
R E S E A R CH A R T I C L E

Immunopathology of terminal complement activation and
complement C5 blockade creating a pro-survival and organ-
protective phenotype in trauma

Zhangsheng Yang1 | Miles A. Nunn2 | Tuan D. Le1 | Milomir O. Simovic1,3 |

Peter R. Edsall1 | Bin Liu1 | Johnny L. Barr1 | Brian J. Lund4 |

Crystal D. Hill-Pryor5 | Anthony E. Pusateri6 | Leopoldo C. Cancio1 | Yansong Li1,3

1US Army Institute of Surgical Research, JBSA-

Fort Sam Houston, San Antonio, Texas, USA

2Akari Therapeutics, London, UK

3The Geneva Foundation, Tacoma,

Washington, USA

459th Medical Wing Operational Medicine,

JBSA-Fort Sam Houston, San Antonio, Texas,

USA

5US Army Medical Research and Development

Command, Fort Detrick, Maryland, USA

6Naval Medical Research Unit San Antonio,

JBSA-Fort Sam Houston, San Antonio, Texas,

USA

Correspondence

Yansong Li, The Geneva Foundation, Tacoma,

WA 98402, USA.

Email: ysli916@gmail.com

Leopoldo C. Cancio, US Army Institute of

Surgical Research, JBSA-Fort Sam Houston,

San Antonio TX 78234, USA.

Email: leopoldo.c.cancio.civ@health.mil

Funding information

DoD US Army Medical Research &

Development Command, Grant/Award

Numbers: BA150310, C_038_2014

Background and Purpose: Traumatic haemorrhage (TH) is the leading cause of poten-

tially preventable deaths that occur during the prehospital phase of care. No effective

pharmacological therapeutics are available for critical TH patients yet. Here, we

identify terminal complement activation (TCA) as a therapeutic target in combat

casualties and evaluate the efficacy of a TCA inhibitor (nomacopan) on organ damage

and survival in vivo.

Experimental Approach: Complement activation products and cytokines were

analysed in plasma from 54 combat casualties. The correlations between activated

complement pathway(s) and the clinical outcomes in trauma patients were assessed.

Nomacopan was administered to rats subjected to lethal TH (blast injury and haemor-

rhagic shock). Effects of nomacopan on TH were determined using survival rate,

organ damage, physiological parameters, and laboratory profiles.

Key Results: Early TCA was associated with systemic inflammatory responses and

clinical outcomes in this trauma cohort. Lethal TH in the untreated rats induced early

TCA that correlated with the severity of tissue damage and mortality. The addition of

nomacopan to a damage-control resuscitation (DCR) protocol significantly inhibited

TCA, decreased local and systemic inflammatory responses, improved haemody-

namics and metabolism, attenuated tissue and organ damage, and increased survival.

Conclusion and Implications: Previous findings of our and other groups revealed that

early TCA represents a rational therapeutic target for trauma patients. Nomacopan as

a pro-survival and organ-protective drug, could emerge as a promising adjunct to

DCR that may significantly reduce the morbidity and mortality in severe TH patients

while awaiting transport to critical care facilities.
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1 | INTRODUCTION

Traumatic haemorrhage (TH) is a major cause of potentially prevent-

able death on the battlefield as well as in the civilian world. Blast

injury was the predominant wounding mechanism during recent con-

flicts, accounting for 70%–80% of military casualties in Iraq and

Afghanistan (Belmont et al., 2012; Ritenour et al., 2010). The patho-

physiology of blast-induced injury is distinctive and appears more

complex than most other forms of trauma (Cernak, 2010).

TH involves tissue injury, ischemia, and subsequent reperfusion.

Ischemia/reperfusion injury and damaged tissue activate a

multifaceted network of plasma cascades (complement, coagulation,

kinin, and fibrinolytic systems) that play a major role in the systemic

inflammatory response syndrome (SIRS) and the compensatory

anti-inflammatory response syndrome. SIRS and anti-inflammatory

response syndrome ultimately lead to injury-related multi-organ

dysfunction syndrome (MODS) (Duehrkop & Rieben, 2014). MODS

represents a major cause of late mortality following severe trauma

(Cole et al., 2020; Gentile et al., 2012; Huber-Lang et al., 2018). The

underlying immunological disturbance is complex, and early activation

of the complement cascade plays a crucial role.

Complement activation appears to fuel a vicious cycle of

inflammatory damage that exacerbates MODS pathology (Valparaiso

et al., 2015). Growing evidence from our studies (Campbell

et al., 2016; Dalle Lucca et al., 2011, 2013; Dalle Lucca, Chavko,

et al., 2012; Dalle Lucca, Li, et al., 2012; Li et al., 2013; Li et al., 2018;

Li, Zhao, et al., 2019; Yang et al., 2019) and those of others (Burk

et al., 2012; Ganter et al., 2007; Huber-Lang et al., 2018; Karasu

et al., 2019; Lord et al., 2014; Rittirsch et al., 2012) illustrates that

excessive activation of the complement system represents a key

mechanism regulating the development of inflammation-mediated

MODS after TH. Pronounced early complement activation was identi-

fied in civilians sustaining major trauma (Burk et al., 2012). Elevated

concentrations of C3a, C5a, and sC5b-9 were correlated with injury

severity and were associated with increased incidence of MODS and

mortality (Burk et al., 2012; Ganter et al., 2007). Similarly, our recent

findings in civilians with trauma or burn injury have revealed robustly

elevated plasma levels of C3a; the terminal complement activation

(TCA) products C5a/sC5b-9; protein Bb, a product of the complement

alternative pathway; and protein C4d, a derivative of the complement

classical/lectin pathways (Li, Zhao, et al., 2019). Genetic and pharma-

cological manipulation of complement levels and complement activa-

tion in murine models of ischemia/reperfusion injury, traumatic brain

injury (TBI), and TH demonstrate beneficial effects on survival, neuro-

protection, inflammation, and tissue damage (Alawieh et al., 2015;

Barrett et al., 2018; Danobeitia et al., 2017; Karasu et al., 2019;

Leinhase et al., 2006). Our previous studies have demonstrated the

beneficial effects of pharmacological inhibition of complement activity

on increasing survival, improving haemodynamics, reducing fluid

requirements, attenuating organ damage, and modulating systemic

and local inflammatory responses in rats and pigs in short-term studies

(<6 h) after TH (Campbell et al., 2016; Dalle Lucca et al., 2011, 2013;

Dalle Lucca, Li, et al., 2012).

The latter studies used either a C1 esterase inhibitor (which

inhibits the classical and lectin pathways of complement C3 and C5

activation and the contact system that generates bradykinin), or a

decay accelerating factor (which inhibits the classical, lectin and alter-

native pathways of complement C3 and C5 activation). There is

debate about the best point at which to inhibit complement activation

to improve outcomes in trauma. For example, should one inhibit all

three complement pathways or only one and, further, should one

interrupt the formation of all the main effectors (C3a, C5a and C5b-9),

only C5a and C5b-9, or only C5a? Because secondary infection is a

major risk after blast injury and other forms of trauma, some investi-

gators believe that inhibition of complement activation at the C3 level

may be less desirable than TCA-specific blockade, because C3

opsonization has a significant antimicrobial function, and C3 and its

activation products may have roles in tissue recovery (Huber-Lang

et al., 2020; Keshari et al., 2017). The relative importance of each of

the three complement activation pathways in trauma is not yet clear

and each may have a different degree of importance in different types

of injury.

In the current study, we show that the terminal complement is

the predominant activated complement pathway early after trauma in

a cohort of combat casualties, most of whom had blast-induced TBI.

Based on these clinical findings, we then hypothesized that blocking

C5a and C5b-9, the TCA products, may reduce organ tissue damage

and increase survival. To evaluate this hypothesis, we tested the

What is already known

• Traumatic haemorrhage is the leading cause of potentially

preventable deaths during the prehospital care phase.

• Terminal complement activation has the potential to

trigger inflammation and multi-organ dysfunction

syndrome.

What does this study add

• Treatment with nomacopan attenuates organ damage

and increases survival.

• Nomacopan functions as a pro-survival and organ-protec-

tive drug.

What is the clinical significance

• Terminal complement activation represents a rational

therapeutic target for trauma patients.

• Nomacopan is a promising drug to create a pro-survival

and organ-protective phenotype in trauma patients.
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effect of C5 inhibition using the clinical-stage complement C5

inhibitor nomacopan in a rat model of TH that replicates the immuno-

logical responses seen in injured patients.

2 | METHODS

2.1 | Overview of study design

This study was designed (1) to determine the role of TCA-induced

morbidity and mortality in military trauma patients with two major

mechanisms of injury (69% blast injury and 26% gunshot wounds) and

(2) to test the efficacy of a dual specific inhibitor of C5 and LTB4,

nomacopan, against blast injury/haemorrhage-induced organ damage,

and to evaluate whether C5 inhibition provides a survival benefit in a

military relevant preclinical rat model (Figure 1). The primary end-

points were survival and organ damage. Prior to performance of the

main study, a pilot study was conducted (Figure 1). The main study

was designed to generate groups of equal size. However, this was

impossible due to the differential mortality rates between drug-

treated and vehicle-treated groups. None of the animals were

excluded from the study. Power calculations were performed on data

obtained from the pilot study of complement haemolytic 50% activity

(CH50) (Figure S3E) using the PROC POWER and PROC GLMPOWER

of the SAS program (SAS Institute, Cary, NC). Using these data (drug-

treated vs. vehicle-treated animals: 89% vs. 27% CH50 at 1 h after

injury or repeated measures over the time period), we calculated a

minimum size of 10 rats per treatment group to have a power >85%

from both the t-test for two mean difference at 1-hour after injury

(62% and pooled SD = 43.8%) and the repeated measure ANOVA for

longitudinal data (pooled SD = 41.0%) with an expectation of 95%

confidence intervals. After recovery (5–7 days) from surgical cannula-

tion and prior to trauma, the animals were randomly assigned to one

of two experimental groups (Figure 1). No data were excluded. Drug

and vehicle administration was non-blinded; no bias was applied dur-

ing husbandry or tissue harvesting. A randomized blinded code for his-

tological sections was used.

2.2 | Clinical study

This study was conducted under a protocol reviewed and approved

by the US Army Medical Research and Development Command Insti-

tutional Review Board and in accordance with the approved protocol

(Protocol #MNC1-07021). The study in trauma patients was designed

to identify the clinical significance of early complement activation in

casualties admitted to a US Army Combat Support Hospital (Role 3) in

Baghdad, Iraq over a one-year period (2007–2008, Figure 1). Foreign

nationals, prisoners, enemy combatants, children and any patient

undergoing therapeutic anticoagulation were excluded. Citrated

plasma was collected from trauma patients after admission to the

emergency department (n = 54), and if available, 8 h (n = 23) and

24 h (n = 9) later (Table 1). At these later time points, samples were

collected after patients had received appropriate clinical care, includ-

ing surgery and resuscitation. On admission (45–60 min after injury),

the clinical and demographic characteristics of the patients were

recorded, including base excess, MAP, blood product transfusion

units, and SIRS score during the first 24 h. Injury severity was coded

using the Abbreviated Injury Scale 2005-Military system (Champion

et al., 2010). Most casualties (n = 45) suffered a traumatic brain injury

from explosions.

Blood collected at the hospital, was processed according to

standard clinical practice (Lusczek et al., 2017) and the resultant

plasma was frozen and transported to the US Army Institute of

Surgical Research (USAISR) as described (Lusczek et al., 2017) and

stored at �80�C until analysis in 2013. Ten healthy volunteers were

enrolled at the authors' laboratory as reference controls. Volunteers

were 18 years or older with no significant medical conditions. Blood

samples were drawn once for analysis of selected complement

components, coagulation parameters, and the levels of cytokines.

2.3 | Animal study

All animal care and experimental protocols complied with the Animal

Welfare Act, the corresponding Animal Welfare regulations and the

F IGURE 1 Workflow of translational study design. Blood plasma from 54 casualties on admission, 8 and 24 h after admission to a hospital
and 10 civilian volunteers was used for the analysis of the complement activation. On the basis of the products of complement activation in the
casualties' plasma, complement component C5 was identified as a reasonable therapeutic target. Prophylactic and therapeutic effects of
nomacopan, an inhibitor of C5, were tested in rat models of blast (B) and haemorrhage (H) injury. Abbreviation: NOM, nomacopan
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principles of the Guide for the Care and Use of Laboratory Animals.

The Institutional Animal Care and Use Committee approved all

research conducted in this study. The facility where this research was

conducted is fully accredited by the AAALAC. Animal studies are

reported in compliance with the ARRIVE guidelines (Percie du Sert

et al., 2020) and with the recommendations made by the British

Journal of Pharmacology (Lilley, Stanford et al., 2020).

2.3.1 | Surgical procedures and injury model in rats

Specific-pathogen-free adult male Sprague–Dawley rats (10–12 weeks

old) weighing 350–475 g, were purchased from Charles River Labora-

tories (Wilmington, MA). Under anaesthesia, the carotid artery and jug-

ular vein were cannulated in all rats. The cannulated animals

underwent with (the main study) or without (pilot study) a recovery

period (5–7 days). The blast injury (B) was conducted as described pre-

viously (Chavko et al., 2009; Li et al., 2013; Yang et al., 2019). Briefly,

rats were anaesthetised with ketamine/xylazine (60/5 mg�kg�1 body

weight) via i.p. injection, and then placed on a rack holder, which was

wheeled into the end of the expansion chamber of a compressed-air-

driven shock tube (Applied Research Associates, Inc., Albuquerque,

NM) (Yang et al., 2019). During the blast, the animals were immobilized

to prevent movement upon impact and subsequent tertiary blast

injury. Animals in prone positions with their heads turned to the blast

wave were exposed to a single mild–moderate blast injury (Table S3).

Fifteen minutes after blast exposure, animals were subjected to

volume-controlled haemorrhage over 15 min. The estimated total

blood volume (ETBV) was calculated using the following formula: ETBV

(ml) = weight in kg � 65 ml�kg�1. After haemorrhage, the animals

were maintained for 30 min in the shock phase, then received double

the shed blood volume of Plasma-Lyte A. The animals were monitored

under anaesthesia (1-2.5% isoflurane) for 3 h after haemorrhagic shock

(H), then returned to their cage and observed for up to 25 h.

Two doses of nomacopan were administered. The first dose

(7.5 mg�kg�1, i.v.) was given either immediately before the blast

exposure (NOM_0´), 15 min after the blast but prior to haemorrhage

(NOM_15´), or 60 min post-blast (at the end of shock but before fluid

resuscitation, NOM_60´), The second dose (also 7.5 mg�kg�1) was

given subcutaneously 11 h after blast injury. The dose of nomacopan

via i.v. route of administration has previously demonstrated complete

inhibition of serum haemolytic activity in rats with a half-life of

8–12 h (28). Injured rats not treated with nomacopan received the

same volume of saline by the same routes of administration at equiva-

lent times.

In the pilot study, cannulated animals (non-recovery) were allo-

cated to three groups (Figures S3A and Table S3): (1) B + H (n = 6): a

single blast injury and 40% haemorrhage with receiving an equal

volume of normal saline, (2) NOM_0´ (n = 3): B + H animals treated

with nomacopan, (3) Sham (n = 5): the animals underwent the same

surgical cannulation, anaesthesia, and analgesia but without B + H.

Statistical analysis was not performed for studies where each group

size was n < 5.

For the main study, the recovered animals post-cannulation were

randomly assigned to four groups (Figures 1 and 5a and Table S3):

(1) B + H (n = 10): a single blast injury and 52% haemorrhage (7 rats

lost 50% of ETBV, and three animals lost 57% of ETBV) with receiving

equal volume of normal saline, (2) NOM_15´ (n = 10, seven rats lost

50% of ETBV, and three animals lost 57% of ETBV), (3) NOM_60´

(n = 10, seven rats lost 50% of ETBV, and three animals lost 57% of

ETBV), and (4) Sham (n = 10): the animals underwent all procedures

except B + H and subsequently received an equal volume of normal

saline. During the observation period, the mean arterial pressure was

recorded by the BIOPAC data acquisition system (BIOPAC Systems,

Inc., Goleta, CA). Blood samples were collected before the blast, at

the end of haemorrhagic shock, then at 2, 4, 11, and 25 h after blast.

Blood chemistry was analysed by i-STAT (Abbott Laboratories), and

PaO2/FiO2 ratio was based on collected i-STAT data.

2.4 | Assays

2.4.1 | Analysis of complement factors in human
and rat plasma

Quantitative levels of complement factors in human plasma, including

C3a (cat#A031), C5a (cat#A021), sC5b-9 (cat#A020), Bb (cat#A027)

TABLE 1 Demographics and characteristics of trauma patients
and healthy controls

Injured

service-members
(n = 54)

Healthy

controls
(n = 10)

Age in years, median (IQR) 25 (22–30) 36 (28–41)

Gender, n (%)

Male 53 (98) 6 (60)

Female 1 (2) 4 (40)

Combat theatre

OIF, n 54 N/A

Mortality, n (%) 5 (9) N/A

Injury severity score, median (IQR) 16 (9–24) N/A

Mechanism of injury, n (%)

Blast 37 (69) N/A

GSW 14 (26) N/A

Burn 2 (4) N/A

MVA 1 (2) N/A

Traumatic brain injury, n (%)

Yes 45 (83) N/A

No 4 (7) N/A

Unknown 5 (9) N/A

Glasgow coma scale, median (IQR) 15 (14–15) N/A

Abbreviations: IQR, interquartile range; OIF, Operation Iraqi Freedom;

GSW, gunshot wound; MVA, motor vehicle accidents. Data are presented

as the numbers of patients (with percentages), unless otherwise indicated.
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and C4d (cat#A008) were measured by using commercial ELISA kits

according to the manufacturer's instructions (Quidel, San Diego, CA).

Rat plasma levels of complement C3 (cat#ab157731, Abcam,

Cambridge, MA) and C1q (cat#HK211-01, HycultBiotech, Plymouth

Meeting, PA) were assessed using ELISA kits following the manufac-

turers' recommendations.

2.4.2 | Analysis of human cytokines

Human cytokines in the plasma were analysed by Bio-Plex® Pro

Human Cytokine 27-plex Assay (cat#M500KCF0Y, BIO-RAD, Hercu-

les, CA) according to the manufacturer's instructions.

2.4.3 | Analysis of cytokines in the lung tissue from
rats

Levels of several cytokines (IL-1β, IL-6, TNF-α and KC/GRO) in

homogenates of lung tissue were analysed with an electrochemical

ELISA (cat#K15059G) using the MesoScale Discovery platform

(Rockville, MD) (Li et al., 2018).

2.4.4 | Protein assay

Levels of total protein in plasma were measured using a bicinchoninic

acid protein assay kit (cat#23225, Pierce, Rockford, IL) according to

the manufacturer's instructions.

2.4.5 | Haemolytic complement activity assay

The complement haemolytic 50% activity (CH50) assay was

performed to determine the function of the complement classical

pathway as described previously (Li et al., 2013). Briefly, antibody-

sensitized chicken red blood cells (Colorado Serum Company, Denver,

CO, cat#31151) were incubated for 30 min at 37�C with serial dilu-

tions of rat serum samples in gelatin-veronal buffer (GVB++ buffer,

Complement Technology, Tyler, TX, cat#B100). After centrifugation,

the supernatant was transferred to a new plate, and the absorbance

of the supernatant was determined at 405 nm by SpectraMax micro-

plate reader (Molecular Devices, San Jose, CA). The fold serum dilu-

tion inducing 50% of complement haemolytic activity was determined

and presented as the CH50 value.

2.4.6 | Levels of myeloperoxidase and high mobility
group box 1 protein in plasma

Myeloperoxidase (MPO) levels in human/rat plasma were determined

by quantitative sandwich enzyme-linked immunosorbent assay

(cat#HK324-02 and cat#HK105-02) using kits obtained from Hycult

Biotech (Plymouth Meeting, PA). Rat plasma levels of the protein, high

mobility group box 1 (HMGB1), were measured by ELISA

(cat#ST51011, IBL-International, Baldwin Park, CA) according to the

manufacturer's instructions.

2.5 | Histopathological evaluation

2.5.1 | Immunohistochemical (IHC) staining in rat
tissues

Lung tissue was processed for IHC staining as described previously (Li

et al., 2018). Briefly, after 4% paraformaldehyde fixation for 24 h, the

tissues were transferred to 20% sucrose (w/v) in PBS overnight at

4�C, followed by freezing in the Tissue-Tek OCT mounting medium

(Sakura, Japan). Frozen-tissue sections were then cut at 5-μm thick-

ness with a cryostat and mounted onto glass slides. The slides were

fixed in cold acetone or 4% paraformaldehyde for 20 min followed by

permeabilization with 0.05% Triton X-100 in PBS for a further 10 min.

Next, sections were blocked by PBS/10% normal goat serum and

incubated with primary antibodies, including mouse anti-rat C5b-9

(IgG1, clone#2A1, cat#HM3033, diluted at 1:20 in PBS/10% normal

goat serum, Hycult Biotech, Plymouth Meeting, PA), chicken anti-

mouse C3/C3a (IgY, polyclonal, cat#ab48581, diluted at 1:100 in

PBS/10% normal goat serum, Abcam, Cambridge, MA), rabbit anti-

mouse MPO (IgG, polyclonal, cat#ab9535, diluted at 1:100 in

PBS/10% normal goat serum, Abcam, Cambridge, MA), and mouse

anti-rat ICAM-1 (IgG1, clone#1A29, cat#ab171123, diluted at 1:100

in PBS/10% normal goat serum, Abcam, Cambridge, MA) overnight at

4�C. Following extensive washing, sections were incubated with

secondary goat-anti-rabbit/mouse/chicken IgG-labelled with Alexa

Fluor 488-conjugated antibodies (cat#150077/cat#150113, diluted at

1:400 in PBS/10% normal goat serum, Abcam, Cambridge, MA) or

594-conjugated antibody (cat#ab150080/cat#ab150116, diluted at

1:400 in PBS/10% normal goat serum, Abcam, Cambridge, MA) for

1 h at room temperature. Subsequently, after washing, sections

were mounted with ProLong Gold Antifade solution containing

40 ,6-diamidino-2-phenylindole (cat#P36931, Invitrogen, Carlsbad, CA)

for staining the nuclear DNA and then visualized at a 200� magnifica-

tion under a fluorescence microscope (Nikon Eclipse Ti). Experiments

with negative controls were conducted by substituting the primary

antibodies with corresponding immunoglobulin isotypes. The IHC

procedures are used to comply with the BJP's recommendations and

requirements (Alexander et al., 2018).

2.5.2 | Quantification of IHC staining

The numbers of positively stained cells and the total numbers of cells

in 20 randomly selected fields of a given section were determined

based on particle size using ImageJ software (ImageJ 1.50b). Three to

four animals in each group were analysed. The data were not

subjected to statistical analysis owing to the small group size of n < 5.
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2.6 | Tissue pathological evaluation and semi-
quantitative scoring

Histological images of entire sections for each individual rat tissue

were recorded with a 10� objective under a slide scanner (Axio Scan.

Z1 v1.0, Zeiss, Germany), and representative images of each group

were presented (magnification = 400� for lung, brain, and liver or

100� for jejunum). Semi-quantitative scoring of lung, brain, liver, and

jejunum tissues was performed in 30 randomly selected fields at a

400� or 100� magnification by a pathologist blinded to the treat-

ment information, and the criteria for the evaluation of histological

injury scores are as follows.

For the lung injury score, four parameters (alveolar fibrin oedema,

alveolar haemorrhage, septal thickening, and intra-alveolar inflamma-

tory cells) were scored on each haematoxylin and eosin (H&E) stained

slide based on (1) severity (0: absent; 1, 2, 3 and 4 for increasingly

severe changes) and (2) the extent of injury (0: absent; 1: <25%; 2:

25%–50%; 3: 50%–75%; 4 > 75%). The total injury score for each

slide was calculated as the sum of the severity plus the extent of

injury (Dalle Lucca et al., 2013).

For the scoring brain injury score, we undertook the approach

previously described (Li et al., 2013). Two parts of the brain tissue

were scored, including the frontal cortex and hippocampus. Damage

was assessed using five distinct morphological parameters: neuronal

morphological changes (shrinkage of the cell body, pyknosis of the

nucleus, disappearance of the nucleolus, and loss of Nissl substance,

with intense eosinophilia of the cytoplasm), neuronal loss, cytotoxic

oedema, vasogenic oedema, and inflammatory cell infiltration in the

brain cortex and hippocampus. The changes were scored according to

their extent (score 0, 1, 2, 3, and 4 for an extent of 0%, <25%, 25%–

50%, 50%–75%, and 75%–100%, respectively) and the severity of the

injury (score 0 = normal histology, score 1 = slight, 2 = mild,

3 = moderate, and 4 = severe alterations).

For the hepatic injury score, four parameters, including vascular

congestion, hepatocyte death, degeneration, and inflammation were

considered (Dalle Lucca et al., 2013), and these parameters were

assayed for severity (score 0 for no change, score 1, 2, 3 and 4 for

more severe changes) and for the extent of injury (0: absent; 1: <25%;

2: 25%–50%; 3: 50%–75%; 4: >75%). The injury score represents the

sum of the extent and the severity of injury.

For the jejunum, each slide was scored according to the following

scale: 0, normal villi; 1, villi with tip distortion; 2, villi lacking goblet

cells and containing Guggenheim's spaces; 3, villi with patch disrup-

tion of the epithelial cells: 4, villi with exposed but intact lamina pro-

pria and epithelial cell sloughing; 5, villi in which the lamina propria

was exuding; and 6, haemorrhaged or denuded villi.

2.7 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2018). Statistical analysis was

undertaken only when a minimum of n = 5 independent samples was

acquired. Demographic data are presented as interquartile ranges

(IQR) or percentages as appropriate. Other data are presented as

mean ± SEM. To reduce unwanted sources of variation between the

time points by dilution effects of the early fluid transfusion, comple-

ment and cytokine data obtained from trauma patients were normal-

ized to the measured plasma protein levels. The animal experiments

were randomized and data analysis was blinded. Group size is the

number of independent values, and statistical analysis was performed

using these independent values. Intergroup comparisons for comple-

ment factors and inflammatory mediators in patients or animals were

assessed using Mann–Whitney U test, or unpaired t-test with Welch's

correction. Correlation analyses were analysed using Spearman's

correlation test. For animal survival analysis, Kaplan–Meier plot and

log-rank test were performed. Two-way ANOVA was performed to

compare the animal groups on particular variables. Bonferroni post

hoc tests were conducted only if F value in ANOVA achieved

P < 0.05. The receiver operating characteristic curve (ROC) and area

under the ROC survive (AUC) were performed using univariate logistic

regression. The optimal cutoff values were obtained by ROC curves

analysis with Youden index. P < 0.05 was considered significant. All

data were included, and none were treated as outliers. All statistical

analyses were performed using GraphPad Prism 6.0 (GraphPad

Software, San Diego, CA).

2.8 | Materials

Nomacopan was supplied by Akari Therapeutics plc (London, UK).

Ketamine was supplied by Zoetis Manufacturing and Research Spain,

S.L. (Girona, Spain). xylazine by Akorn, Inc. (Lake Forest, IL, USA), and

isoflurane by Baxter (Deerfield, IL, USA).

2.9 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org, and are

permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander, Christopoulos et al., 2021; Alexander, Fabbro,

et al., 2021; Alexander, Kelly, et al., 2021).

3 | RESULTS

3.1 | Patient demographics and clinical data

Patient demographics and clinical data are shown in Table 1. Most

patients were male (98%) with a median (IQR) age of 25 (22–30)

years, and an injury severity score of 16 (9–24). The predominant

cause of injury was a blast (69%). Forty-five of the 54 patients (83%)

had TBI, of whom most sustained mild TBI (80%). During treatment in

the hospital, seven patients (13%) used mechanical ventilation, and
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five patients (9%) died. All patients received operative care and intra-

venous resuscitation fluids. Ten healthy controls, six male and four

female with a median (IRQ) age of 36 (28–41) years were sampled

once, and served as controls. No clinical data were collected for

healthy controls.

3.2 | Early complement activation in casualties

To avoid misinterpretation of the measured complement components

(C3a, C4d, C5a, sC5b-9, and Bb) (Figures 2 and S1) by the dilution

effects of early fluid infusion, data were normalized to total plasma

protein levels (Burk et al., 2012). Levels of activated complement fac-

tors, including C5a, sC5b-9, and C4d, were significantly higher in

injured patients on admission compared with healthy controls. These

factors remained elevated at 8 and 24 h after admission. The mean

values for C5a, sC5b-9, and C4d at 24 h increased by 3.2-, 3.6-, and

7.0-fold, respectively, compared to controls (Figure 2a,b,d). There was

a strong positive correlation between complement C5a and sC5b-9

with Bb levels (Figure 2e,f) on admission. However, C3a was not

significantly changed during the observation period (Figure S1A, B).

Patients with blast injuries showed a peak in activated complement

factors at 8 h after admission during 24 h observation period

(Figure S1C–F). Patients with gunshot-wound injuries generally had

elevated levels of C5a, sC5b-9, Bb, and C4d throughout the 24 h after

admission (Figure S1C–F), although Bb levels clearly peaked at 8 h

(Figure S1E). This early Bb elevation indicates that the alternative

complement pathway, unlike the classical or mannose-binding lectin

complement pathways, contributed to early complement activation in

these patients.

3.3 | Early complement activation and early
systemic inflammatory response in casualties

We measured the plasma levels of inflammatory mediators and deter-

mined the relationship between plasma concentrations of comple-

ment activation products (C3a, C5a, sC5b-9, Bb, C4d) and

inflammatory mediators at admission after trauma. We found that the

levels of pro-inflammatory mediators (TNF-α, IFN-γ, IL-1β, IL-6, IL-8,
CCL2 (MCP-1), MPO, GM-CSF) (Figure S2A–H), anti-inflammatory

cytokines, including IL-4, IL-10 and G-CSF (Figure S2I, J, L), and regu-

latory cytokines such as IL-12 and CCL4 (MIP-1β) (Figure S2O, P)

were significantly elevated on admission and at 8 h when compared

with the healthy controls. Most of these mediators declined and

returned to their baseline levels within 24 h. The ratios of the pro-

inflammatory factors (IL-6, CCL2, or GM-CSF) to IL-10, a classical

anti-inflammatory cytokine, were significantly higher than in the con-

trols (Figure S2S).

At admission, blood levels of IL-6 and MPO strongly correlated

with C5a, sC5b-9, and Bb levels (Figure 3). CCL2 and CCL4 levels

clearly correlated with the blood levels of C3a, C5a, sC5b-9, and

fragment Bb but not with C4d (Figure 3 and Table S1). Complement

protein C4d, a degradation product of the classical/lectin pathways

negatively correlated with the pro-inflammatory cytokines IL-1β,

IL-17, and TNF-α (Figure 3j–l).

F IGURE 2 Early activation of complement terminal and alternative pathways after trauma in military casualties. Plasma levels of C5a (a),

sC5b-9 (b), Bb (c), and C4d (d) were measured to determine activation of terminal complement (C5a and sC5b9), alternative pathway (Bb), and
classical and lectin pathways (C4d) by ELISA in healthy donors, and trauma patients on admission to hospital, 8 and 24 h after admission. The data
are expressed as μg�mg�1 plasma protein, except for C5a and C5b-9, which are shown as ng�mg�1 plasma protein. Data shown are means ± SEM,
from the group sizes shown (n). *P < 0.05, significantly different from values in healthy subjects (Ctrl); Mann–Whitney U test). (e–h) Correlation of
Bb and C4d with either C5a or sC5b-9 in the injured patients at admission. Correlation analysis between complement factors bb or C4d and C5a
or sC5b-9 were performed using Spearman's rank correlation. Data are shown as individual values with the correlation coefficient (rs). Significant
correlations (P < 0.05) are indicated by boldface type.
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3.4 | Clinical outcomes and early complement
activation in casualties

There was a positive correlation between admission plasma levels of

C5a/sC5b-9 (Figure 4a–h) or Bb (Figure 4i–l) and ISS, international

normalized ratio (INR), severity of TBI, and crystalloid resuscitation

requirements. Plasma levels of C5a, C3a, and Bb at admission were

also positively correlated with increased RBC and FFP blood transfu-

sion requirements (Table S2). However, we found an inverse correla-

tion between plasma concentrations of C4d at admission and blood

transfusion requirements or TBI (Table S2). No significant correlation

was found between C4d plasma levels at admission and ISS and crys-

talloid resuscitation requirements (Table S2). We next tested the accu-

racy of admission plasma concentrations of C5a and Bb for

distinguishing TBI patients from non-TBI patients, or distinguishing

ventilated patients from non-ventilated patients using ROC analysis

(Figure 4m–o,q). Admission plasma levels of C5a ≥ 0.185 ng�mg�1

plasma protein (AUC = 0.73, specificity = 68%, sensitivity = 71%)

(Figure 4m,q) and Bb ≥ 0.015 μg�mg�1 plasma protein (AUC = 0.69,

specificity = 65%, sensitivity = 71%) (Figure 4n,q) were associated

with the presence of TBI. Admission plasma C5a ≥ 0.195 ng�mg�1

plasma protein was a fair predictor of mechanical ventilation

requirements (AUC = 0.75, specificity = 71%, sensitivity = 86%,

Figure 4o,q). However, patients who survived had higher levels of

C4d than patients who did not survive, and admission plasma

C4d ≥ 0.025 μg�mg�1 plasma protein was a fair predictor of mortality

(AUC = 0.83, specificity = 78%, sensitivity = 80%) (Figure 4p,q).

These data suggest that inhibition of complement terminal pathway

or alternative pathway, but not classical/lectin pathways, may be the

optimal therapeutic approach to improve clinical outcomes after TH.

F IGURE 3 Activation of complement terminal and alternative pathways is related to systemic inflammatory response after trauma in
battlefield casualties. Inflammatory factors and cytokines were measured by ELISA and by Bio-Plex kits, respectively. Positive correlation
between plasma concentrations of C5a in the trauma patients and IL-6 (a), MCP-1 (b), and MPO (c) in the blood plasma of the patients on
admission. Positive correlation of plasma levels of C5b-9 on admission with IL-6 (d), MCP-1 (e), and MPO (f) in the injured patients on admission.
Plasma concentration of bb on admission positively correlated with IL-6 (g), MCP-1 (h), and MPO (i), whereas the plasma levels of C4d on
admission inversely correlated with IL-1β (j), IL-17 (k), and TNF-α (l). Correlation analysis between complement factors (C5a, C5b-9, bb and C4d)
and inflammatory factors/cytokines were performed by using Spearman's rank correlation. Data are shown as individual values with the
correlation coefficient (rs). Significant correlations (P < 0.05) are indicated by boldface type.
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Having shown that complement was activated in combat casual-

ties and that the alternative pathway activation and terminal activa-

tion pathway were associated with inflammatory mediators that may

drive organ damage, we investigated the effect of inhibiting terminal

complement activation in a rat model of TH.

3.5 | Pilot study results

We first carried out a pilot study with the following goals: (1) test the

effect of surgical cannulation on complement activation; (2) evaluate

blast overpressure intensity; (3) measure TH-induced complement

activation; (4) determine an effective therapeutic regimen; and

(5) assess the efficacy of the therapeutic regimen on organ damage

and survival. Our preliminary data showed that surgical cannulation

alone triggered activation of the complement cascade, reducing func-

tional classical pathway complement activity by >50% (Figure S3B

and Table S3); and that TH further rapidly activated the complement

system (Figure S3B–D). Complement activation peaked about 1–2 h

after blast injury (or after the shock phase in haemorrhaged rats) and

then gradually recovered. In injured rats, low serum levels of C1q

(a subunit of the C1 enzyme complex) (Figure S3C) and of C3

(Figure S3D) also indicated that early consumption of complement

factors was driving the decrease in CH50. Pretreatment with

F IGURE 4 Complement activation correlated with clinical outcomes in trauma patients on admission. (a–d) Correlation of C5a plasma levels
with clinical scores, infused fluid and INR, a standard coagulation test; (e–h) correlation of C5b-9 with clinical scores, infused fluid and INR; (i–l)
correlation of fragment bb with clinical scores, infused fluid and INR; (m, n) the receiver-operator characteristic curve (ROC) analysis tested
diagnostic ability of C5a and fragment bb in identifying traumatic brain injury (TBI); the cut-off value, specificity, and sensitivity are shown (q);
(o) patients on mechanical ventilation had significantly higher plasma levels of C5a in comparison to those not-ventilated; (p) ROC analysis
showed that the C4d plasma levels had a strong predictive value for the survival; the cut-off value, specificity and sensitivity are presented (q).
Data are shown as individual values with the correlation coefficient (rs). Significant correlations (P < 0.05) are indicated by boldface type.
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nomacopan prior to blast (Figure S3E), increased the base excess

(Figure S3F), MAP (Figure S3G), and survival (Figure S3H). It also

improved organ-damage scores on histology including those of lung,

brain, and liver (Figure S3I). We then decided to address the problem

of surgery-induced complement activation by introducing a recovery

period between surgery and the injury.

3.6 | Nomacopan improved haemodynamics,
respiration, and blood chemistry

We used the data generated from the pilot study to formulate the

design of the main study in which we (1) allowed the animals to

recover full complement activity by adding a post-surgical recovery

period of 5–7 days before the study; (2) increased haemorrhage vol-

ume (from 40% to 52%); and (3) adjusted the treatment window to

administer the study drug after the blast but before haemorrhage to

be consistent with early battlefield use (Figure 5a).

In this main study (Figure 5a and Table S3), the MAP in the

injured/untreated animals (B + H) was 97.27 (±2.93) mmHg at base-

line (Figure 5b). MAP decreased to 30.35 (±2.55) mmHg at the end

of haemorrhage. In the injured/treated (NOM) group, the MAP base-

line was 93.96 (±1.19) mmHg and decreased to 26.57 (±1.71) mmHg

at the end of haemorrhage. However, injured/treated animals

showed significantly increased MAP in the first 30 min of the resusci-

tation phase when compared with injured/untreated rats. CH50 in

the blood of injured rats started to decrease 15 min after blast injury

due to complement consumption, reached its lowest level 1 h after

shock, and then returned to baseline level 11 h after blast injury

(Figure 5c). CH50 was even higher than 100% in injured/untreated

rats at the end of the observation period. In the injured/treated rats,

CH50 was significantly lower than in the injured/untreated group

and almost completely inhibited at the end of haemorrhagic shock,

approximately 45 min after the drug administration. In the injured/

treated group, CH50 remained at a very low level until the end of

the experiment.

F IGURE 5 Effects of nomacopan treatment early after blast injury on MAP, CH50, and blood chemistry changes in a clinically relevant rat
model of traumatic haemorrhagic shock. (a) Experimental design; (b) changes of MAP were monitored via the carotid artery using the BIOPAC
system. During the shock and resuscitation period, the MAP was recorded every 5 min. Data are presented as mean ± SEM; (c) haemolytic TCA of
sera was measured by CH50 and normalized to baseline level, which was a pre-blast injury; the percentages of baseline are shown; (d) PaO2/FiO2

ratio (PFR) following injuries. The PFR was calculated at each time point based on the artery i-STAT data. A PFR of less than 300 (dashed line)
suggests acute respiratory distress syndrome (ARDS). E-G, the blood chemistry of lactate, BE/BD, and K+ in injured and treated animals were
measured by I-stat and presented. Data shown are means ± SEM from groups of rats, sizes (n) as indicated. *P < 0.05, significant effect of NOM;
unpaired t-test with Welch's correction; †P < 0.05, significantly different as indicated; two-way ANOVA. Abbreviations: BOP = blast overpressure;
B + H = blast + haemorrhagic shock; NOM = nomacopan given to injured rats; MAP = mean arterial pressure; EOS = end of the study
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Nomacopan treatment also improved blood chemistry (Table S4).

The pH value in injured/untreated animals changed from a baseline

of 7.44 (±0.02) to 7.07 (±0.37) at 4 h after the blast, while the pH

in injured/treated animals had almost returned to the baseline level

at that point (7.41 ± 0.16 to 7.44 ± 0.03). The PaO2/FiO2 ratio

in the injured/treated rats was clearly higher at the end of the

shock period and throughout the first 4 h when compared with

injured/untreated rats (Figure 5d). There was a significant difference

in the lactate level (Figure 5e), and a late, although not significant,

difference in the base excess (Figure 5f). Injured/treated animals

had significantly lower potassium levels at the end of the

observation period in comparison to injured/untreated rats

(Figure 5g).

3.7 | Nomacopan reduced systemic and local
inflammatory responses

Next, we measured inflammatory cytokines in the plasma. The level of

HMGB1 protein increased after TH, reaching a peak 4 h after injury.

Nomacopan treatment significantly reduced HMGB1 levels at 2 h

(Figure 6a) after the blast. MPO gradually increased after TH, and

nomacopan treatment significantly slowed this increase (Figure 6b).

In lung homogenates, we found significantly increased levels of

IL-1β, IL-6, TNF-α, and KC/GRO in rats subjected to TH compared to

the sham group (Figure 6c–f). These tissue cytokine levels trended

lower with nomacopan treatment, but the reduction was not

significant.

F IGURE 6 Effect of nomacopan treatment early after injury on systemic and local inflammatory response in rats after blast injury and
haemorrhage. (a, b) Inflammatory mediators HMGB1and MPO, were measured by ELISA. Data shown are means ± SEM from groups of
rats, sizes (n) as indicated. *P < 0.05, significantly different from B+H at this time point; unpaired t-test with Welch's correction;
†P < 0.05, group data significantly difference in group data: two-way ANOVA. (c–f) Cytokines/chemokines were measured in the lung
homogenates. Data shown are means ± SEM from groups of rats, sizes (n) as indicated. †P < 0.05, significantly different from sham;
Mann–Whitney U test. (g) Lung tissue at necropsy or at the end of study were collected, fixed by PFA, and stained by IHC. The
representative images of immunostaining of MPO (red) and ICAM1 (green) are shown; (h) antibodies for detecting C5b-9 (red) and C3
(green) were used to detect complement deposition in the lung tissue. Representative images (g, h) are shown (original magnification,
200�), and semi-quantitative analysis (i) of the positively stained cells to total cells are presented. Data are shown as individual values
with means +SEM; n = 3-4 animals per group. Scale bar = 50 μm. Abbreviations: B + H = blast + haemorrhagic shock; NOM = nomacopan
treated rats; MPO = myeloperoxidase
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Immunohistochemical (IHC) images demonstrated that the MPO

level was increased in the lung tissue after TH. However, after treat-

ment with nomacopan, MPO expression was reduced (Figure 6g,i).

ICAM-1, a marker of endothelial injury, was expressed in the lung tis-

sue of injured/untreated rats. Treatment with nomacopan reduced

ICAM-1 expression in the lung tissue (Figure 6g,i). It also reduced

C5b-9 and complement C3 deposition in lung tissue (Figure 6h,i).

These findings indicate that treatment with nomacopan reduced both

systemic and local inflammatory responses.

3.8 | Effect of nomacopan on MODS and survival

Histological evaluation revealed that nomacopan treatment reduced

the severity of MODS following TH. After TH, extensive cellular

inflammatory infiltrates were present in the pulmonary tissue; the

majority of these were neutrophils and macrophages. Lung oedema

was severe after TH but nomacopan treatment alleviated this phe-

nomenon (Figure 7a). Typical neuronal apoptosis, neuronal loss, and

neuronal degeneration were seen in the cerebral cortex and hippo-

campus, which were significantly reduced by nomacopan treatment

(Figure 7a). TH induced hepatic tissue damage characterized by

hepatic cell apoptosis or necrosis and severe thrombosis. Nomacopan

treatment alleviated this damage (Figure 7a). TH also induced intesti-

nal mucosal injury. Photomicrographs of jejunal tissue show that TH

denuded the villi to the level of the lamina propria with inflammatory

cell infiltration while nomacopan clearly helped to preserve villus

structure and improved the recovery of jejunal mucosa (Figure 7a).

Semi-quantitative scoring of injury severity on histology further vali-

dated these observations (Figure 7b).

We tested the efficacy of two treatment windows of nomacopan

in the rats. Early treatment with nomacopan 15 min after the blast but

immediately before haemorrhage significantly improved survival by

50% (Figure 8), whereas later treatment with nomacopan during the

resuscitation phase immediately after TH (NOM 60 min) did not

improve survival compared to the vehicle control (Figure S4B). Noma-

copan's beneficial effect on survival depended on its administration

time, which resulted in early complement inhibition (Figure S4A, B).

4 | DISCUSSION

Haemorrhage and/or TBI are the leading cause of death in the prehos-

pital phase of care (Alam, 2017), with most deaths occuring within a

few hours after trauma despite recent advances in trauma care

(Alam, 2017; Brohi et al., 2019; CRASH-2 trial collaborators

et al., 2010). Approximately 90% of battlefield casualties die in the

prehospital environment, with 85% of these prehospital deaths due to

bleeding, and of those about 25% are deemed potentially survivable

(Alam, 2017; Eastridge et al., 2012). Furthermore, although patients

with TH may survive the initial injury by means of haemorrhage con-

trol and resuscitation, they may still succumb to a complex series of

F IGURE 7 Effect of nomacopan treatment on histological changes in rats after blast injury and haemorrhage. (a, b) Representative H&E
photomicrographs of organs collected at necropsy (a), and organ injury scored based on the criteria described in Section 2 (b). The data are
presented as means ± SEM. †P < 0.05, significantly different from sham; *P < 0.05, significantly different from B + H; Mann–Whitney U test).
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inflammatory events ending in multi-organ failure that is the major

contributor to late mortality (Arbore & Kemper, 2016; De Blasio

et al., 2019; Hepburn et al., 2007; Lord et al., 2014; Mannucci &

Levi, 2007). Thus, the current primary goal of early care is to keep

patients alive long enough and to maintain organ functions, while

awaiting transport to higher echelons of care for definitive treatment.

In this study, using a translational medicine approach, we identi-

fied a complement therapeutic target (C5) in a cohort of military casu-

alties, selected a clinical drug candidate (nomacopan) with desirable

properties (a bifunctional anti-inflammatory protein, thermostability,

easy-to-transport/store/reconstitution, amenable-to-manufacture in

single-use dual chamber autopen, and multiple routes of administra-

tion) that make it suitable for battlefield/prehospital use, and evalu-

ated its efficacy in a clinically relevant animal model of blast injury and

haemorrhagic shock.

We first investigated the relationship between complement acti-

vation, cytokine production, and clinical variables in casualties. The

study revealed that several complement factors (C5a, sC5b-9, Bb, and

C4d) were significantly increased on admission to the emergency

department of a Combat Support Hospital, suggesting that injury

induces rapid complement activation in patients. This is consistent

with previous findings that complement was activated in animal

models of trauma (Dalle Lucca, Chavko, et al., 2012; Li et al., 2013)

and in both civilian burn (Li, Zhao, et al., 2019) and non-burn trauma

patients (Burk et al., 2012; Ganter et al., 2007). We observed that the

activation of the terminal complement and the alternative pathways

was associated with ISS, TBI, coagulopathy, the requirements of crys-

talloid fluid resuscitation and blood transfusion, and the need of

mechanical ventilation. Other studies showed that activation of these

pathways in civilian trauma patients was directly related to clinical

outcomes, including acute lung injury, renal injury, TBI, and mortality

(Bellander et al., 2011; Burk et al., 2012; Ganter et al., 2007). These

observations are consistent with our previous publications demon-

strating that complement blockade by decay-accelerating factor or C1

inhibitor mitigated organ damage and increased survival of rats and

pigs subjected to blast injury and haemorrhagic shock (Campbell

et al., 2016; Dalle Lucca et al., 2011, 2013; Dalle Lucca, Li,

et al., 2012; Li et al., 2013; Lu et al., 2011). Demonstration that mice

deficient in the gene for factor B had significantly decreased neuronal

cell death after experimental brain injury (Leinhase et al., 2006) also

indicates the involvement of the alternative pathway in the body's

response to trauma. Further highlighting the importance of comple-

ment, De Blasio et al. (De Blasio et al., 2019) reported that comple-

ment system activation in human brain contusions depends on the

lectin pathway and is likely on amplification via the alternative path-

way. Increased levels of MASP-2, a driving enzyme of lectin pathway

activation, were associated with TBI severity. Moreover, complement

activation is elicited not only by the traumatic event itself, but also by

secondary insults after trauma (Bellander et al., 2011) and therapeutic

interventions such as extracorporeal life support, mechanical ventila-

tion, damage-control surgery, instrumentation, volume resuscitation,

and blood transfusion (Al-Fares et al., 2019; Huber-Lang et al., 2020;

Nilsson et al., 2007). Immunomodulatory approaches aim to rebalance

trauma-induced complement activation and thus may change trauma

management procedures to improve outcomes.

Huber-Lang et al reported that thrombin functions as a C5

convertase and can independently activate the complement terminal

pathway in C3-null mice (Huber-Lang et al., 2006). Unlike TCA in this

study, circulating C3a was not significantly altered in the military casu-

alties during the observation period when compared with other pub-

lished findings in multiply injured patients with a similar ISS range

(Ganter et al., 2007), indicating that extrinsic/common pathway-

induced TCA is the major pathway of complement activation after

trauma (Ganter et al., 2007; Hoth et al., 2014), or the difference in

storage time may affect the observed differences.

Complement is a critical component of innate immunity and a

major initiator of the inflammatory reaction. In this study, we found

that increased complement factors C3a, C5a, sC5b-9, and Bb

correlated with the levels of many cytokines, suggesting an interplay

between the complement system and other immune systems.

The complement system also functions as a bridge between innate

and adaptive immunities (Chakraborty et al., 2018; Ricklin &

Lambris, 2007). Specifically, complement's role in the regulation of the

inflammatory response may be through activation of innate

immune cells (neutrophils, monocytes, mast cells, macrophages and

dendritic cells) and adaptive immune cells (Th1, Th2, Th17, natural

Treg, and B cells) via a synergistic interaction between C3a/C5a-C3a

receptor/C5a receptor-MAPK-NF-κ-NLRP3 inflammasome and

HMGB1-TLR4-MAPK-NF-κ-NLRP3 inflammasome in response to

trauma (Arbore & Kemper, 2016; Yang et al., 2020). Indeed, our data

showed that increased plasma levels of C5a, sC5b-9, and Bb were

positively correlated with blood levels of MPO, IL-6, CCL2, and CCL4,

and with INR. The positive correlation between activated complement

products (C5a, sC5b-9, Bb) and INR in military casualties indicates that

coagulation pathways may contribute to early complement activation,

F IGURE 8 Effect of nomacopan on injury-induced mortality. All
rats were subjected to blast and severe haemorrhage (B + H), treated
with vehicle control (saline) or nomacopan (NOM), and monitored for
survival up to 25 h after blast injury. Survival distribution of these two
groups was determined by using the log-rank Mantel-Cox test.
*P < 0.05, significantly different from B + H.
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which is aligned with the previous findings (Amara et al., 2010;

Kenawy et al., 2015). Furthermore, increased concentrations of MPO

and IL-1β in plasma, and prolonged PT/increased INR, were associated

with clinical variables like blood transfusion requirements, SIRS and

hypotension after trauma. These findings suggest that an interplay

between these signalling pathways may synergistically increase

morbidity and mortality after trauma.

Previous studies reported that C4d, C5b-9, and C3d deposited on

the surface of RBC, the deposition of C4d and C5b-9 decreased faster

over course of a 3-day study in subjects with ISS < 9, and the comple-

ment deposition contributed to organ damage in trauma (Muroya

et al., 2014; Satyam et al., 2020). In alignment with these studies, our

data demonstrated that admission plasma levels of C5a, C3a, and Bb

positively correlated with increased RBC transfusion requirements,

ISS and TBI, suggesting that complement decoration on the RBC sur-

face may, at least partly, play a role in organ damage and increased

RBC transfusion requirements after trauma. Further studies on the

relationship between complement deposition on RBC and clinical

outcomes should be more informative. Typically, C4d is increased

after trauma in animals and patients, as reported earlier (Ganter

et al., 2007). It is interesting to note that the C4d level at admission

was significantly higher in surviving trauma patients, compared with

levels in those who died. The C4d level inversely correlated with many

clinical variables including blood transfusion requirements and cyto-

kine storm, suggesting that classical and/or lectin complement path-

way activation may play a role in protecting against damage to the

host. The negative correlation between C4d and cytokines may be

due to inhibition of cytokine secretion in monocytes and macrophages

via C4d-Ig-like transcript interaction (Hofer et al., 2016). Indeed,

genetic manipulation of complement levels and activation in murine

models demonstrated that the classical and/or lectin complement

pathways play a crucial role in clearance of damaged cells and host

defence against infection (Gullstrand et al., 2009; Held et al., 2008).

Several studies have reported that the treatment with nomacopan

improved morbidity and mortality in TBI (Fluiter et al., 2014), bacterial

infectious disease, and sepsis models, particularly when used together

with an anti-CD14 inhibitor (Hellerud et al., 2017; Huber-Lang

et al., 2014; Keshari et al., 2017; Skjeflo et al., 2015), but no informa-

tion has been published on the efficacy of nomacopan in TH. Data

from the present study showed that early nomacopan treatment sig-

nificantly increased survival in rats after TH. Nomacopan promptly

abolished TCA within 45 min of drug administration, as measured by

CH50. Nomacopan also improved haemodynamics and blood chemis-

try, and significantly reduced systemic and local inflammatory

responses. In addition, nomacopan prevented MODS as substantially

less tissue damage was observed in the lungs, brain, small intestine,

and liver tissues. The survival of rats subjected to TH was significantly

better in those receiving nomacopan than in rats receiving the saline

control.

Complement activation is the early innate immune response acti-

vated soon after traumatic injury (Huber-Lang et al., 2018). We have

previously shown that the complement activation appears as early as

3 h after blast injury in rats (Dalle Lucca, Chavko, et al., 2012; Li

et al., 2013) and by 3 h after haemorrhagic shock in swine (Dalle

Lucca, Li, et al., 2012). Here, we found that the complement was rap-

idly activated even after surgical cannulation, with TCA, as measured

by CH50, reduced by more than 50% immediately after surgery in the

pilot study. To avoid the surgical cannulation interfering with our

experimental goals, we allowed the animals to recover full comple-

ment activity over 5–7 days before exposing the animals to trauma

and haemorrhagic shock.

In injured animals, we observed that the TCA as measured by

CH50 was reduced by about 65% 1 h after haemorrhagic shock. This

quick decrease of CH50 indicated a rapid complement activation after

injury. In addition, complement deposition, including C5b-9 and C3,

was soon detected in the lung tissue. These findings suggest that both

systemic and local complement activation occurred in the injured ani-

mals. Our rodent model of traumatic haemorrhagic shock closely

mimics the clinical setting, as a typical early complementopathy is

observed after trauma (Burk et al., 2012).

Traumatic injury, including blast and haemorrhage, triggers a com-

plex cascade of post-traumatic events that are related to inflammatory

and immune responses. Excessive or maladaptive activation of inflam-

matory pathway is considered to contribute to MODS, and eventually

death (Ciesla et al., 2005; Jaffer et al., 2010). We found increased

TCA measured by CH50 (up to 150%) in injured but untreated rats at

25 h at the end of the observation period. We explain this phenome-

non by referring to the systemic acute-phase immune response that

includes pro-inflammatory cytokines and increased C3 (Gruys

et al., 2005). Thus, this study correlates with previous reports, which

also observed the elevation of multiple inflammatory factors and cyto-

kines, such as MPO, NF-κB, TNF-α, IL-1β, IL-6, IL-12, IL-13 and IL-18,

both systemically and locally after blast and haemorrhagic shock in

rats and swine (Dalle Lucca, Chavko, et al., 2012; Gill et al., 2017; Li

et al., 2013; Li et al., 2018; Li, Yang, et al., 2019; Sillesen et al., 2014;

Yang et al., 2019). Synchronous activation of pro-inflammatory and

anti-inflammatory cytokines was also observed in battlefield trauma

patients as presented in this study. The inflammatory response seen

in battlefield trauma patients correlated with clinical variables. Modu-

lation of trauma-induced inflammation may therefore be important in

improving clinical outcomes. In this study, we found that nomacopan

significantly attenuated both systemic and local levels of HMGB and

MPO and, therefore, systemic and local inflammatory responses.

Nomacopan may alter the inflammatory cytokine milieu in several

ways. First, nomacopan inhibits TCA (C5a and C5b-9) and conse-

quently prevents infiltration of inflammatory cells via C5a, a critical

neutrophil and monocyte chemotactic factor (Guo & Ward, 2005;

Ward et al., 2016). Accordingly, we found that inflammatory cell

infiltration in the lung, brain and liver was reduced after nomacopan

treatment. Second, nomacopan may inhibit DAMP-induced inflamma-

tory responses. After trauma, tissue debris, ATP, mtDNA, potassium,

haem, reactive oxygen species (ROS), F-actin, HMGB1 and other

DAMPs are released. These can induce a rapid inflammatory response

via multiple signalling pathways, including TLR-MyD88-MAPK-NF-

κB-inflammasome and ATP-P2X7-inflammasome pathways (Bortolotti

et al., 2018; Swanson et al., 2019; Yang et al., 2020), with complement
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functioning as an initial and amplifying mediator (Li et al., 2018;

Ratajczak et al., 2018; Triantafilou et al., 2016; Yang et al., 2020).

Indeed, systemic and local levels of inflammatory mediators (HMGB1,

MPO, IL-1β, IL-6, TNF-α, KC, ICAM-1, C3, and sC5b-9) were signifi-

cantly reduced in our rodent trauma model after nomacopan treat-

ment. Unexpectedly, decreased lung C3 deposition in nomacopan-

treated animals was noted, indicating that C5b-9-induced tissue dam-

age and/or C5a-C5aR-mediated cellular infiltration/activation may

have triggered complement activation, neo-synthesis, and subsequent

C3 deposition/expression (Hepburn et al., 2007).

We observed that nomacopan treatment clearly improved hae-

modynamic and blood chemistry variables. During the resuscitation

period, nomacopan significantly increased the MAP in injured rats

when compared to placebo. This finding is consistent with the previ-

ous report that administration of an anti-C5 antibody reduced fluid

requirements and improved responsiveness to fluid resuscitation in a

rat model of haemorrhagic shock (Peckham et al., 2007). It is reported

that complement activation products directly or indirectly alter vascu-

lar tone after trauma and haemorrhagic shock (Karasu et al., 2019).

Thus, C5a induces a reversible decrease of the MAP and an increase

in central venous pressure when used in vivo in rabbits (Lundberg

et al., 1987). Nomacopan may reverse the C5b-9-induced damage to

the endothelial barrier and reduce vascular leakage caused by blast

and haemorrhage (Wang & Chen, 2016). Moreover, the significantly

lower plasma level of potassium in nomacopan-treated rats implies a

C5b-9-mediated K+ efflux (Triantafilou et al., 2016). C5a-C5aR-

induced electrolyte imbalance (Denk et al., 2017; Karasu et al., 2019),

and/or tissue damage may have contributed, at least partly, to

hyperkalemia-induced early death after TH.

Because of unbound nomacopan's short half-life, Ort et al.

suggested daily subcutaneous injections to maintain complement

inhibition (Ort et al., 2020). In an experimental setting, Barratt-Due

et al. applied a continuous infusion of the drug in order to inhibit

newly synthesized C5 (Barratt-Due et al., 2013). Our treatment with

nomacopan was performed 15 min after blast injury and immediately

before haemorrhage. When treatment was delayed until 60 min after

TH, nomacopan showed no effect on survival at 25 h. This finding is

aligned with a report that administration of nomacopan 15 min after

TBI in mice reduced neuropathology and improved neurological per-

formance, whereas delaying treatment to 30 min after TBI was not

beneficial (Fluiter et al., 2014). These observations indicate that there

is an optimal therapeutic window for timely and effective intervention

after TH.

Our studies have certain limitations. The limited data set at 8 and

24 h might have been biased by several factors related to patient

evacuation, early death, or recovery to the point that they were not

available for further sampling, as well as hospital treatments that may

negatively impact the profiles of complement and cytokines.

Consequently, we focused on the data acquired on admission and per-

formed correlation analysis only using these data. Additionally, com-

pared with the rat model used in this study, we wished to evaluate

patients with a higher risk of mortality. Further analyses from larger

datasets with higher mortality rates and stratified injury severity are

warranted. Another limitation of the current study is with a few new

mechanisms because this current work was designed to focus two

major objectives as described in the abstract and Figure 1. Further

studies are needed to explore more extensively how C5 blockade cre-

ates organ-protective and pro-survival phenotypes in cases of

TH. Blood samples from injured service members were obtained from

2007 to 2008, shipped frozen to the United States, and stored,

whereas samples from the healthy controls were collected in 2013

and assayed the same day. The effects of storage time on the

observed differences are unknown, but it is assumed that storage may

reduce, rather than increase such levels (Huang et al., 2017; Wagner-

Golbs et al., 2019). This difference in storage times may account for

some of the observed differences in C3a profiles between our and

other published findings (Ganter et al., 2007). The unique setting of

field samples in combat injury limits the ability to address this issue.

Nevertheless, our majority of clinical data show that changes in

complement, cytokines and coagulation after trauma are a dynamic

process, and this point is relevant to both civilian and military critical

care physicians.

Taken together, our clinical and preclinical findings demonstrate

that early TCA represents a rational therapeutic target for TH, and

that early treatment with nomacopan attenuates multi-organ damage

and increases survival in a rat TH model. Therefore, TCA-targeted

therapy could be a promising adjunct to the DCR solution to create a

pro-survival and organ-protective phenotype for severely injured

patients on the battlefield and in prehospital environments.
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