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Summary

Traumatic injury initiates a large and complex immune response in the

minutes after the initial insult, comprising of simultaneous pro- and anti-

inflammatory responses. In patients that survive the initial injury, these

immune responses are believed to contribute towards complications such

as the development of sepsis and multiple organ dysfunction syndrome.

These post-traumatic complications affect a significant proportion of

patients and are a major contributing factor for poor outcomes and an

increased burden on healthcare systems. Therefore, understanding the

immune responses to trauma is crucial for improving patient outcomes

through the development of novel therapeutics and refining resuscitation

strategies. In order to do this, preclinical animal models must mimic

human immune responses as much as possible, and as such, we need to

understand the constraints of each species in the context of trauma. A

number of species have been used in this field; however, these models are

limited by their genetic background and their capacity for recapitulating

human immune function. This review provides a brief overview of the

immune response in critically injured human patients and discusses the

most commonly used species for modelling trauma, focusing on how their

immune response to serious injury and haemorrhage compares to that of

humans.
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INTRODUCTION

Traumatic injury is one of the leading causes of death

worldwide, accounting for around 9% of the total num-

ber of deaths globally each year.1 Improvements in the

management and treatment of haemorrhage in critically

injured patients have reduced mortality in both civilian2

and military3 settings. However, in patients that survive

the initial injury, a significant number will go onto to

develop sepsis or multiple organ dysfunction syndrome

(MODS) in the subsequent days and weeks. These

complications are associated with a poor prognosis2,4,5

and are believed to be a result of immune dysfunction.6

Even in patients that survive, developing these complica-

tions is a significant burden on healthcare systems due to

prolonged hospitalization and increased resource require-

ment.5 It is now known that traumatic injury initiates a

complex and dynamic immune response within minutes

of the initial injury6,7; these responses are not a result of

any infection, but are a direct response to haemorrhage

and tissue damage.7 Typically, this ‘sterile inflammation’

is due to the release of damage-associated molecular

Abbreviations: ATP, adenosine triphosphate; CARS, compensatory anti-inflammatory response syndrome; CCR5, C-C chemokine
receptor type 5; CD, cluster of differentiation; DAMPs, damage-associated molecular patterns; DNA, deoxyribonucleic acid; G-
CSF, granulocyte-colony stimulating factor; HMGB1, high-mobility group box protein 1; IFN, interferon; Ig, immunoglobulin;
IL, interleukin; IRF, interferon regulatory factor; LPS, lipopolysaccharide; Ly46, lymphocyte antigen 46; NF-jB, nuclear factor
kappa B; NHP, non-human primates; NK, natural killer; MHC, major histocompatibility complex; MODS, multiple organ dys-
function syndrome; Mx1, myxovirus resistance-1; NETs, neutrophil extracellular traps; PRR, pattern recognition receptor; ROS,
reactive oxygen species; SIRS, systemic inflammatory response syndrome; TBI, traumatic brain injury; TBV, total blood volume;
TNFa, tumour necrosis factor a; TLR, toll-like receptor
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patterns (DAMPs) from damaged and necrotic cells that

result in immune cell8 and complement9 activation, and

cytokine release.10 Severe injury can lead to the develop-

ment of systemic inflammatory response syndrome (SIRS)

and a compensatory anti-inflammatory response syn-

drome (CARS). Although traditionally believed to be dis-

tinct and separate processes that occurred sequentially,

recent evidence suggests that these actually occur concur-

rently, contributing to the increased risk of sepsis and the

development of MODS.7 Thus, targeting the immune sys-

tem in critically injured patients may be a viable strategy

for improving patient outcomes and mortality rates, an

approach that is currently the subject of clinical trials

(e.g. TOP-ART study to investigate the use of artesunate

to prevent organ dysfunction). It is therefore essential to

have preclinical models that replicate human immune

responses to trauma in order to enhance mechanistic

understanding and for the development of novel thera-

peutic strategies. This review will firstly briefly summarize

what is currently known about the immune response to

traumatic injury in humans, and then will discuss the

advantages and pitfalls of various preclinical models that

are commonly used to study these responses. As the

cause, type and severity of trauma in humans is heteroge-

neous, for the purposes of this review, ‘traumatic injury’

and ‘trauma’ will be used interchangeably as general

terms to describe severe injury and haemorrhage; specific

injuries will be referred to where appropriate.

THE IMMUNE RESPONSE TO TRAUMATIC INJURY

Traumatic injury initiates concurrent inflammatory (i.e.

SIRS) and anti-inflammatory responses (i.e. CARS),11–13

driven by the release of DAMPs from damaged and

necrotic cells following tissue injury and haemorrhagic

shock (Figure 1). DAMPs, via the activation of pattern

recognition receptors (PRRs), activate complement9 and

immune cells,8,14 instigating the release of cytokines that

initiate and propagate the systemic inflammatory

response.7,15,16 There is also emerging evidence, suggest-

ing that DAMP levels are associated with immune sup-

pression following traumatic injury13 and surgery.17

Although the mechanistic basis is not entirely clear, there

have been suggestions that ‘suppressive DAMPs’ are

released by activated leucocytes and may contribute to a

prolonged period of CARS and immune suppression.15

DAMPs that have shown to be increased in the circula-

tion following trauma include high-mobility group box

protein 1 (HMGB1),18 heat shock proteins13 and mito-

chondrial and nuclear DNA19; the role(s) of DAMPs in

trauma has been extensively reviewed elsewhere.15,16 The

most widely studied DAMP following trauma, HMGB1, is

significantly elevated in the plasma of trauma patients

within an hour of injury,14,15 with levels correlating with

injury severity18 and the development of sepsis and

MODS.20 Studies in vitro have demonstrated that

HMGB1 has a wide range of pro-inflammatory actions

on immune cells such as promoting cytokine secretion,14

reactive oxygen species (ROS) production21 and chemo-

taxis.22 Moreover, HMGB1 has direct effects on the vas-

cular endothelium, such as up-regulating adhesion

molecule expression and cytokine release,23 promoting

neutrophil adhesion23 and increasing endothelial perme-

ability.24 Endothelial activation and glycocalyx shed-

ding25–27 are early manifestations of traumatic injury and

are believed to be caused by DAMPs, catecholamines,

ROS and cytokines, all of which are elevated following

trauma. This ‘endotheliopathy of trauma’ is predicted to

occur within minutes of the initial insult,28 disrupting the

barrier function of the endothelium, and therefore

increasing fluid leakage and leucocyte transmigration into

tissues. Furthermore, hyaluronic acid29 and heparin sul-

phate30 fragments that are shed from the endothelial gly-

cocalyx can serve as DAMPs, further stimulating local

immune responses.

It is believed that a key initiating factor in the systemic

inflammatory response to trauma is DAMP-induced cyto-

kine production.31 Numerous studies have shown

increased concentrations of circulating pro-inflammatory

cytokines/chemokines in critically injured patients,

including interleukin (IL)-1b, IL-6, IL-8, granulocyte-col-
ony stimulating factor (G-CSF) and tumour necrosis fac-

tor a (TNFa).10,12,13,32 These changes are apparent very

early after the initial injury12,33 and persist in the hours

and days that follow.12,13,32,33 Simultaneously, a number

of anti-inflammatory mediators such as IL-10, transform-

ing growth factor-b1 and IL-1 receptor antagonist are

also increased in the circulation.12,33 Patients who develop

MODS have increased pro- and anti-inflammatory cyto-

kine levels at hospital admission compared to those that

do not develop MODS.10,32,33 Interestingly, compared to

healthy controls, whole blood from trauma patients stim-

ulated with lipopolysaccharide (LPS) shows reduced cyto-

kine/chemokine production,12,13 which may contribute to

the increased susceptibility to infection that follows severe

injury.4 Along with DAMPs, pro-inflammatory cytokines

serve to activate the innate immune response following

injury. Together, these factors stimulate the mobilization

of neutrophils from the bone marrow and their

demargination from the intravascular pool.34 As a result,

the number of circulating mature neutrophils is rapidly

increased (<1 h), and they remain elevated for ~72 h.12,35

Interestingly, the number of circulating immature granu-

locytes also increased in trauma patients within the same

time frames,12,36 which is likely to impact on their ability

to have antimicrobial actions. Traumatic injury also initi-

ates significant changes in neutrophil function and phe-

notype (Figure 2), which has been reviewed extensively

elsewhere.37 For example, the surface expression of

CD62L (reduced) and CD11b (increased), indicative of
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neutrophil activation, has been reported in critically

injured patients.12 Furthermore, neutrophils isolated from

trauma patients have an increased oxidative burst capac-

ity,38 increased neutrophil extracellular trap (NET) pro-

duction36 and a prolonged life span due to impaired

apoptosis.39 However, they have a reduced phagocytic

capacity38 and, when stimulated ex vivo, demonstrate a

reduced capacity for integrin up-regulation, ROS genera-

tion and NET release.12,36 Furthermore, a neutrophil sub-

set that suppresses T-cell activation and proliferation40 is

elevated in the circulation within an hour of injury,

which persists for up to 72 h.12. These immunosuppres-

sive neutrophils along with reduced effector functions

(e.g. impaired phagocytosis and responsiveness) may con-

tribute to the increased susceptibility to infection that is

observed in trauma patients.4 Similarly, in the hyper-

acute (<2 h) window following injury, there is increased

lymphocyte number12,35 and activation,32 with the former

largely being attributed to significant increases in the

number of circulating natural killer (NK), CD4+ and

CD8+ T-cell populations.12,35 However, as time progresses

the number of circulating lymphocytes declines, and a

pronounced lymphopenia has been observed in numerous

clinical studies of trauma patients as early as 4 h

following injury.12,32,35,41 This reduction in total lympho-

cyte number is attributed to changes in T-cell number

rather than B cells,12,35 with reductions in CD4+, CD8+,

NK and cd T-cell populations all reported.12,42,43 Failure

to reverse lymphopenia persists in patients with MODS32

and is associated with increased mortality.41 As well as

reduced number, T cells isolated from trauma patients

display reduced proliferation and IL-2 production in

response to activating stimuli (Figure 3).44 Similarly, leu-

cocyte transcriptome analysis has demonstrated gene fam-

ilies associated with antigen presentation and T-cell

proliferation are less transcriptionally active following

traumatic injury.11,35 As a consequence, circulating T cells

are less capable of reacting to invading pathogens and

orchestrating the immune response, therefore increasing

the risk of infection.

Although our understanding of the immune response

(s) to traumatic injury has significantly increased, there

are still many unknowns. For example, how different

resuscitation fluids influence these responses, both

acutely, and in the context of post-trauma complications

such as the development of sepsis and MODS. Recent evi-

dence indicates that the volume of crystalloids adminis-

tered within 24 hours of injury is associated with the

Tissue damage

DAMPs

ROS
generation

Innate
Immune
Responses

Adaptive
Immune
Responses

Complement
activation

Endothelial Cell
activation

Cytokines

Cell death

FIGURE 1. The role of DAMPs in traumatic injury. DAMPs released following traumatic injury initiate systemic inflammatory responses, such

as the release of ROS and cytokines and the activation of the endothelium and immune cells. Together, this extensive inflammatory response con-

tributes to further tissue damage and cell death
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development of MODS,45 suggesting that early interven-

tion may be key. Blood products are considered a key

part of damage-controlled resuscitation and are believed

to have a multitude of benefits to the critically injured

patient (e.g. increasing tissue perfusion, replacing lost

clotting factors and restoring endothelial function46).

However, the effects of these types of resuscitation prod-

ucts on the immune response to trauma remain largely

unknown. Due to the complicated nature of clinical stud-

ies, preclinical animal models are critical to enhance our

basic understanding, as well as developing novel thera-

peutic strategies that target post-trauma complications

such as sepsis and MODS.

PRECLINICAL MODELS OF TRAUMA

As described above, clinical studies have provided an

opportunity to explore immune responses to traumatic

injury in great detail, which has been achieved primarily

through obtaining blood samples following injury. Pre-

clinical animal models have the additional advantage of

obtaining samples that are not readily available from

humans, such as pre-injury samples and invasive tissue/

organ biopsies. The availability of these samples facilitates

in-depth molecular and cellular analysis (e.g. transcrip-

tomics, flow cytometry), highlighting tissue-specific

responses that may contribute towards the development

of post-trauma complications such as MODS. Designing

preclinical studies to investigate the immune response to

traumatic injury poses many challenges, most notably

being the suitability of the specific animal model chosen,

how this model functions and its ability to recapitulate

human immune responses. The main animal models used

in studies of traumatic injury are rodents (particularly

mice and rats), rabbits and pigs, but other species such as

sheep, dogs and non-human primates (NHPs) have also

been utilized (Table 1). Each has its advantages; however,

it is essential that the constraints of the species are con-

sidered when choosing an animal model to investigate

these responses and that the model is applicable to the

specific research question.

Mice

Murine models remain one of the most widely used ani-

mals to study many aspects of human disease, immune
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FIGURE 2. The contribution of neutrophils to the inflammatory response to injury. Following traumatic injury, elevations in circulating neutrophils

are initiated by the release of chemoattractants and demargination from the intravascular pool. Additionally, neutrophils become activated, resulting

in the release of proteases, NETs, ROS and cytokines. Whilst these processes can result in the clearance of tissue debris and pathogens, they can also

lead to further endothelial activation, inflammation and tissue damage
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responses, pharmacological activity and infection kinet-

ics.47 Through extensive investigations of their innate

immune systems, many scientific breakthroughs have

occurred using data obtained from mice (e.g. toll-like

receptor (TLR)-4 signalling).48 The efficient recognition

and signal transduction of foreign molecules are essential

to prevent infection. In humans, this is co-ordinated

through PRR signalling that remains highly sensitive to

stimulation from their corresponding ligand.21 However,

many PRR pathways are highly species-specific and may

respond to different structures on the same ligand. Many

species possess a natural increased tolerance against many

TLR ligands (e.g. the median lethal dose for murine

TLR4 stimulation using LPS is significantly higher than

the dose that elicits the same febrile shock and cytokine

responses in humans49). As such, there is a distinctly

lower pro-inflammatory serum cytokine response follow-

ing LPS stimulation in mice than in humans (e.g.

TNFa).49 Differences in other TLR signalling pathways

have also been reported; for example, although mice

express TLR8, they do not respond to the same ligands as

human TLR8 receptors.50 As DAMPs activate PRRs to

instigate the immune response to injury, differences in

receptor sensitivity must be considered when designing

studies to explore therapeutic approaches to target these

pathways.

The composition of immune cells is distinct in mice

and is variable between strains.51 Whilst humans display

a significantly larger proportion of circulating neutrophils

(50%–70%) and a lower lymphocyte percentile baseline

(20%–40%), typically murine immune systems are com-

prised of less neutrophils (10%–25%) and a significantly

increased lymphocyte percentile (50%–90%).51 Despite

this, a comparable rapid (<6 h) immune response to

trauma has been described in mice models with increased

neutrophil and decreased lymphocyte numbers.52 Simi-

larly, the expression of CXCR3 on NK cells is rapidly

upregulated following injury, alongside increased numbers

of NKT cells and cd T cells in the peripheral circulation.

In the same study, variable cell and cytokine (IFNc,
TNFa) responses in the spleen, lung and bone marrow

were observed, highlighting the importance of these mod-

els in furthering our understanding of localized

responses.52

Many immune functions significantly differ between

mice and humans such as the regulation of NK cells.
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TABLE 1. Advantages and disadvantages of different species as preclinical models of trauma

Advantages Disadvantages

Immune cell

composition (%)

Common uses in

trauma research

Mice • Inexpensive

• Easy to handle

• Huge variety of genetic

knock-in/knockouts available

• Large cohorts

• Rapid breeding cycle

• Broad availability of biologi-

cal reagents

• Small TBV (relative to large ani-

mals)

• Difficult to manipulate

• Genetically the most different

from humans

• Short life span

• Neutrophils:

10%–25%

• Lymphocytes:

50%–90%

• Monocytes: 1%–4%

• Drug metabolism and

screening

• Mechanistic studies (i.e.

transgenic mice)

• Traumatic brain injury

• Wound healing

Rat • Inexpensive

• Easy to handle

• Some genetic knock-

in/knockouts available

• Large cohorts

• Broad variability of biological

reagents

• Small TBV (relative to large ani-

mals)

• Short life span

• Neutrophils: 4%–20%

• Lymphocytes: >70%

• Monocytes: 1%–4%

• Haemorrhagic shock

• Wound healing

• Toxicology

• Mechanistic studies

Rabbit • Large TBV (relative to

rodents)

• Inexpensive (relative to large

animal models)

• Bone physiology similar to

humans

• Superior humoral immune

responses

• Comparable neutrophil

responses to humans

• Long life span (relative to

rodents)

• Challenging to find biological

reagents

• Genetically more similar to

humans that rodents

• Neutrophils: >30%

• Lymphocytes: 60-70%

• Monocytes: 1%–5%

• Fracture and traumatic

bone injury

• Drug metabolism

• Haemorrhagic shock

• Tissue injury

Pig • Large TBV

• Some cross-reactivity with

human reagents

• Comparable lymphoid struc-

tures to humans

• Long life span (relative to

rodents)

• Complex medical equipment

required

• Challenging to produce large

cohorts

• Challenging to find biological

reagents

• Neutrophils: 20%–
45%

• Lymphocytes: 30%–
70%

• Monocytes: 1%–10%

• Haemorrhagic shock

• Fluid resuscitation

• Tissue injury

• Coagulopathy

Sheep • Large TBV

• Bone physiology similar to

humans’ long life span (rela-

tive to rodents)

• Complex medical equipment

required

• Challenging to produce large

cohorts

• Challenging to find biological

reagents

• Neutrophils: 25%–
30%

• Lymphocytes: 60%–
70%

• Monocytes: 1%–6%

• Coagulopathy

• Fracture and traumatic

bone injury

Goat • Large TBV

• Bone physiology similar to

humans

• Long life span (relative to

rodents)

• Complex medical equipment

required

• Challenging to produce large

cohorts

• Challenging to find biological

reagents

• Neutrophils: 25%–
30%

• Lymphocytes: 60%–
70%

• Monocytes: 1%–10%

• Fracture and traumatic

bone injury

Non-

human

primates

• Large TBV

• Immune responses

• Broad cross-reactivity with

human reagents

• Long life span (relative to

rodents)

• Complex medical equipment

required

• Less ethically accepted

• Challenging to produce large

cohorts

• Neutrophils: 40%–
60%

• Lymphocytes: 30%–
50%

• Monocytes: 1%–4%

• Haemorrhagic shock

• Fluid resuscitation

• Coagulopathy
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Human NK cells are educated through killer

immunoglobulin-like receptors during their self/non-self-

education process, whereas murine NK cells use an alter-

native MHC-I inhibitory pathway involving Ly46, which

is not expressed in humans. Furthermore, the consistent

functional NK cell activity exhibited throughout the

human lifetime alongside the typically elevated levels of

surface Fc receptor makes them distinct from murine NK

cells, whereas murine NK cells display unusually high

activity levels in the lung, low Fc-receptor expression and

a peaked activity in early life.53 That said, reductions in

circulating NK numbers have been observed in a murine

model of trauma and haemorrhagic shock,52 consistent

with findings reported in humans.12

The differences observed between murine and human

immune responses extend to significant protein expres-

sion changes and distribution. In particular, neutrophilic

granule content in mice contains significantly lower

myeloperoxidase, lysozyme, b-glucuronidase, alkaline

phosphatase and lysozyme enzymatic activity than that of

humans.54 Murine defensins are found in paneth cells in

the gastrointestinal tract and are not expressed in neu-

trophils, which is in stark contrast to the 4 defensins that

comprise 50%–70% of azurophilic granule content in

human neutrophils.54 Additionally, distinguishing M1

and M2 polarized macrophages is distinct in mice and

humans, with macrophage phenotypes defined using

markers that are not expressed in the other species (e.g.

matrix metalloproteinase-1 is not expressed in murine

M1/M2 macrophages and platelet-derived growth factor-

C is not expressed in human M1/M2 macrophages).54

Ultimately, there are many significant variations in the

immune responses observed in mice to that of humans.

Due to excessive inbreeding, many strains of laboratory

mice have intrinsic genetic defects that alter their capacity

for a holistic recapitulation of human immune responses

(e.g. removal of the Mx1 gene).54

Mice have been used to model different types of

injury, most commonly haemorrhage, traumatic brain

injury (TBI) and bone fracture,47 with many studies

focusing on immune responses and possible interven-

tions to improve prognosis.55 These models elicit many

of the early responses as humans, such as endothelial

barrier disruption,56 and elevations in circulating levels

of DAMPs and pro-inflammatory cytokines.47 Fixed-

pressure haemorrhage in mice alters dendritic cell func-

tion with depressed production of IFNc, MHC-II and

IL-12.57 Additionally, combinatorial models have also

been produced in mice; for example, splenic macro-

phages demonstrate increased TNFa and IL-6 levels fol-

lowing 40% total blood volume (TBV) fixed-volume

haemorrhage and femur fracture.58 Similarly, alveolar

macrophages express elevated TNFa and macrophage

chemotactic protein-1 following ischaemia/reperfusion

lung injury.59

The advantages of using mice models besides their

small size are their accessibility, lack of expense and avail-

ability of biological reagents (e.g. antibodies), and they

are generally regarded as more ethically acceptable as an

animal model. Additionally, the rapid breeding cycles and

easy manipulations have allowed the generation of many

desirable genetic knockout strains.60 However, the small

anatomy of these animals makes performing experiments

more challenging, and in many respects, they do not fully

recapitulate the complex immune networks and responses

observed in humans.61 Despite their differences, 80% of

murine genome is same as humans and many of these

similarities have furthered our understanding of immune

responses, which makes them an invaluable tool.47

Rat

Using alternative rodent models is a common preference,

as rats boast all of the same advantages (reagent availabil-

ity, low cost and ethical implications) as murine models,

but are larger in size and possess a larger TBV that can

make performing many procedures less challenging (e.g.

shock injury).48 The rat genome is composed of approxi-

mately 90% orthologs of human genes.62 Unlike the mice,

many immune-related genes that are shared between rats

and humans have evolved through genetic expansion, and

therefore, many of the principles of human immunology

apply to these models. Many of these gene families are

not present in the mice, and there is only a 30% align-

ment between the rat and mice genomes.63 Despite this,

the elevated lymphocyte (>70%) and reduced neutrophil

(4%–20%) percentiles mean that rat immune composi-

tion is more similar to mice than humans.64 However,

this varies between different laboratory rat strains.65

Like mice, rats are comparatively easy to genetically

manipulate, but possess more physiological similarities

with humans than mice. This often makes them the pre-

ferred choice for many preclinical investigations (e.g.

pharmacokinetics, toxicology).66 Thus, there have been

many rat models of traumatic injury developed that

include response to wound injury,67 bone fracture and

repair,68 traumatic haemorrhage47 and blast injury of the

lung.69 Blunt chest trauma induces comparable monocyte

migration to the lung in rats as in humans.59 In contrast,

although rat neutrophils express the leukotriene B4 recep-

tor, they have a reduced capacity to migrate towards this

chemoattractant than human neutrophils.70 Additionally,

fixed-pressure haemorrhage and trauma laparotomy

results in increased permeability in the gut affecting neu-

trophil priming through mesenteric lymph nodes.71 Rat

alveolar macrophages have been demonstrated to display

increased phagocytic capacity and reduced IL-10 produc-

tion following haemorrhagic shock, responses that have

also been described in human patients of haemorrhagic

shock.59,72
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There are several limitations that must be considered

with rat models. Vitamin D receptors are crucial compo-

nents of innate immune signalling in humans and are

fundamental to antigen-presenting cells and lymphocytes.

Rat vitamin D receptors however do not play such an

important role in their innate immune responses, and

this affects the downstream responses they elicit (e.g. the

lack of cathelicidin peptides).73 As in humans, DAMPs

such as HMGB1 have been shown to be elevated in rats

following traumatic injury; however like mice, rats display

reduced sensitivity to LPS than humans.74 This may be

related to the fact that the extracellular domain of rat

TLR4 only shares 61% homology with that of human

TLR4. Furthermore, there are some subtle differences in

PRR receptor expression in comparison with humans.

For example, rat dendritic cells express TLR4, whereas

human dendritic cells do not,74 and whilst human lungs

express modest levels TLR4, rat lungs predominantly

express TLR.75 Nevertheless, rat responses have been

widely reported to recapitulate many inflammatory and

physiological processes observed in humans including

DAMP release, pro-inflammatory cytokine release,

endothelial glycocalyx degradation and altered transcrip-

tional profiles of inflammatory markers.76–78 Additionally,

lymphopenia and increased neutrophil count are recapit-

ulated in rat models alongside decreased NK cell cytotoxi-

city following trauma.79

Rabbit

Despite not being a member of the rodent family, the

immune system of a rabbit is remarkably similar to both

the rat and mice.62 Rabbits possess a higher (>30%) neu-

trophil fraction than rodents but have a comparably

higher lymphocyte percentage, which is more similar to

rodents than humans (60%–70%).80 Despite this, the rab-

bit gene orthologs are more similar to humans than

rodents.81 Their ease of handling and breeding, accessibil-

ity and relative lack of expense means they are commonly

used in scientific experimentation.82 Typically, rabbits are

more widely ethically accepted than larger animal models

such as non-human primates, but boast an increased size

and TBV when compared to rodents.

The innate ability of rabbits to produce 13 classes of

IgA antibodies is distinct from most other mammals

including humans.82 Despite most commonly being uti-

lized for their antibody repertoire, rabbit models have

many advantages for use in studying traumatic injury.

The similarities between rabbit and humans in many che-

mokine ligand and receptor interactions (e.g. CCR5) and

metabolism (e.g. cytochrome P450) facilitate robust inves-

tigations into many aspects of inflammation and drug

metabolism.82 TLR4 expression is broadly similar in rab-

bits compared to humans, although unlike humans where

TLR4 levels are highest in the spleen, the highest levels of

TLR4 are found in the lungs and bone marrow.74 In con-

trast to rodents, rabbits display similar sensitivity to LPS

as humans.74 Additionally, rabbits display comparable

neutrophil responses observed following trauma, includ-

ing their ability to produce ROS.81

Although rabbit bones are dissimilar to human in

microstructure, skeletal growth and vascular tissue, they

may create a more robust model for bone fracture than

rodents in many ways. Their size, similarity in bone min-

eral density and mid-diaphyseal thickness provide invalu-

able tools when investigating traumatic bone injury.83

Unlike rodents, the size of rabbit models allows more

physiological investigations into complex traumas includ-

ing blast injury that have demonstrated a remarkably sim-

ilar response to that reported in human patients. This

includes the induction of systemic inflammatory response

with rapid release of pro-inflammatory cytokines.82

Rabbit models of tissue injury and haemorrhage are

able to reproduce the shock responses observed in

humans, with a greater base deficit, compensatory hyper-

ventilation and increased mortality.84 Similarly, these

insults damage the endothelium, increase oxidative stress

and induce the release of pro-inflammatory cytokines.85,86

Pig

The domestic pig is an essential preclinical model; it has

a greater clinical relevance than the other species

described due to their genetic, physiological and anatomi-

cal similarities to humans.87 Despite being a large animal

model, they are still more ethically accepted than non-hu-

man primates, but less preferable than small animal mod-

els. Not only do they have the capacity to almost

completely reproduce human immune responses, they

also have comparable lymphoid structures, wound healing

mechanisms and immunological niches (e.g. palatine and

nasopharyngeal tonsils).88 Ultimately, porcine models

bring great advantages for studying immune interactions

and the mechanistic responses to trauma.

Pigs possess many of the same PRRs and downstream

signalling pathways as humans. Porcine TLR1-10 and

Nod-like receptors (NLR)-1 and NLR2 share over 80%

homology with their human gene counterparts, including

their ligands and downstream signalling pathways (e.g.

NF-jB, IRF-3-7). Therefore, porcine innate immune

responses are largely comparable to that of humans and

provide an invaluable study tool.87 Pigs have been used

to model fractures and bone repair, blunt injury, blast

injury, shock, TBI and fluid resuscitation strategies.47,89

Many of the inflammatory mediators measured in these

models recapitulate those observed in humans, including

elevated TNFa, IL-10 and IL-6.31 Similarly, marked

increases in DAMPs have also been reported in porcine

trauma models, including HMGB1, genomic DNA, ATP

and extracellular histones.90 As in humans, HMGB1 is
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elevated early after injury (<2.5 h), correlating with

haemorrhage severity, suggesting that hypoperfusion con-

tributes towards tissue damage and HMGB1 release.90 As

in rodents, increased neutrophil and endothelial cell acti-

vation has been reported in porcine models of haemor-

rhagic shock.91 Similarly, increased numbers of alveolar

macrophages have been observed in lavage fluid post-

trauma (e.g. blunt chest trauma).59 Non-blood-derived

fluid resuscitation methods in uncontrolled haemorrhage

reportedly have no effect on the inflammatory response

induced by trauma, with comparable levels of IL-6, TNFa
and G-CSF reported in pigs treated with either lactated

Ringer’s solution or normal saline.92

Nevertheless, there are still many factors that make the

porcine immune system distinct from humans. Despite

similarities in lymphocyte education processes and loca-

tions, there is a significant fraction (up to 64%) of T cells

emerging from thymic tissues as CD4+CD8+ double-posi-

tive T cells that develop into a memory T-cell subset with

high antigen recall.93 Healthy humans, however, only pos-

sess very low percentages (<3%) of CD4+CD8+ T cells in

peripheral circulation. Furthermore, pigs have a higher

percentage (~30%) of cd T cells than humans (<10%).94

Overall, pig immune cell composition remains more simi-

lar to rodents than humans, with 30%–70% lymphocytes

and 20%–45% neutrophils.95 Similarly, porcine immune

systems possess a much higher percentage of both cd T

cells (>15%) and NK cells (3%–5%) than human

immune systems. Yet, porcine immune responses have

been demonstrated to recapitulate 80% of the responses

measured in humans (e.g. trauma-induced T-cell lym-

phopenia), which undoubtedly improves the quality of

scientific data acquired from these models.87 Pigs have a

contractile spleen that can sequester over 20% of red

blood cells, and as such, a number of researchers perform

a splenectomy to remove the effect of this reflex

response.96,97 This is of particular importance where there

may be difference in the sympathetic response to injury

between groups, as occurs following blast injury.98 How-

ever, as splenectomies are invasive procedures that would

result in the initiation of immune responses prior to the

experimental injury, careful consideration must be

applied in the context of the research question at hand.

Due to their size and requirements, porcine models

require much more complex medical equipment, are

more challenging to house and can be more expensive

than other animal models. Additionally, despite the high

level of porcine to human cross-reactivity, it is still chal-

lenging to identify suitable reagents for investigating

immune parameters.

Additional models

Although porcine models are the most common large

animal model utilized in trauma research, other species

are also used, for example dogs, sheep and NHPs.99 These

large animal models boast increased TBV and sample

sizes, but have more ethical implications and reagents can

often be challenging to find. Both ovine and canine mod-

els have been used to study TBI and haemorrhagic

shock.100 A number of relevant haemorrhage models have

been developed in dogs; however, their haemodynamic

responses to shock may be different to humans, and it is

not known whether their immune response(s) to trauma

are consistent to that of critically injured human

patients.48 Furthermore, relatively few reagents are com-

mercially available for studying these immune responses,

and as dogs are genetically distinct from humans, using

human reagents may not be possible. Due to their simi-

larities to humans, both sheep and goats are good models

for bone fractures and healing.101 Primate models boast

superior hemodynamic and immune responses to many

other animal models and have been previously used in

models of traumatic injury (e.g. haemorrhagic shock,

blunt trauma); however, due to ethical limitations, they

are less frequently used today than alternative models.99

OTHER CONSIDERATIONS

Given the varied physiological properties of each species,

there are some other important considerations when

choosing the correct model. Due to the nature of the

studies, these models normally necessitate administration

of anaesthesia and may require invasive surgical proce-

dures and/or the use of varied instrumentation prior to

the experimental injuries.102 These procedures are likely

to initiate inflammatory responses themselves, which

may have implications on the subsequent immune

response to the injury. It is therefore important that con-

sideration is given to the appropriate experimental con-

trols, such as sampling before and after

instrumentation/surgery, and the inclusion of sham (un-

injured) control groups. Larger animal models allow for

greater sample volume (e.g. tissue biopsies and blood

volume) and repeated blood sampling over a range of

time-points due to their larger TBV. This creates more

freedom to investigate early time-points, more longitudi-

nal samples or increased downstream analyses. Many

studies exploring immune responses to haemorrhage and

trauma in preclinical models will include a period of

fluid resuscitation in the model; however, there are often

differences between studies in the volume and the type

of fluid administered. For example, some studies will use

autologous blood that has been taken as part of the

haemorrhage, whilst others use fluids such as component

blood products such as fresh-frozen plasma (FFP) or

crystalloids such as normal saline. Blood products such

as FFP have been shown to be beneficial to the endothe-

lium,77 but the effects on the inflammatory response are

less well defined. Therefore, it is important to consider
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the exact methods, volumes and timings of infusion and

fluid chosen when evaluating models of haemorrhage in

order to translate this research into humans and generate

clinically relevant data set.103 That said, human trauma is

very heterogeneous in nature, including in the fluid

resuscitation treatments administered (e.g. the type, the

volume and timing), and thus, no preclinical model will

be 100% representative. Many preclinical studies will use

human blood products as resuscitation fluid; however,

often little consideration is given to the potential impli-

cations of this. For example, human blood products have

been shown to transiently suppress mean arterial blood

pressure in mice, in which the authors attributed to a

xenogeneic reaction.56 This reaction to the human prod-

ucts is also likely to elicit an immune reaction, compli-

cating interpretation of results relating to inflammatory

changes, and so this must be taken into account when

conducting studies of this nature. Furthermore, some of

the potential beneficial actions of these products may be

missed due to the lack of cross-reactivity between spe-

cies. Studies that use resuscitation fluids derived from

the same species as the experimental model are much

more likely to recapitulate responses seen in humans;

however, care must be taken to ensure that the blood

processing procedure replicates how they are produced

for human clinical use as much as possible.

Most preclinical animal models of complex traumatic

injury including haemorrhagic shock are acute in nature

(<8 h due to the ethical considerations surround recovery

models of severe trauma), yet the development of sepsis

and MODS in human patients occurs many days and/or

weeks after the initial injury. Extrapolating data from the

early phases of trauma may not be representative of

changes that occur later down the line, and studies are

needed to evaluate whether accurate predictions can be

made from acute studies. Studies in mice104 and pigs105

have extended the experimental protocol up to 72 h,

which has highlighted the transient immune responses

that occur over this period. For example in a murine

polytrauma model, plasma cytokines were elevated the

day after injury but returned to baseline levels after

3 days, whereas neutrophilia was evident at both time-

points.104 Repeated sampling in a porcine model of poly-

trauma highlighted IL-6 was elevated as early as 90 min

after injury, peaking after 5.5 h and remaining elevated

for 2 days.105 These findings highlight the important of

longer term studies, especially in models such as the pig

that allow for repeated sampling over time. Models of

this nature may provide a greater insight into the

immune responses that lead to the development of

MODS and sepsis following severe injury. That said,

immune and endothelial disturbances are seen very early

in human patients,12,28,35 changes that offer signposts to

complications that arise later such as MODS, and so

acute preclinical models are representative of the human

response to injury for this period. Understanding the

early responses, and how they can be modified by thera-

peutic strategies, is likely to be important in appreciating

how these changes may influence the development of

post-trauma complications.

CONCLUSIONS

Our understanding of immune responses to traumatic

injury has rapidly increased in the last decade, which is in

no small part due to the use of preclinical animal models.

As a result, a number of promising therapeutic strategies

that target the immune system are currently being investi-

gated.106 In order to ensure the data generated is relevant

to the immune responses seen in critically injured human

patients, an appreciation of each species strengths and

weaknesses is vital to ensure the correct model is chosen

for the given research question. The intention of this

review is to provide a useful summary of those strengths

and weaknesses in the most commonly used species for

traumatic haemorrhagic shock research.
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