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Abstract

BACKGROUND—Trauma and transfusion can both alter immunity, and while transfusions are
common among traumatically injured patients, few studies have examined their combined effects
on immunity.

STUDY DESIGN AND METHODS—We tracked the plasma levels of 41 immunomodulatory
proteins in 56 trauma patients from time of injury up to 1 year later. In addition, a murine model
was developed to distinguish between the effects of transfusion and underlying injury and blood
loss.

RESULTS—Thirty-one of the proteins had a statistically significant change over time after
traumatic injury, with a mixed early response that was predominantly anti-inflammatory followed
by a later increase in proteins involved in wound healing and homeostasis. Results from the
murine model revealed similar cytokine responses to humans. In mice, trauma/hemorrhage caused
early perturbations in a number of the pro- and anti-inflammatory mediators measured, and
transfusion blunted early elevations in IL-6, IL-10, MMP-9, and IFN--y. Transfusion caused or
exacerbated changes in MCP-1, IL-1a, IL-5, IL-15, and soluble E-selectin. Finally, trauma/
hemorrhage alone increased KC and IL-13.

CONCLUSIONS—This work provides a detailed characterization of the major shift in the
immunological environment in response to trauma and transfusion and clarifies which immune
mediators are affected by trauma/hemorrhage and which by transfusion.
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INTRODUCTION

Traumatic injury represents a major health concern, resulting in approximately 2.7 million
hospital admissions each year in the United States.12 Transfusion of allogeneic blood
products is a common intervention following traumatic injury, with about 9% of trauma
patients transfused, and approximately one-third of these given massive transfusions.1:3 As a
result, 9% of RBC units in the US are used in the acute support of traumatically injured
patients.*

Traumatic injury has been shown to be a major immunological event, leading to immune
dysregulation that can contribute to further tissue damage as well as compromise the host’s
ability to fight infection. Severe injury is thought to lead initially to a proinflammatory
response or systemic inflammatory response syndrome (SIRS) which may be important as
part of the normal healing process, but can cause excessive tissue damage and in some cases
contribute to multiple organ failure.>~" This initial proinflammatory state is thought to be
followed by a compensatory anti-inflammatory response syndrome, or CARS, which while
important for controlling inflammation, may also lead to an increased susceptibility to
infection.>=’ This model has recently been questioned as gene expression profiles of trauma
patients suggest that the pro- and anti-inflammatory responses occur simultaneously.®
Human studies of peripheral cytokines after trauma have observed increases in IL-6, 1L-10,
IL-1Ra, and IL-8 at various time-points after injury, while reports of increases in TNF-a and
IL-4 have been inconsistent.9-22 Changes in levels of different antibody isotype levels have
also been reported, with increased IgE and decreased 1gM.22-24 Human ex vivo cellular
assays with peripheral blood from trauma patients have found decreased HLA-DR
expression and increased IL-6 and IL-10 production by monocytes, increased regulatory T
cell activity, and altered T cell effector functions.2>-32 Mouse models of traumatic injury
using various combinations of femur fractures, hemorrhagic shock, laparotomy, or burn (all
under anesthesia) have found increases in serum IL-6, IL-10, and other cytokines, as well as
increased regulatory T cell activity, reduced ex vivo dendritic cell activation, and altered ex
vivo T cell cytokine profiles.33-41 In mouse and rat models of hemorrhage where animals
are anesthetized and bled either a fixed volume or to a fixed reduced blood pressure, short-
term defects in IL-2 production and T cell proliferative capacity have been observed.42-44

Gender and age are also contributing factors to the immune response to trauma. In humans
several studies have found that men have an increased risk of death, sepsis, and multiple
organ dysfunction syndrome compared to women and that this gender difference is age-
dependent.#>-49 Mouse models of trauma utilizing ovariectomised females, castrated males,
and administration of sex hormones show that the gender differences can be overcome by
changing the balance of sex hormones, with androgens suppressing responses to septic
challenges and estrogens enhancing these responses.®0:51

Transfusion of whole blood or blood components is perhaps the most commonly performed
type of allogeneic transplantation and in itself represents a major immunological
intervention. In some contexts, transfusion has been shown to have an immunosuppressive
effect. This immunosuppression can contribute to positive clinical outcomes such as reduced
transplant graft failure, but has also been suggested to increase cancer growth and
susceptibility to infection in some patient populations and animal models.>2-57 In spite of
the immunological consequences of both trauma and transfusion, and the prevalence of
transfusion among injured patients, very few studies have directly examined the combined
effect of traumatic injury and allogeneic transfusion on immunity. Transfusion has been
shown to lead long-term survival of allogeneic donor cells in 10-15% of trauma patients, but
this is not observed in surgical patients receiving transfusions, suggesting that there is some
form of unique immunosuppression occurring with traumatic injury®8. Mouse burn models
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have observed reduced resistance to infection and altered NK cell activity following burn
and transfusion as compared with burn alone,3%9 and a murine model of hemorrhage found
that transfusion modulated the ex vivo cytokine production of T cells from hemorrhaged
mice,%1 but all of these studies used anesthetized animals, potentially missing some of the
effects of the stress response to traumatic injury.

In the current study a wide range of immunomodulatory plasma proteins were evaluated in
serial samples collected from transfused and non-transfused trauma patients, enrolled upon
arrival in the emergency room and followed for up to 1 year after injury. A mouse model
was developed to investigate the distinct contributions of traumatic blood loss (without
anesthesia) and transfusion on immunity.

MATERIALS AND METHODS

Human Subjects

Trauma patients were recruited from the University of California Davis Medical Center
(UCDMC, Sacramento, CA) as part of a larger study of microchimerism, the persistence of
donor blood cells in transfusion recipients. From this larger cohort, 56 subjects (39
transfused and 17 non-transfused) were selected for cytokine analysis based on serial sample
availability. The University of California Davis Institutional Review Board approved the
human subjects portion of our study. Upon arrival to the UCDMC Emergency Department,
all injured patients meeting specific institutional triage criteria (Figure S1) associated with a
relatively high likelihood of severe injury between November 2006 and August 2010 were
evaluated for enrollment. We excluded subjects less than 12 years of age, prisoners, patients
from whom we were unable to obtain a blood sample prior to the first transfusion of blood
products, and patients who had undergone previous transplantation (solid organ or
hematopoietic transplant). Because the focus of the microchimerism study was on subjects
likely to survive long-term following traumatic injury, we also excluded patients who died
within seven days after injury. We collected an initial blood sample on all eligible subjects,
and then retained in the study those subjects who subsequently provided informed consent.
We approached for consent all transfused subjects and a subset of non-transfused subjects
with comparable significant injuries, enrolled at an approximate ratio of one non-transfused
subject per four transfused subjects over the life of the study. Transfused blood products
were all leukoreduced.

Modeling traumatic blood loss and transfusion in mice

Female BALB/cJ and C57BI/6J mice were purchased from The Jackson Laboratory (Bar
Harbor, Maine), and allowed to acclimate for a minimum of 2 weeks before use at age 9
weeks and 2—-3 months, respectively. Mice were maintained in a specific-pathogen-free
vivarium under barrier conditions at Blood Systems Research Institute (San Francisco, CA).
All research was performed with approval and oversight of the Institutional Animal Care
and Use Committee at ISIS Services LLC (San Carlos, CA).

To model traumatic blood loss, BALB/cJ mice were bled 25-30% of their total estimated
blood volume based on weight. The volume of blood to be removed was calculated as 25%
(in L) = (weight in g) x (20); 30% (in L) = (weight in g) x (24). Mice were bled at the
submandibular vein cluster using a sterile lancet without anesthesia. This method allows for
collection of high blood volumes as well as rapid control of bleeding once the desired
volume is collected.®2 After bleeding, mice were placed in a recovery area with gentle heat
and close monitoring until able to resume grooming and other light activity. C57BI/6J
blood-donor mice were exsanguinated via orbital enucleation under deep anesthesia. Blood
was collected from multiple mice into a single tube containing CPDA-1 anticoagulant (taken
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from a 500 mL WBF Double CPDA-1 Blood Bag Unit, PALL Medical, East Hills, NY) at
14% final volume and gently mixed between collections. Donor blood was centrifuged, then
a portion of the plasma fraction was removed to bring to a hematocrit of ~75% and gently
mixed. Blood transfusions consisting of 100 L fresh packed red cells (<6hrs old) and 400
L sterile 0.9% sodium cloride (Baxter Healthcare Corporation, Deerfield, IL) were
administered 1V by tail vein, as were injections of normal saline alone (500p.L). Blood was
administered on the same day as collection to simplify the model and avoid introducing
further variation that might be associated with age of blood products.

Sample collection and processing

Human blood samples were collected into 10 mL Plastic Vacutainer® spray-coated
K,EDTA tubes (BD) at UCDMC and shipped via overnight courier service (FedEx) to
Blood Systems Research Institute. Upon arrival, the plasma fraction was isolated, aliquoted,
and stored at —80°C until use. Murine blood samples were collected by exsanguination via
orbital enucleation under anesthesia (Isofluorane) into tubes without anticoagulant additives.
Blood samples were allowed to clot for 20-30 minutes after collection, and then centrifuged
at high speed to isolate serum. Serum was aliquoted and stored at —80°C until use.

Cytokine detection

Cytokines were measured using a Luminex 100 platform (Luminex, Austin, TX) and the
BioManager Software (BioRad, Hercules, CA) for analysis. The following multiplexing kits
were purchased from Millipore (Billerica, MA): the Milliplex Map Human Cytokine/
Chemokine Kit containing IL-1a, IL-1Ra, IL-9, IL-12p40, IL-15, IL-17, EGF, eotaxin,
FGF-2, fractalkine, IP-10 (CXCL10), MCP-1, monocyte chemotactic protein-3, MDC,
MIP-1a, macrophage inflammatory protein 1 beta (MIP-1p), sIL-2Ra., TNF-B, VEGF; the
Milliplex Map High Sensitivity Human Cytokine Kit containing IL-1p, IL-2, IL-4, IL-5,
IL-6, IL-7, IL-8, IL-10, IL-12p70, IL-13, IFN-vy, granulocyte-macrophage colony
stimulating factor (GM-CSF), and TNF-a; the Milliplex Map Human Sepsis/Apoptosis Kit
containing sVCAM-1, sICAM-1, sFas, sFasL, MIF, and tPAI-1; the Milliplex Map Human
Cardiovascular Disease (CVD) Panel 1 Kit containing sE-Selectin, MMP-9, and MPO; the
Milliplex Map Mouse Cytokine/Chemokine Panel 1 Kit containing eotaxin, GM-CSF, IFN-
v, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, IL-1a, IL-1B, IL-2, IL-4, IL-5,
IL-6, IL-7, IP-10, KC (CXCL1), M-CSF, MCP-1, MIP-1a, MIP-1B, MIP-2, TNF-a; and the
Milliplex MAP Mouse Cardiovascular Disease (CVD) Panel 1 containing MMP-9, tPAI-1,
sE-Selectin, SICAM-1, sVCAM-1. Samples were run in duplicate according to manufacturer
instructions. For the human studies, 4 plates were required for each kit so the same lots were
used for all plates from the same kit, and additional internal controls were added to all plates
to confirm minimal plate-to-plate variation. For the murine studies, each experiment was fit
on a single plate for each kit to avoid plate-to-plate variation.

Statistical Analysis

Human data—Cytokine and clinical data were loaded into a SQL database (MySQL
version 5.1.7) using SQuirreLSQL (client version 2.6.9). Undetectable values were assigned
a value of zero for the purposes of analysis. Data were then imported into Stata Special
Edition version 10.1 (College Station, Texas) for analysis. While all follow-up samples were
processed within 24 hours from collection, a subset of index samples were (out of necessity)
collected over weekends and holidays and were therefore delayed in processing for an extra
24-48 hours. To address this, 10 additional trauma index samples received within 24 hours
after collection were subaliquoted with portions processed immediately, 24, 48, and 72
hours after arrival, and analyzed for cytokine levels.53 For all proteins with a significant
change over time, older index samples were dropped from the analysis. Concentration of all

Transfusion. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Jackman et al.

RESULTS

Page 5

proteins in pg/mL were log transformed using In(concentration+1). For reference,
untransformed median values with interquartile ranges are reported for all cytokines at day 0
in Table S1. Age, ISS, number of units transfused in the first 48 hours, and time were
converted into categorical variables. GEE was used to model the changes in each cytokine
over time. This method allows for repeated measures, accounting both for variation between
individuals and differences between individuals over time. Exchangeable correlation was
used to allow for gaps in sample collection or loss to follow up over time. For modeling time
since trauma, linear, quadratic, and cubic functions were evaluated for each protein, and the
function with the best overall fit was chosen. In addition to time since trauma, the following
independent variables were included in the model: age (<25, 25-34, 35-44, or >44 years),
gender (male or female), 1SS (1-9, 10-14, 16-24, 25-43, 45-75), number of units transfused
in the first 48 hours [expressed as the indicator variables “no transfusion” and “large
transfusion” (>4 units) each compared against “modest transfusion” (<4units)], injury type
(blunt or penetrating), and microchimeric (yes or no). The Wald 2 statistic was used to
assess overall significance with a cutoff of p < 0.05. This tests against the hypothesis that
none of the variables have an effect on the protein concentrations. A coefficient for an
individual variable was considered statistically significant if p < 0.05. Graphs were
generated in Stata Special Edition version 10.1. Maximum and minimum values over a set
range for each time function generated by the model were calculated and a percent increase
was calculated as 100 x (eMaximum _ gMinimumy;r¢eMinimumy_17,

Animal data—Concentrations of each protein analyzed were compared between treatment
groups using one-way ANOVA, each treatment group was then compared to the untreated
control group using Dunnett’s multiple comparison post-test. Prism Version 5.0a (GraphPad
Software, Inc., La Jolla, CA) was used for analysis and graphing.

Human response to trauma and transfusion

To assess the human immune response to trauma and transfusion, serial blood samples were
collected from trauma patients at UCDMC. The first blood sample was collected upon
arrival in the emergency room, with follow-up samples collected at regular intervals up to
one year after injuries. Of the 56 subjects included in the analysis, 75% were male, 73%
suffered blunt trauma, and 70% were transfused. The median age was 30.5 years, the median
injury severity score (ISS) was 17, and a median of 4 RBC units was given in the first 48
hours after injury to those who received a transfusion (Table I).

Plasma was isolated from the blood and assayed for 41 cytokines, chemokines, and other
immunomodulating proteins using multiplexing techniques. Generalized estimating
equations (GEE) models were used to examine the change in protein concentrations over
time for each protein, controlling for the included clinical data. Thirty-one of the proteins
had a statistically significant change over time after trauma, controlling for the other
variables in the model. Of these, 8 proteins were elevated at the time of arrival in the
emergency room: IL-6, IL-10, IL-1Ra, macrophage migration inhibitory factor (MIF),
myeloperoxidase (MPQO), monocyte chemotactic protein-1 (MCP-1), MMP-9, and sFasL
(Figure 1). The elevations observed for IL-6 and IL-10 were the highest, with the models
predicting a percent increase at maximum (over minimum) of 550% and 450%, respectively.
IL-1Ra showed the next largest increase at 330%, followed by MPO (210%), MMP-9
(200%), sFasL (98%), MIF (83%), and MCP-1 (61%).

Nine of the proteins with a significant change over time since trauma showed a depression at

the time of arrival in the emergency room (Figure 2). The largest decrease based on the
percent change of the predicted maximum value over minimum was fractalkine (490%),
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followed by IL-1a (460%), epidermal growth factor (EGF) (210%), IL-7 (190%), IL-9
(130%), IL-17 (120%), tumor necrosis factor-beta (TNFp) (110%), macrophage
inflammatory protein 1 alpha (MIP-1a) (90%), and macrophage derived chemokine (MDC)
(52%).

The remaining 14 proteins with a statistically significant change over time since trauma had
a delayed elevation pattern, peaking between 1 and 4 weeks post trauma (Figure 3). The
range of these elevations was not as wide as what was observed for the early responses;
most of the proteins with this late elevation pattern had an increase less than 2-fold. The
largest elevation was observed with IL-2Ra (120%), followed by fibroblast growth factor-2
(FGF-2) (110%), total plasminogen activator inhibitor-1 (tPAI-1) (93%), IL-15 (92%),
soluble vascular cell adhesion molecule-1 (sSVCAM-1) (76%), vascular endothelial growth
factor (VEGF) (60%), TNFa (56%), soluble E-Selectin (SE-Selectin) (54%), IL-8 (47%),
soluble inter-cellular adhesion molecule 1 (SICAM-1) (44%), IL-5 (42%), IP-10 (36%),
eotaxin (28%), and sFas (17%). Examples of trends for five different cytokines within three
representative patients are shown in Figure S2.

Only three of the proteins studied showed a statistically significant association between
concentration and injury type or severity. Higher levels of eotaxin and MCP-1 were
associated with blunt as opposed to penetrating injury when controlling for the other
variables included in the model (Figure 4A). Somewhat surprisingly, only IL-10 had a
significant association with injury severity in our multivariate model, with higher
concentrations associated with increasing ISS (Figure 4B).

Significant associations were also observed between cytokines and age and gender,
controlling for the other covariates. FGF-2 and IL-2Ra responses were higher in males,
while IL-7 and sFasL responses were higher in females (Figure 4C). Higher concentrations
of eotaxin, sFas, and sSVCAM-1 were associated with increasing age (Figure 4D).

Ten of the proteins measured had a statistically significant relationship with transfusion size
when controlling for the other covariates. IL-2Ra., SE-Selectin, FGF-2, and tPAI-1 were
lower in patients receiving a modest transfusion (1-4 units in the first 48 hours) compared
with no transfusion (Figure 5A, upper panels). sFasL, MCP-1, and MIF had the opposite
relationship, with higher levels in the group receiving a modest transfusion as opposed to no
transfusion (Figure 5A, lower panels). Increased concentrations of IL-6, MMP-9, and VEGF
were associated with large transfusion (>4 units in the first 48 hours) as compared to modest
transfusion (Figure 5B). These effects could be driven by the transfusion itself, or by the
corresponding blood loss or injury type that generates a need for transfusion.

Murine model of trauma and transfusion

Although transfusion size was associated with different plasma concentrations for a number
of the proteins examined in humans, it was not possible to separate the effects of the injuries
from the effects of transfusion itself using the human data. To determine the mechanism
behind the changes observed in protein concentration in transfused trauma patients, a mouse
model was established to compare the individual and combined roles of traumatic blood loss
and allogeneic blood transfusion on circulating cytokine levels. To model traumatic blood
loss, BALB/cJ mice were bled 25-30% of their total estimated blood volume by
submandibular bleeding. Bleeds were conducted without anesthesia to avoid anesthesia
effects and to mimic more closely the stress of an unplanned traumatic injury in a human.
Transfusions consisted of tail vein injection of fresh allogeneic C57BI/6J red cells diluted in
saline. As an additional control of fluid resuscitation alone, infusions of saline without blood
were given. Mice were first bled or not at t=0, then at t=1 hour were given no treatment,
allogeneic blood transfusion, or fluids alone. Blood samples were collected at t=4 hours and
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the concentrations of serum proteins were measured using multiplexing techniques (Figure
6A). Groups were compared using one-way ANOVA, and each treatment group was
compared to the untreated controls with Dunnett’s multiple comparison post-test. A number
of different patterns of cytokine response to trauma and transfusion emerged.

Four proteins, IL-6, IL-10, MMP-9 and interferon-gamma (IFN-vy), were significantly
elevated in the bled mice compared with untreated controls. Transfusion or fluids alone had
no effect on these analytes, and transfusion or fluids given 1 hour after traumatic blood loss
prevented the elevation in levels caused by trauma (Figure 6B, upper panels). KC was
significantly elevated in all bled mice, regardless of transfusion or fluid resuscitation, and
IL-13 was elevated in both bled only mice and bled and transfused mice (Figure 6B, middle
panels), implying that transfusion could blunt some (IL-6, IL-10, MMP-9, IFN-v) but not all
(KC, IL-13) cytokine perturbation induced by trauma.

For some analytes trauma and transfusion induced additive immune modulating effects.
MCP-1 was elevated in all bled or transfused mice, with the highest levels seen in mice that
were both bled and transfused, while IL-1a was significantly depressed in mice that were
bled and transfused or bled and given fluids only (Figure 6B, middle panels). Finally, a few
analytes showed the strongest dependence on transfusion status, with trauma playing a less
significant or no role. IL-5 was significantly elevated in all treatment groups compared with
untreated controls, but the highest levels were seen in mice given blood transfusions (Figure
6B, lower panels). Significant elevations in IL-15 and sE-Selectin were only observed in
unbled mice given blood transfusions (Figure 6B, lower panels).

DISCUSSION

The heterogeneity of a human population, including differences in baseline health, genetics,
nature of the injury, and treatments administered, makes it very difficult to determine the
specific driving forces behind the many components of the immune response to trauma and
transfusion. In spite of this tremendous patient variability, we have seen a clear response to
traumatic injury in this cohort. Of the 41 proteins measured, 31 had a statistically significant
change over time after trauma. Early responses were dominated by an anti-inflammatory
profile, though not exclusively, as some pro-inflammatory cytokines were also elevated
(Figure 7, upper left). Proteins involved in tissue remodeling, activated endothelial tissues,
and lymphocyte homeostasis were elevated 1-4 weeks after injury (Figure 7, upper right).
An initial pro-apoptotic balance of sFas/sFasL was followed by a shift towards an anti-
apoptotic state 1-4 weeks after injury (Figure 7, lower left). Changes in blood
concentrations of different chemokines were more mixed with some elevations and
depressions at different times after trauma (Figure 7, lower right). Using a novel mouse
trauma/transfusion model, we found that both traumatic blood loss and transfusion
contribute to the early immune response to trauma. Trauma caused early perturbations in a
number of the pro- and anti-inflammatory mediators measured, and transfusion blunted early
elevations in IL-6, IL-10, MMP-9, and IFN-+y. Transfusion caused or exacerbated changes in
MCP-1, IL-1a, IL-5, IL-15, and soluble E-selectin. Finally, trauma alone increased murine
KC (a human IL-8 analog) and IL-13 (Table II).

Earlier studies have not looked at such a large array of cytokines over a comparably long
study period after traumatic injury. Previously published reports of the cytokine response to
trauma that overlap with this study are, for the most part, consistent with our findings. Early
systemic elevation of IL-6, 1L-10, and IL-8 has been seen fairly consistently in a number of
studies of trauma,9-13.16,17,19-21,64.65 Eevations in IL-1Ra, SICAM-1, MMP-9, sFas, and
have also been reported by multiple groups.11:20.64.66-71 |ndividual reports of elevations in
other proteins we found associated with time since trauma such as PAI-1, sE-Selectin,
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sFasL, MCP-1, and MPO can also be found.20:64.71-73 These results are all consistent with
our findings. Finally, we did not see the early increases in TNFa or IL-4 reported by some
other groups. Reports of the role of these two cytokines in the immune response to trauma
have been conflicting and often differ between different subsets of trauma patients and
different animal models.10:12-15.18,19,22,38,39,74-78 The cyrrent study significantly broadens
our understanding of the breadth of immune modulation after trauma and transfusion, as to
our knowledge there are no previous reports in human trauma patients of our observed early
increases in MIF, later increases in IL-5, IL-15, IP-10, eotaxin, sVCAM-1, VEGF, FGF-2,
IL-2Ra and early decreases in IL-1a, IL-7, IL-9, IL-17, TNFp, EFG, Fractalkine, MIP-1a.,
and MDC.

Our findings show that a vigorous anti-inflammatory response occurs within hours following
trauma, in contrast with the SIRS/CARS model popularized by Moore et al., which
describes a strong initial pro-inflammatory state followed by a later anti-inflammatory
state.” While our paper was under review, a study examining gene expression profiles in
trauma patients in the first month post-injury was published that also fits with this revised
model of the immune response to trauma. Xiao ef a/. demonstrated that early anti-
inflammatory responses do not follow the pro-inflammatory response, but instead these
responses overlap in a state of immune dysregulation.®

The levels of anti-inflammatory cytokines observed in our study appear to be high enough to
have biological consequence. The median concentration at time zero for IL-10, for example,
was 18.6 pg/L (Table S1), or approximately 1.5-13.0 pg/kg. A clinical trial evaluating the
use of recombinant human IL-10 in the treatment of psoriasis found immunosuppressive
effects with subcutaneous injection of 8 pg/kg per day.”® Recombinant human IL-1Ra has
also been evaluated in for the treatment of rheumatoid arthritis. One study focused on
rheumatoid arthritis compared the doses of 30, 75, or 150 mg per day (approximately 429-
2140 pg/kg) injected subcutaneously and found improvement over placebo with treatment,
regardless of dose.89 Our levels were lower with a median concentration of 242 pg/L, or
approximately 19.4-169 pg/kg. While subcutaneous injection of a recombinant is not
equivalent to endogenous circulating cytokines, it seems reasonable to expect that the
combination of these two cytokines alone at the doses we observed should be sufficient to
have an immunosuppressive effect.

Separating the roles of trauma and transfusion in modulating the immune response was not
possible in our human subjects, as transfused patients likely have different types and
severity of injuries than non-transfused patients. Using a murine model, we found that the
overall response to traumatic injury with blood loss was very similar to what we observed in
the human trauma subjects (Table II). IL-6, IL-10, MMP-9, and MCP-1 were all elevated,
and IL-1a was lowered, after trauma in both humans and mice. IL-6, IL-10, IFN-y, and
MMP-9 levels were lower in mice that received blood transfusions or saline after blood loss,
and the absence of any elevation in response to transfusion or saline suggest that their
elevation was driven solely by trauma and hemorrhage. We did not see any evidence for an
IFN-+y response to trauma in our human subjects; over half of the samples had undetectable
levels of IFN-y. Based on the mouse data we would predict that transfusion blunted the
IFN-+y response induced by trauma in humans. MCP-1 was elevated in response to trauma
and was associated with both blunt injury and transfusion in our human subjects, suggesting
that a number of factors influence MCP-1 production. This is consistent with our mouse
model, which demonstrated significant upregulation of MCP-1 with either traumatic blood
loss or transfusion (but not saline), and maximum upregulation with both. In contrast, IL-1a,
which was depressed early after trauma in our human subjects, did not show any significant
change in mice after blood loss, transfusion, or saline alone, but did show a significant
depression after blood loss combined with either transfusion or saline, suggesting a two-hit
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mechanism of induction. KC, which has a similar role to IL-8 in humans, was elevated
following traumatic blood loss, but unaffected by transfusion or saline. The IL-8 response to
trauma in humans did not peak until 1-2 weeks after injury, but was still higher at the time
of injury than at 1 year later. In mice IL-5 levels were driven higher by all interventions, but
the highest levels were seen after transfusion. This is consistent with our observations in
humans in that IL-5 was elevated in response to trauma, but this difference was subtle in
humans, where it peaked later (1-2 weeks after injury), and showed no association with
transfusion. Similarly, 1L-13 was elevated in bled or bled and transfused mice, but not in our
human cohort. This may be the result of the more distinct Th2-type responses to trauma in
mice compared with humans that has been previously reported.32.74-76.78 Finally, 1L-15 and
SE-Selectin were both elevated in the mice given transfusion alone, but not the other groups.
There was no transfusion only group for the human subjects, and the elevations in the
proteins seen in humans were at later time points than we examined in the mice.
Furthermore, while our human subjects were given leukoreduced blood, leukoreduction was
not used in the mouse model, which may have contributed to this observed response to
transfusion alone in the mice.

Generally, saline infusion had a similar “rescue” effect as transfusion (Table I1). This was
seen with IL-6, IL-10, MMP-9 and IFN-y, where administration of either blood or saline
alone after trauma brought concentrations down to a level where they were no longer
significantly different from untreated controls. Similarly, the reduction in IL-1a seen after
trauma and transfusion was also seen with trauma and saline. For other cytokines, the effects
driven by transfusion could not be replicated by saline, suggesting that transfusion of fresh
allogeneic blood can modulate even early immune responses (Table 11). This pattern was
seen with MCP-1 and IL-5, where saline effects were weaker than what was observed with
blood, and with IL-15 and sE-Selectin, where elevation was only seen after blood
transfusion alone.

Our murine model differs from existing animal models of traumatic injury in that it involves
less tissue damage than those involving femur fracture or large lacerations, enabling us to
ethically bleed the mice without anesthesia. The disadvantage of our system is that the tissue
damage is probably less than that of our clinical patients, though the bleeding process does
involve a 5mm deep stab requiring moderate force for delivery. The advantage of this model
is that it more closely mimics the stress of accidental injury than those requiring anesthesia,
which arguably mimic surgical injury. Our study examined a larger array cytokines and
involved a different type of injury than has been previously assessed in other murine models
of trauma, making it difficult to fully compare our results with models using anesthetized
animals. While trends of elevated IL-6, IL-10, MCP-1, and KC were similar to what has
been observed in models utilizing anesthesia, 3638 further work is required to determine if
anesthesia modulates the immune response to trauma.

One of the unanticipated findings of the current study was that IL-1a., IL-7, IL-9, IL-17,
TNF, EGF, fractalkine, MIP-1a, and MDC were depressed early after trauma in humans
(the early levels were lower than late “baseline” time-points) (Figure 2). We believe this is
the first report of reduced concentrations of circulating cytokines after trauma, though there
are reports of reduced capacity of cells from trauma patients or injured mice to produce
cytokines ex vivo.32:37.75 Since it is not possible to collect samples prior to injury in
humans, and because variation is high between individuals, we determined that samples
collected months after injury were likely to be the closest to baseline for these patients. An
alternative, less likely explanation to the observed trends is that they are actually delayed
responses to trauma that persists for up to one year. It is worth noting, however, that of the
cytokines measured both in mice and humans, the cytokine with the largest percent decrease
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in our trauma patients, IL-1a., was also significantly reduced in our mouse model after
trauma and transfusion.

In our cohort the severity (measured by ISS) and type of injury (blunt versus penetrating)
did not have a significant effect on the concentrations of most of the cytokines we evaluated.
A number of studies have linked concentrations of various cytokines with injury severity
including 1L-10 as we observed here, but also IL-6, IL-8, and 1L-4.10.15.17.21.22 gpe
explanation for the lack of significant statistical association between severity of injury and
most of the cytokines we evaluated is that our multivariable model controlled for potential
confounders. Alternatively, the difference might be explained by the overall severity of
injury in our cohort compared with others. For example, the median ISS in our study was 17,
and Hoch et al. saw significant increases in IL-6 and 1L-8 with ISS > 25.1% The lower 1SS in
our cohort may be partially explained by the selection criteria used for our study. Our cohort
was selected for long-term assessment of microchimerism, so patients who died in the first 7
days were excluded. Three proteins, IL-6, MMP-9, and VEGF were seen at higher levels in
patients receiving large transfusions of 5 or more units in the first 48 hours after injury.
While our model controlled for the severity and type of injury to some extent by including
ISS and blunt versus penetrating injury, the differences seen in these patients may still be
due more to the type of injury that results in a massive transfusion than from the transfusion
itself. All three of these proteins have been associated with ischemia/reperfusion injuries
and/or hypoxia in different clinical and experimental settings.20.81-86

We also observed a few differences associated with age and gender in our trauma patient
cohort. We saw increased sFasL in women compared with men, and increasing sFas with
age, which is consistent with a study from Kavathia er /.87 Eotaxin and sVCAM-1 also
increased with age in our cohort, as found in studies in humans and rats.88-92 Similarly, the
higher IL-7 levels we observed in women are consistent with a study that found 40% higher
levels of IL-7 in HIV* women compared with HIV* men.93 Differences in the cytokine
response to trauma between men and women may help to explain the reduced rates of death,
sepsis, and organ failure observed among women compared with men following
trauma.*>49 These findings support the observation in mouse models that sex hormones
alter the immune response to trauma.50:51

Overall, we have demonstrated that there is a massive change in the cytokine environment
following traumatic injury and transfusion in humans. Furthermore, we have been able to
effectively model this change in mice, allowing us to distinguish between those factors
regulated by traumatic blood loss, transfusion, or both. This work suggests that the immune
response to trauma is significant, and that transfusion and fluid administration have the
potential to alter the immunological consequences of trauma. Given the rates of transfusion
among trauma patients, the interplay of the responses to trauma and transfusion has
important implications for immunologically driven clinical complications such as multiple
organ failure, sepsis, transfusion-related acute lung injury, and alloimmunization.
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Figure 1. Proteinswith early elevation following trauma
Blood samples were collected from trauma patients beginning with arrival to the ER and up
to 1 year after injury. Multiplexing techniques were used to measure the levels of 41
immunomodulatory proteins in the plasma. Multivariable GEE models were generated using
the natural log of the concentration of each protein as the dependent variable and time since
trauma, ISS, injury type, size of transfusion, age, sex, and microchimerism as the
independent variables. Concentration of proteins with a statistically significant change in
concentration over time since trauma (p<0.05) are plotted in black (raw data) with the
model’s prediction of the influence of time since trauma on concentration (controlling for all

other independent variables) overlaid in red. **p<0.01, ***p<0.001.
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Figure 2. Proteinswith early depression following trauma
See Figure 1 for experimental details. **p<0.01, ***p<0.001.
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Figure 3. Proteinswith late elevation following trauma
See Figure 1 for experimental details. *p<0.05, **p<0.01, ***p<0.001.
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Figure 4. Proteins associated with injury type or severity, gender, and age

(A) Proteins with a statistically significant difference (p<0.05) between blunt and
penetrating injury are plotted in black (raw data) with the model’s prediction of the
influence of injury type on concentration (controlling for all other independent variables)
overlaid in red. (B) IL-10, the only protein measured with a statistically significant
association (p<0.05) with injury severity score is plotted in black (raw data) with the
model’s prediction of the influence of injury severity on concentration (controlling for all
other independent variables) overlaid in red. (C) Proteins with a statistically significant
difference (p<0.05) between male and female patients are plotted in black (raw data) with
the model’s prediction of the influence of gender on concentration (controlling for all other
independent variables) overlaid in red. (D) Proteins with a statistically significant
association (p<0.05) with age are plotted in black (raw data) with the model’s prediction of
the influence of age on concentration (controlling for all other independent variables)
overlaid in red. *p<0.05, **p<0.01. ***p<0.001.
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Figure5. Proteins associated with transfusion
(A) Proteins with a statistically significant difference (p<0.05) between no transfusion and a
modest transfusion (<4 units in the first 48 hours after trauma) are plotted in black (raw
data) with the model’s prediction of the influence of no versus modest transfusion on
concentration (controlling for all other independent variables) overlaid in red. (B) Proteins
with a statistically significant difference (p<0.05) between modest transfusion and a large
transfusion (=5 units in the first 48 hours after trauma) are plotted in black (raw data) with
the model’s prediction of the influence of modest versus large transfusion on concentration
(controlling for all other independent variables) overlaid in red. *p<0.05, **p<0.01,

**%n<0.001.
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Figure 6. Traumatic blood loss and transfusion in mice
(A) Time-line of traumatic blood loss, transfusion, and blood sample collection. BALB/cJ
mice were bled 25-30% of their total blood volume or not at t=0, then given no transfusion
(squares), 100 L allogeneic C57BI/6J packed red cells + 400 L 0.9% NaCl (triangles), or
500 L 0.9% NaCl (circles) at t=1hr. At t=4hr, peripheral blood was harvested. (B) Serum
was screened for cytokines using multiplexing techniques. Pooled data from 2 representative
experiments with 5 mice per group each are shown. Experiments were repeated 6 times.
Concentrations were compared between treatment groups with one-way ANOVA, and
Dunnett’s multiple comparisons post-test was used to compare each treatment group to the
untreated controls. *p<0.05, **p<0.01, ***p<0.001.
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Figure 7. Kinetics of immuneresponseto trauma

Overlays of the models’ prediction of the influence of time since trauma controlling for the
other covariates are plotted by protein type. Predicted values at 1 year after trauma are set as
the baseline (0) for each cytokine to show elevation or depression relative to this value. The
inflammation plot includes the pro-inflammatory cytokines IL-1a,, IL-5, IL-9, IL-17, TNFa,
TNF, and MIF, the anti-inflammatory cytokines IL-1Ra and IL-10, and IL-6, which has
both pro- and anti-inflammatory properties. The healing plot includes the wound healing
proteins EGF, FGF-2, VEGF, MMP-9, and tPAI-1, the activated endothelial markers sE-
Selectin, sSICAM-1, and sVCAM-1, and the homeostasis cytokines IL-7 and IL-15. The
apoptosis plot includes the pro-apoptotic sFasL and the anti-apoptotic sFas. The chemokine
plot includes IP-10, IL-8, MIP-1a, MCP-1, eotaxin, fractalkine, and MDC.
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Revised Trauma Score”

Injury Severity Score (mean + SD)

Injury Severity Score components f
Abbreviated Injury Scale—Head/neck
Abbreviated Injury Scale—Face
Abbreviated Injury Scale—Chest
Abbreviated Injury Scale—Abdomen
Abbreviated Injury Scale—Extremities

Abbreviated Injury Scale—External
Predicted probability of survival =
Initial systolic blood pressuref
Initial international normalized ratio (INR)7‘
Initial partial thromboplastin time (PTT) t
PRBC transfused (units) tt
Platelets transfused (units) t#
Cryoprecipitate transfused (units) t
Plasma transfused (units) ti
Crystalloid infused (liters) t
Colloid infused (liters)” #

Length of stay (days) t

7.84(7.11,7.84)

20+12

2(0,2)
0(0,0)

2(0,3)

2(0,2)

3(0,3)

0(0,1)

0.98 (0.85, 0.99)
103 (93, 118)
1.06 (1.00, 1.20)
24.0 (22.6, 26.1)
4(2,8)

0(0,0)

0(0,0)

1(0,2)

10.4 (7.6, 16.5)
0(0,0.8)

17 (10, 34)

Table 1
Characteristics of injured patients
Characteristic Transfused (n=39)  Not Transfused (n=17)
Age, years (mean + SD) 34+14 38+ 16
Male gender, n (%) 33(85) 9(53)
Blunt mechanism of injury, n (%) 26 (67) 14 (82)
Mechanism of injury, n (%)
Motor vehicle collision 12 (31) 7(41)
Motorcycle collision 7 (18) 1(6)
Automobile versus pedestrian/bicycle 2 (5) 2(12)
Fall 1(2) 2(12)
Firearm wound 8 (20) 2(12)
Stab wound 4 (10) 1(6)
Other 5(13) 2(12)

7.84 (6.38, 7.84)

13+6

2(0,3)

0(0,0)

0(0,3)

0(0,2)

1(0,2)

0(0,0)

0.98 (0.96, 0.99)
130 (108, 140)
0.99 (0.97, 1.03)

23.7(22.8,24.8)

5.6 (3.9, 7.8)
0(0,0)

8 (5, 14)

"Median (IQR)

iWithin the first 48 hours after injury
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Table 2

Summary of the effects of trauma and transfusion on protein levels™

Protein Human Trauma Tx Mouse Mechanism: Traumaor Tx

IL-6 1 +# 1 trauma drives, fluids rescue

1L-10 1 * trauma drives, fluids rescue

MMP-9 1 +# 1 trauma drives, fluids rescue

INF-y ™ trauma drives, fluids rescue

IL-8/KC r7 1 trauma drives

IL-13 1 trauma drives

MCP-1 1 0 1 both trauma and tx but not NaCl drive, highest with both
IL-1a { | requires both trauma and fluids

IL-5 11 1 both trauma and fluids drive, highest levels with tx
IL-15 r1 1 tx drives

sE-Selectin 47

TNFa 1t
Eotaxin r7
IP-10 17
SICAM-1 47
SVCAM-1 47
tPAI-1 17
IL-7 |
IL-17 g
MIP-1a g

{ T tx drives

*
Includes all proteins measured in both human and mouse where there was a significant association with trauma or transfusion (tx)

TDeIayed change

¢> 4 units compared with < 4 units in first 48 hours
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