across
platelet storage and processing methods, though clinical effects
related to differential immunonmodulatory capacity across
platelet products have yet to be fully evaluated.

Plasma Transfusion and Immune Function
Plasma transfusion is a vital part of damage-control resus-

citation and is increasingly used to support combat casualties,
with over 90,000 units transfused between 2001 and 2011.79

Overall in the United States, nearly 4 million units of plasma
are transfused annually. Yet, fresh frozen plasma transfusion is
independently associated with adverse outcomes.80,81 Mecha-
nisms of adverse effects of plasma transfusion are unclear but
may have an immunologic basis. Although proinflammatory ef-
fects of plasma transfusion, including febrile nonhemolytic
transfusion reactions and transfusion-related acute lung injury,
declined substantially in recent years after adopting male-only
plasma donor strategies, fresh-frozen plasma transfusion
remains an important risk factor for the development of second-
ary infection.81 This suggests that plasma transfusion may be
immunosuppressive. However, the direct impact of plasma
products on immune cell function is unclear. In a single study,
whole blood exposed to fresh frozen plasma resulted in de-
creased LPS-induced TNFα production in vitro.82 Similarly, a
limited number of reports suggest that plasma may suppress
T cell function and promote T cell apoptotic death.83 These find-
ings support the hypothesis that fresh frozen plasma may induce
both innate and adaptive immune suppression, at least in vitro.
Importantly, as is the casewith both RBC products and platelets,
differences in plasma product processing likely influence immu-
nomodulatory potential. For example, solvent detergent treated
plasma has been shown to contain significantly fewer micropar-
ticles and residual cells compared with fresh frozen plasma,
whereas liquid plasma contains greater platelet-derived micro-
particles.84 These differences in concentration of potential im-
munomodulatory mediators may in part explain decreases in
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rates of transfusion-related lung injury associated with the use of
solvent-detergent plasma products in Europe—supporting a hy-
pothesis that solvent-detergent treated plasma may be less im-
munomodulatory.85 However, direct immunomodulatory
potential of plasma products across processing methods
has not been previously evaluated. Similarly, immunologic
effects of various plasma products in transfused, critically
injured patients remain unknown.

Although different RBC, platelet, and plasma products
undoubtedly have different immunomodulatory potential,
understanding the impact of individual blood products in the
multiply transfused remains a challenge. Observational studies
are often ill-equipped to tackle this challenge due to a high
potential for indication bias. Future study, guided by preclin-
ical models, is necessary to unpack relative immunomodula-
tory effects of RBC, platelet, and plasma products.

In summary, traumatic shock results in profound inflam-
mation and immune suppression which are associated with ele-
vated risks of secondary infection, organ dysfunction, and
mortality. At the same time, the blood products used to reverse
shock and coagulopathy are also associated with risks of im-
mune dysfunction and worse outcomes. This conundrum may
be able to be solved with development of less immunomodula-
tory blood products and enhanced methods to immunologically
phenotype patients to ultimately guide goal-directed immuno-
modulatory and transfusion therapies. For example, a multicen-
ter clinical trial of immunophenotype-guided therapy with
GM-CSF to reverse posttrauma immune suppression in children
is currently in progress (NCT01495637). This trial takes advan-
tage of a highly standardized approach to measure innate im-
mune function via ex vivo LPS-induced cytokine production
capacity. In the future, ongoing development of standardized,
feasible assessments of immune function coupled with greater
understanding of the relative immunomodulatory potential of
individual blood products may allow clinicians to better match
individual blood products to individual patients to improve out-
comes after critical trauma.
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