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ABSTRACT
Introduction: Sepsis is a disease that occurs due to an adverse immune response to infection by 
bacteria, viruses and fungi and is the leading pathway to death by infection. The hallmarks for 
maladapted immune reactions in severe sepsis, which contribute to multiple organ failure and death, 
are bookended by the exacerbated activation of the complement system to protracted T-cell dysfunc-
tion states orchestrated by immune checkpoint control. Despite major advances in our understanding 
of the condition, there remains to be either a definitive test or an effective therapeutic intervention.
Areas covered: The authors consider a combinational drug therapy approach using new biologics, and 
mathematical modeling for predicting patient responses, in targeting innate and adaptive immune 
mediators underlying sepsis. Special consideration is given for emerging complement and immune 
checkpoint inhibitors that may be repurposed for sepsis treatment.
Expert opinion: In order to overcome the challenges inherent to finding new therapies for the complex 
dysregulated host response to infection that drives sepsis, it is necessary to move away from mono-
therapy and promote precision for personalized combinatory therapies. Notably, combinatory therapy 
should be guided by predictive systems models of the immune-metabolic characteristics of an indivi-
dual’s disease progression.

ARTICLE HISTORY
Received 17 June 2020  
Accepted 11 November 
2020  

KEYWORDS
Anaphylatoxins; c5a; 
complement; immune 
checkpoint; pattern 
recognition molecules 
(PRMs); sepsis; t-cell 
dysfunction; biologic- 
therapy

1. Introduction

The term sepsis, derived from the ancient Greek meaning to 
‘make rotten’ and referring to the decomposition of organic 
material, was first coined by Hippocrates [1,2]. Nowadays, 
sepsis is viewed as a complex multi-stage and multifactorial 
condition defined as a life-threatening organ dysfunction 
caused by a dysregulated host response to infection [3]. 
Sepsis leads to shock, multiple organ failure, and death, espe-
cially if not recognized early and treated promptly.

In sepsis, the immune response initiated by an infecting patho-
gen fails to revert to baseline homeostasis, consequently leading 
to a pathological condition characterized by sustained excessive 
inflammation and T-cell immune suppression. Despite the 
advances in diagnostic procedures and therapeutics, sepsis 
remains the leading cause of death in surgical and general inten-
sive care units. In 2017 the World health Organization identified 
sepsis as a global health priority [4]. A precise estimate of the 
epidemiology burden of sepsis is difficult to ascertain; some pub-
lications estimate that every year worldwide more than 30 million 
people are affected, potentially leading to 6 million deaths, while 
other reports claim that the annual number of cases is closer to 
50 million and that 19.7% of deaths worldwide are sepsis related 
(11 million per annum) [5,6]. Moreover, patients who survive sepsis 
often suffer from post-sepsis symptoms, including long-term func-
tional disabilities and cognitive impairment with substantial health 

care, economic and social repercussions [4,7]. Accordingly, sepsis 
is a significant health issue with high mortality and morbidity, 
causing a major impact on human life and resource utilization [4].

The identification and treatment of sepsis is an ongoing 
challenge for medical professionals. Traditionally, sepsis treat-
ment relies on the management of bacterial infections through 
the use of antibiotic therapy directed against the infecting organ-
ism [8]. In the majority of cases the causative agent or initial 
provoker is not identified, may not be bacterial or may be poly- 
microbial with undetectable loads. As with all infections it is the 
ensuing maladapted immune pathogenic pathways of the host 
that causes severity of disease. For this reason, a plethora of 
studies have been carried out focusing on the modulation of 
the immune system response to infection, given that, it is this 
response that ultimately leads to organ dysfunction [4,9,10]. The 
complement system is a key trigger component of innate immu-
nity that provides an initial critical orchestration of the multi-
faceted defense against infection. A cardinal feature of the 
systemic overactive inflammatory response observed in sepsis 
is complement activation. There are three complement path-
ways – alternative (AP), classical (CP), and lectin (LP) – evolved 
to activate different biological functions, leading to the produc-
tion of several anaphylatoxins (C3a, C5a) and other active pro-
ducts that impart both protective and harmful effects in sepsis 
[11]. Furthermore, complement receptors govern a link to adap-
tive immune cells where their expression on these cells provides 
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important signals for B cell maturation and induction of 
T-effector cell functions.

Over the last 30 years, a wide range of sepsis clinical trials 
targeting immunity have been undertaken, following promis-
ing results reported in animal models [4]. However, these 
results failed to translate in a clinical setting which has raised 
many unanswered questions, including the validity of animal 
models, consideration of patient heterogeneity, and interven-
tions that are applied too late for reversing the disease course 
or fail to account for the multifactorial nature based on 
a single therapeutic target [2,4,12–15].

Currently, high acuity physiologic parameters are used to 
stratify an at risk population, assuming the resultant mortality 
will be high, and fail to take into account the heterogeneity 
within the groups, including the patients molecular, cellular 
and genetic traits, comorbidities, and preferences for care 
[2,12]. The consequences of this practice are two-fold, first 
the inclusion of patients that will not benefit from treatment 
(the very frail) and second an absolute requirement for 
a much larger sample size to compensate for patient 
heterogeneity.

We contend that there is an undeniable need for 
a completely new approach to sepsis research and medical 
treatment. New systems biology methodologies are begin-
ning to help better delineate disease pathways and patient 
stratification; however, a systems medicine approach 
enabling precision diagnostics and treatment is lagging 
behind.

Here, we will not cover in detail the many emerging sys-
tems biology investigations but will highlight key areas with 
a particular focus given to sepsis target validation for biologic 
therapeutics with emphasis on the possibility of repurposing 
drugs used for complement and immune checkpoint targeted 
therapies. We first discuss the complement system followed by 
immune checkpoint inhibition and highlight the use of host- 
directed pathway modeling for precision combinatory 
therapy.

2. Complement system

The complement system is one of the first line responders to 
infection orchestrating defense and host protection pathways 
from the innate to the adaptive immune systems [16–18]. 
Although it is primarily perceived as a host defense mechan-
ism, it plays a much broader functions in immune surveillance 
and homeostasis [16,18,19]. However, aberrant activation of 
the complement system can cause tissue damage and organ 
failure [20,21]. The three interconnected activation pathways 
(CP, LP, and AP) are triggered immediately after encountering 
a pathogen by pattern recognition molecules (PRMs). These 
three pathways all converge on the activation of C3 by C3 
convertases, leading to the release of the C3 split products, 
C3a and C3b [22]. C3b participates in the formation of C5 
convertase, which activates C5 to C5a and C5b, the latter 
initiating formation of the membrane attack complex (MAC). 
Both C3a and C5a are anaphylatoxins that critically promote 
acute inflammation, including recruiting and activating leuko-
cytes, endothelial cells and platelets, as well as inducing plate-
let aggregation, smooth muscle contraction, capillary leakage 
and, potentially, anaphylactic shock [23–25]. The amplitude 
and duration of complement activation impacts downstream 
immune intensity at multiple levels.

2.1. Pattern recognition molecules (PRMs)

For detection of tissue damage or microbial infection, immune 
cells express a set of receptors known as PRMs, which recognize 
pathogen-associated molecular patterns (PAMPs) expressed by 
invading and innocuous microorganisms alike [26,27].

PRMs can be divided based on their location into cell 
associated and fluid phase molecules [28]. The latter function 
as the ancestors of antibodies and have a variety of roles, 
including complement activation, opsonization, agglutination, 
neutralization and regulation of inflammation [29–32]. Soluble 
PRMs include lectins of the ficolin, collectin and pentraxin 
(PTX) families and are expressed by different cell types includ-
ing myeloid, epithelial and endothelial cells [28,33–36].

2.2. Lectins and C1q

The members of the lectin family have two common structural 
characteristics, a collagen-like extended triple helix structure 
coupled to a compact recognition structure [34]. The latter 
defines the complement proteins as C-type lectins (Mannose 
Binding Lectin (MBL), Collectin-10 (CL-10), and Collectin-11 (CL- 
11)) that express a carbohydrate recognition domain (CRD) or 
ficolins (ficolin-1, ficolin-2, and ficolin-3) that have a C-terminal 
fibrinogen-like domain. The effector functions of collectins and 
ficolins are mediated via a set of proteases (MASP-1, MASP-2, and 
MASP-3) [37]. All three ficolins are able to forming complexes 
with MASPs to generate LP-activating complexes, though with 
varying degrees of efficiency [34].

2.3. Pentraxins

Pentraxins are a superfamily of phylogenetically conserved 
proteins divided into short and long pentraxins. The first 
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group includes C-reactive protein (CRP; a widely measured 
nonspecific inflammatory biomarker) and serum amyloid 
P (SAP), while PTX3, PTX4, neuronal pentraxin 1 (NP1) and 
NP2 belong to the latter group [27,33]. PTXs interact with 
complement activating PRMs and regulatory molecules.

CRP was the first PRM identified, as an antibody-like mole-
cule recognizing the C-type polysaccharide of pneumococcus, 
in the 1930s32. Subsequently SAP was identified through 
homology to CRP (amino acid sequence identity of 51%) 
[38]. Both CRP and SAP are major acute-phase reactants in 
humans, with low basal levels that increase markedly during 
the acute phase response [33]. For these reasons CRP has been 
extensively used clinically for over half a century as 
a nonspeci!c systemic marker of infection, in"ammation, and 
tissue damage [33].

Regarding long pentraxins, PTX3 is the most well studied 
and has served as a tool to study humoral innate immunity [32]. 
PTX3 has complex roles in pathophysiology that range from 
essential homeostatic functions, to defense against infectious 
agents, tissue repair and regulation of carcinogenesis [39,40]. 
Serum PTX3 levels have been associated with sepsis severity 
and mortality [41–43]. PTX3 can be released by a several cell 
types, including neutrophils and activated endothelial cells [44]. 
It recognizes and binds pathogens, leading to the activation 
and modulation of the complement system [45,46].

2.4. C1q

C1q has a similar structure and function to collectins; it com-
prises a collagen-like stalk or six intertwining chains that end 
in six globular heads that are the antibody (and other ligand) 
recognition domains. There are numerous receptors for C1q 
on a variety of cell types, suggesting direct roles in opsoniza-
tion and other processes, but for complement activation, C1q 
must bind its effector molecules C1r and C1s to form the C1 
complex. The classical and lectin pathways respectively are 
activated when C1q and MBL/ficolins bind to an activating 
structure. C1q also has important roles in maintaining immune 
tolerance via labeling and facilitating clearance of apoptotic 
cells, in phagocytosis of bacteria, and in neutralization of 
viruses. Deficiency of C1q is associated with autoimmune dis-
ease and increased susceptibility to infections [21].

2.5. Anaphylatoxins

The two anaphylatoxins generated through complement acti-
vation (C3a and C5a) interact with their receptors expressed 
on various cells, thereby inducing changes characteristic of an 
acute inflammatory response and are further suspected to act 
in the intracellular space to shape T cell fates. C5a is a potent 
agonist of myeloid cells which express high levels of C5aR. 
Research over the past three decades has shown that C5a has 
an important role in acute inflammatory diseases and in sepsis 
in particular [47]. There is now a much more in-depth under-
standing of the molecular and cellular mechanisms involved in 
C5a-induced harmful effects in sepsis. C3a interacts with C3a 
receptors (C3aR) on several cell types, thus promoting degra-
nulation of basophils and mast cells, which causes edema and 
constriction of smooth muscle, especially in the gut and upper 

airways of the lungs [48]. Intracellularly, activated C3 may act 
as a ‘chaperone’ that guides the processing of an apoptotic 
cargo, likely modulating T cell responses to self-antigens dis-
played on dying cells [49]. Further, while little is known about 
the intracellularly complement system links between cellular 
metabolism during immune cell homeostasis and effector 
functions have been discussed [50].

2.6. Complement regulators in sepsis

The importance of complement system regulation is under-
scored by the large number of molecular players identified 
(Table 1). Malfunctioning complement regulation and defi-
ciency of particular regulators acting early in the cascade can 
result in both host cell damage and accumulation of immu-
nological debris. Conversely, tumor cells and pathogenic 
microorganisms can over-express or hijack host complement 
regulators and mimic the protective properties of the host 
organism, thus escaping complement surveillance, resulting 
in unrestricted growth and infections. Accordingly, in sepsis, 
complement can be both an asset and a liability. It acts as an 
asset in the defense against pathogens, by inducing opsoniza-
tion and direct killing by the MAC, and by triggering inflam-
matory responses through C3a and C5a and its receptor [23]. 
While these activation products are not necessarily the initiat-
ing factors that lead to harmful effects, they are responsible 
for promoting and perpetuating inflammatory reactions [24]. 
For example, signaling of C5a receptors (C5aR) on phagocytes 
(neutrophils, macrophages) is as an important contributor to 
multiorgan dysfunction, apoptosis, deterioration of the coagu-
lation/!brinolytic system and contractile dysfunction of cardi-
omyocytes in sepsis [51–53]. Also notable, is the role of C3 
activation pathways in promoting the development of mye-
loid derived suppressor cells (MDSCs) that are elevated in 
sepsis and contribute to neutrophil and T cell suppression 
[54,55].

Table 1. Complement regulators and receptors.

Regulator (alternative name) Acts on

Soluble regulators
Factor H Alternative pathway
FHL1 Alternative pathway
Properdin Alternative pathway
Carboxypeptidase N (anaphylatoxin 

inactivator)
Classical pathway and lectin 

pathway
C4BP Classical pathway and lectin 

pathway
C1INH Classical pathway and lectin 

pathway
CFHR1 Alternative pathway
Clusterin (SP-40,40; apolipoprotein J) Terminal pathway
Vitronectin (S-protein) Terminal pathway

Surface bound regulators
CR1 (CD35) C3 convertase
CRIg (VSIG4) C3 convertase
CD46 (MCP) C3 convertase
CD55 (DAF) C3 convertase
CD59 MAC assembly

Receptors for complement effector proteins
C3aR C3a
C5aR (CD88) C5a
C5L2 C5a
C1qR (CD93) C1q
SIGNR1 (CD209) Classical pathway
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Fluid-phase complement regulators target both host and 
non-host surfaces and act at multiple levels of the comple-
ment cascade [56]. For instance, C1 inhibitor (C1INH) inhibits 
the CP and LP of the complement system by neutralization of 
C1r and C1s or MASP activities and is the main inhibitor of the 
contact phase system by inhibition of factor FXIIa, kallikrein, 
and FXIa [57].Due to the anti-inflammatory properties of 
C1INH, it has been considered as a potential therapy to treat 
inflammatory diseases such as sepsis [58]. Properdin is the 
only known positive regulator of complement activation. 
A serum protein, it increases the production of complement 
activation products in the alternative pathway by binding and 
stabilizing the convertase complex, C3bBb [59]. In sepsis 
patients, properdin concentrations at ICU admission were 
decreased in non-survivors of sepsis, suggesting that 
Properdin may be used as a predictive marker of outcome in 
the initial stage of sepsis. Factor H is a fluid phase negative 
regulator of amplification through the alternative path-
way [56].

3. Targeting the complement pathways in sepsis

In humans complement plays a crucial role for the initiation 
and progression of sepsis and sepsis associated multiple organ 
dysfunction syndrome (MODS). Hence, we consider targeting 
complement proteins or molecules involved in complement 
activation as representing an early innate-immune targeting 
approach. As previously mentioned, the C5a/C5aR axis is 
strongly correlated with disease severity and mortality in sep-
sis. Keshari et al. tested RA101295, a 2-kDa macrocyclic pep-
tide inhibitor of C5 cleavage, in an in vivo baboon model of 
Escherichia coli (E. coli) sepsis and concluded that treatment 
was associated with significantly improved survival, reduced 
inflammation and coagulopathy, as well as significantly 
improved organ function compared to controls, suggesting 
improvement of sepsis-induced MODS [60]. Notably, this 
baboon model promisingly shows the potential impact of 
complement blockade up to 36 hours after initiation of sepsis. 
Whether this holds in humans remains open and may only 
translate for bacterial infections acquired in the ICU.

In another baboon sepsis model study, a different group 
assessed the effect of systemic blockade of C3 using comp-
statin. They showed reduced complement activation, sepsis- 
induced coagulopathy and preserved anti-coagulatory fea-
tures of the endothelium. C3 inhibition also improved hemo-
dynamics and heart function and reduced biochemical 
damage markers of the kidney and liver, indicating protective 
effects in sepsis-induced MODS [52].

With regard to applicability in the clinical setting, research 
has shown that the inhibition of C5 activation by the inhibi-
tory antibody eculizumab [61], might be compromised in the 
context of sepsis due to the overwhelming activation of the 
system and the interwoven nature of the complement cascade 
[9,10,62]. Furthermore, other serine proteases such as elastase, 
trypsin or thrombin, increased in tissues in sepsis, can in 
a redundant manner cleave and activate C5 and produce 
C5a [16,24,53]. For these reasons, a C5a-blocking rather than 
C5 blocking approach has been favored as a targeted 
approach in sepsis [63,64]. Blocking C5a in experimental 

models of sepsis has been shown to produce positive results 
[47]. Indeed, earlier studies in the 1980s, using rabbit polyclo-
nal antibodies to inhibit C5a in a primate model of sepsis 
induced by infusion of live E. coli, indicated that C5a blockade 
could significantly attenuate acute sepsis induced lung injury 
and failure [65,66]. Likewise, the blockade of C5a with anti-
bodies in rats and pigs was shown to be highly effective in 
diminishing severity of sepsis and improving outcome [67–72]. 
C5a/C5aR targeted drugs such as IFX-1, Avacopan and 
ALXN1007, have shown potential for therapy of a wide panel 
of diseases, including sepsis [73,74].

Plasma-derived C1INH was developed for treatment of her-
editary angioedema, caused by a partial deficiency of C1INH. 
Administration of C1INH in septic baboons had a beneficial 
effect on sepsis progression, via inhibiting complement activa-
tion and reducing cytokine release [58].

3.1. Clinical trials

Over the years, several complement interventions have been 
tested in preclinical models of sepsis in nonhuman primates 
with positive results as noted above [60,75]. However, few 
have entered human clinical trials to date and, like many 
other monotherapy approaches in sepsis, none have to date 
shown sucess [76,77]. While the precise reasons for failure are 
unclear, these interventional trials failed to account for the 
dynamic behavior of the pathway and the relative levels of 
components. For example, an important consequence of 
complement activation, as with all excitable systems, is 
a period of refractoriness post-activation and this period 
therefore may represent an unregulated state of the system. 
It is also notable that complement depletion often occurs 
during sepsis [11,70,71,78]. In this connection, a prospective 
observational study revealed that depletion of C3 is asso-
ciated with poor prognosis in severe abdominal sepsis invol-
ving dysregulated coagulation and increased susceptibility to 
infections [11].

In regard to interventional trials, there have been two 
attempted so far. One study utilized C1INH in a double-blind 
randomized placebo-controlled trial in trauma patients with 
a femur fracture (CAESAR; NCT01275976); however, this was 
terminated early due to challenges in recruitment [77]. 
The second trial used a monoclonal antibody against C5a, to 
prevent septic organ dysfunction (CIENS; NCT02246595), the 
outcome of this study is yet to be made available. It should be 
noted that there remain concerns for potential side effects of 
C5a blockade in compromising its neuroprotective effects 
[79,80]. Notwithstanding these complications there remains 
an abundance of evidence that complement is activated or 
dysregulated in the human disease and is therefore perhaps 
the most compelling reason to maintain exploring comple-
ment blockade.

Critically, sepsis is multifactorial disease involving many 
immune and metabolic pathways. Accordingly, just targeting 
one pathway may not in itself be sufficient for an intervention 
therapy. The complement pathway represents an upstream 
early acute response pathway and it could be that, further 
downstream, other immune homeostasis pathways should 
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also be taken into consideration. Key downstream immune 
modulatory therapeutics could involve inhibitors of inflamma-
tory cytokines, such as anti-TNF, anti-IL1, however in large 
multicentre randomized control trials these approaches have 
also failed as monotherapies. Another and perhaps more cen-
tral homeostatic link between the innate and adaptive arms of 
the immune system is via immune-check point control; this 
describes the co-stimulatory and co-inhibitory pathways of 
communication between myeloid antigen presenting cells 
and adaptive immune T-cells. In this connection, it has 
recently been demonstrated that opsonization of apoptotic 
cells by C1q induces an increased expression of the immune 
checkpoint regulators Programmed Death-Ligand 1 (PD-L1) 
and Programmed death-ligand 2 (PD- L2), and reduced CD40 
expression at the surface of macrophages [81].

4. T cell dysfunction and immune checkpoint control 
in sepsis

4.1. Co-stimulatory and Co-inhibitory pathways

The innate and adaptive arms of the immune system physi-
cally communicate through bi-directional signaling via the 
immunological synapse. This exchange is tightly regulated by 
a large array of co-signaling molecules that can act as stimu-
lators and/or inhibitors [82]. These key regulators serve 
a central hub for regulating the state of immune reaction 
termed immune checkpoint control. The immune-check 
point controls are crucial for the activation and resolution of 
an immune response and have critical roles in the mainte-
nance of self-tolerance, preventing autoimmunity and protec-
tion from damage during infection. The response of the 
immune system in severe sepsis is characterized by 
a dysfunctional T-cell inhibitory state and prolongation of 
this state is thought to be a contributing factor for sepsis- 
induced mortality and morbidity [83–85]. In particular, and 
similar to many cancers, there is a dominance of co- 
inhibitory over activating receptors, expansion of suppressive 
cell types, immune cell depletion, T cell dysfunction, and 
induction of inhibitory ligands on both antigen presenting 
cells and tissue parenchymal cells [86].

T cell dysfunction ultimately culminates in apoptosis of the 
cell and is considered an altered differentiation state, often 
characterized by features such as loss of effector functions, 
continuous upregulation of several cell surface inhibitory 
receptors, downregulation of co-stimulatory receptors, 
reduced production of cytokines (IFN-γ, IL-2, TNF-α), altered 
expression of key transcription factors, and metabolic 
derangements [87].

During normal immune activation response, inhibitory 
receptors are transiently expressed in functional T cells, how-
ever a continuously higher expression is a hallmark of T cell 
dysfunction [87]. There are well over 160 characterized co- 
inhibitory and co-stimulatory molecules reported to date. 
Notably, dysfunctional T cells are known to express a range 
of cell surface inhibitors (Table 2 and Table 3), and the higher 
the frequency of co-inhibitors expressed by T cells, the more 
severe the dysfunction [88].

Co-stimulatory and co-inhibitory pathways are now recog-
nized as the main component in modulating host response in 
acquired diseases ranging from cancer to infectious diseases 
[109]. While co-stimulation is indispensable for boosting and 
molding the initial response following signaling through the 
antigen receptor, inhibitory pathways are also essential for 
modulating the immune response by controlling autoreactiv-
ity and immunopathology [87,109,110].

One of the best characterized inhibitory pathway is 
mediated by PD-1 in response to binding PD-L1 and/or PD- 
L2 and helps elucidate some of the mechanisms by which 
inhibitory receptors may control T cell function: sequestering 
of target receptors or ligands and/or preventing the optimal 
formation of microclusters and lipid rafts; modulation of intra-
cellular mediators; induction of inhibitory genes [110,111]. 
However, co-stimulatory receptors also play crucial roles in 
T cell dysfunction. The loss of adaptor molecules can lead to 
the desensitization of co-stimulatory pathways thus serving as 
a mechanism of T cell dysfunction during infection.

4.2. Existing Immune checkpoint mediators implicated in 
sepsis

The immune system response in sepsis exhibits multiple states 
of immunosuppression that range from a variety of innate and 
adaptive processes. Notably, immune checkpoint co-inhibitors 
such as PD-1, PD-L1, CTLA-4 and BTLA display an upregulation 
on immune cells during sepsis and have been hypothesized to 
be among the key contributors causing sepsis-induced 
immune cell dysfunction [112].

The role of expression levels of these inhibitors in sepsis 
has been extensively researched both in pre-clinical models 
and clinical trials and is summarized in Tables 2 and 3. The 
PD-1/PD-L1 axis is the most well studied immune check-
point interaction in sepsis immunopathology and has been 
shown to be involved in intestinal and liver injury during 
sepsis. However, additional studies are required to reveal 
the exact role of PD-L1 in various organ injuries such as 
kidney, brain, lung, heart and others during sepsis 
[23,82,113–117].

A comprehensive and first systems biology analysis high-
lighting immune checkpoint co-stimulatory and co- 
inhibitory pathways described the clinical investigation of 
neonatal sepsis [118]. Here a systematic profiling of all 
known (>160) immune checkpoint regulators identified 41 
immune checkpoint regulators statistically altered in expres-
sion levels in blood-culture positive sepsis patients. Most 
notably, co-stimulatory molecules such as CD28, ICOS, 
CD40L, CD27, CD2 were significantly down-regulated in 
expression, while co-inhibitory genes such as PDL1, 
LGALS9, CD85A (LILRB3), CD85K (LILRB4) were significantly 
up-regulated in expression (Figure 1) (Table 3). It is worth 
noting that the LILRBs have been shown in mice not to be 
involved in hematopoiesis or normal development [119] and 
therefore represent ideal potential targets for treating sepsis 
in early life. It remains to be determined whether these 
molecules are involved in older populations or exclusive to 
neonatal sepsis.
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5. Targeting immune checkpoint pathways in sepsis

The levels of inhibitory immune checkpoint receptors such as 
PD-1, CTLA-4 and BTLA are increased during sepsis and are 
important contributors to sepsis-induced immune cell dysfunc-
tion [85,87,112]. The current view is that these inhibitory 
immune regulators hinder the immune responses needed to 
clear invading pathogens, or perhaps more importantly prevent 
the resolution phase of the immune response. However, it is 
possible that depleted T-cells may confer beneficial effects 
[120]. Thus, while therapies targeting immunosuppression are 
currently of great interest for the development of new sepsis 
treatments, caution in this enthusiasm should be noted until we 
understand better the precise role and function of T-cell subsets 
in sepsis. This is especially the case for tissue versus systemic 
T-cells. In principle, therapeutic applications of monoclonal 
antibodies of decoy receptors for blockade of co-inhibitory 
pathway antagonists would lead to the augmentation of T cell 
responses. This strategy could be employed to promote T cell 
immunity in sepsis, although in certain models tissue resident 
T-cells but not infiltrating T-cells appear less affected during 
sepsis which might impact the potentially beneficial role of 
anti-PD1/PD-L1 therapies [121,122]. While other models have 
highlighted the importance of homing to niche environments, 
in particular bone-marrow, for resolving T-cell homeostasis in 
response to systemic antigens, suggesting therapies should 
also account for relevant tissue localization[123].

Nevertheless, numerous pre-clinical studies using immu-
notherapeutic agents such as IL-7, anti-PD-1 have been able 
to reverse T cell dysfunction and improve survival [112]. 
Several pre-clinical studies have also shown that targeting 
PD-1 and PD-L1 during sepsis improves host resistance to 

infection [84]. Several experimental medicine studies have 
evaluated ex-vivo the potential therapeutic benefit of target-
ing the PD-1/PD-L1 axis in line with reversal of immunosup-
pression [9,124,125]. These investigations primarily tested anti- 
PD-L1 antibody upon treatment of isolated immune cells from 
septic patients indicating reduced T-cell apoptosis, increased 
T-cell IFN-γ and IL-12 levels, elevated monocyte cytokine pro-
duction, as well as neutrophil and NK cell functions

6. Repurposing and combinatory therapies

In the last two decades several highly effective and specific 
complement therapies targeting different parts of the comple-
ment cascade (Figure 2) have been developed and introduced 
to the clinics, and many more are currently under develop-
ment (Table 4) [126,127]. Numerous complement-related 
pathologies share several common factors; hence, 
a complement-targeting drug approved for one disease may 
be repurposed for different ones. However, no complement 
intervention strategies have been implemented to effectively 
address the complex immune response observed during sep-
sis [9,10,128], and only a select few have been used in sepsis 
trials (Figure 2 orange crosses). Thus, it is highly important to 
look at the currently available drugs as a therapeutic ‘toolbox’ 
with a diverse panel of possible candidates for use in sepsis 
therapies. Besides complement activation products, such as 
anaphylatoxins, other molecules including CRP and PTX3 
play crucial roles in contributing to complement dysregulation 
in sepsis and trauma, thus profoundly in"uencing secondary 
outcomes. Therefore, it is possible that they have potential as 
both sepsis diagnostics and therapeutic targets.

Table 2. Pre-clinical studies showing alterations in expression of immune various checkpoints during sepsis.

Immune 
checkpoint

Alteration in 
expression Location Model Reference

PD-1 Increased Peritoneal macrophages CLP Huang et al., 2009 [89]
Splenic T and B cells and monocytes CLP Zhang et al., 2010 [90]
Kupffer cells CLP Hutchins et al., 2013 [91];  

Wang et al., 2016 [92]
CD4+ and CD8+ splenic T cells CLP Brahmamdam et al., 2010 [93];  

Chen et al., 2017 [94]
Candida fungal sepsis, and Two hit 

model (CLP + fungal sepsis)
Chang et al., 2013 [95]

Splenic CD4+, NKT and NK cells Two hit model (CLP + fungal sepsis) Shindo et al., 2017 [96]
No Change Splenic T cells Burn wound sepsis (Pseudomonas 

aeruginosa)
Patil et al., 2016 [112]

PD-L1 Increased Splenic B cells and monocytes CLP Zhang et al., 2010 [90]
Liver tissue CLP Zhu et al., 2013 [97]
Liver sinusoidal endothelial cells CLP Hutchins et al., 2013 [91]
Increased PD-L1 on macrophages, monocytes, T and 

Natural Killer T (NKT) cells and neutrophils
CLP Huang et al., 2014 [98]

intestinal epithelial cells CLP Wu et al., 2016 [99]
Splenic dendritic cells, macrophages and monocytes Burn wound sepsis (Pseudomonas 

aeruginosa)
Patil et al., 2016 [112]

CD4+ cells, NKT and Natural Killer (NK) cells Two hit model (CLP + fungal sepsis) Shindo et al., 2017 [96]
CTLA-4 Increased Splenic CD4+ and CD8 + T cells CLP Inoue et al., 2011 [100]
BTLA Increased Macrophages, monocytes, dendritic cells and 

neutrophils in peritoneum
CLP Shubin et al., 2012 [101]

Splenic CD4+ and CD8 + T cells CLP Chen et al., 2017 [94]
Peritoneal macrophages and dendritic cells; and in 

tissues- kidney, lung, liver and spleen
Two hit model (hemorrhage + CLP) Cheng et al., 2016 [102]

HVEM Increased Macrophages, monocytes, dendritic cells and 
neutrophils in peritoneum

CLP Shubin et al., 2012 [105]

2B4 Increased Splenic CD4+ and CD8 + T cells CLP Chen et al., 2017 [94]

6 P. R. S. RODRIGUES ET AL.
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On the other hand, co-inhibitory receptor ligand pathways are 
central to tolerance mechanisms; their control of innate and 
adaptive immunity is an emerging and promising area of study 
for new sepsis therapies. Immune-checkpoint inhibitors have 
caused a seismic revolution in the treatment of cancer showing 
remarkable efficacy with 100% long-term remission. Cancer is an 
acquired disease, similar to infection, and perhaps an underlying 
chronic maladapted immune response in a cancer patient may 
have some of level of convergence with an acute sepsis condi-
tion in the context of functional T-cell exhaustion. Defining the 
role of immune checkpoint regulators in sepsis should provide 
important insights into the new avenues of immune intervention 
in disease. In oncology, there is clearly a consensus to move away 
from monotherapies to combination therapies of immune- 
checkpoint inhibitors. Here, we would propose a similar strategy 
should be considered for sepsis. However, unlike cancer, sepsis is 
a result of an acute extreme systemic immune response and 
therefore combinatory therapy for sepsis should accountant for 
moderating the overactive inflammatory state. In this scenario, 
we propose a combination of complement and immune- 
checkpoint inhibitors as a promising therapeutic modality.

7. Mathematical and predictive computational 
models

In this section, we do not discuss the many excellent systems 
biology studies in sepsis that can help in target discovery. 
Instead, as part of a computational systems approach for 
precision medicine, we believe that it is critical that early 
consideration is given to co-developing a formal framework 
that can guide patient stratification and optimization of ther-
apeutic modalities. Notably, the key mechanisms involved in 
the immune response to sepsis determine a complex system 
characterized by non-linear, time-dependent, interactions. 
Target validation and design of effective therapeutic interven-
tions require us to understand, and consequently control, the 
dynamics characterizing the onset and late stages of sepsis. 
The language of mathematics can describe, in an elegant and 
precise manner, the complex interactions underpinning the 
time course of the dynamics. This description, formalized in 
a mathematical model, and parameterized on an individual 
patient, allows testable predictions on the behavior of an 
individual’s response to a particular treatment.

Characteristically, in the immune system we can identify 
a duality in mechanisms of control, where key regulators 
orchestrate an immune response characterized by stimulatory 
and inhibitory effects acting in a reciprocally balancing fashion 
to ensure a measured response, limited in time. For example, 
in infection activation of the complement pathway triggers 
neutrophil activation (A) which leads to an amplification of the 
inflammatory response and T-cell activation (I) but can also 
cause the expansion of a subset of myeloid derived suppressor 
cells (MDSCs) that are anti-inflammatory and suppress neutro-
phil activation. When we formalize this system, specifying 
a negative feedback loop between A (the activator or 
response) and I (the antagonist or counter-response), together 
with upstream production and clearance, we obtain a minimal 
model, depicted in Figure 3 and described by the following set 
of ordinary differential equations:

dA
dt à λ� μA� βAI

dI
dt à τAI � σI

⇢
(1) 

where t is time, λ à λH health
λI infection

⇢
, μ à μH health

μI infection

⇢
, with 

λI>λH and μI<μH,
i.e. we assume that neutrophil activation and half-life are 

increased in infection, compared to healthy baselines.
This simple model can describe a number of different 

states, depending on the parameter regime. Analysis of the 
equations reveals the existence of two steady states (unchan-
ging in time),

P :
A⇤P à σ

τ
I⇤P à 1

β
τλ
σ � μ
� �

⇢
and Q :

A⇤Q à λ
μ

I⇤Q à 0

⇢
(2)

where the * notation indicates steady state values for the 
cell populations.

Additionally, we find a threshold �σ à τλ
μ , below which P is 

stable, and above which Q is stable. Figure 4, illustrates the 
concept of stability for steady states. Because of noise present 
in nature, unstable steady states cannot be observed: any 
perturbation is amplified over time driving the biological sys-
tem away from that state.

Therefore, we expect that – after an initial transient phase – 
the dynamics will always drive the system to a stable steady 
state. Crucially, an infection triggering the immune response 
determines a change in the parameter regimes (in this exam-
ple λ and μ), ultimately shifting both the threshold �σ, and the 
steady state values. Note, in fact, that the T cell population at 
P and the neutrophil population at Q attain values that will 
vary in health compared to infection.

From such models we can identify distinct parameter 
regimes, corresponding to possible transitions that can occur 
from health to disease (Figure 5). In this example the model 
predicts that an infection can trigger three possible outcomes, 
corresponding to three distinct regimes, with post-infection: 
increased T cells (σ< τλH

μH
), increased neutrophils (σ> τλI

μI
), or both 

increased neutrophils and T cells ( τλH
μH
<σ< τλI

μI
).

This is a powerful example of how mathematical modeling 
can rigorously describe complex non-linear systems of inter-
actions and obtain predictions which can be ultimately utilized 
to extract guidelines on possible interventions. For instance, in 
the above system we can envision a clinical intervention 
which aims at shifting the patient’s specific parameters toward 
the required steady state regime, i.e. the required level of 
activation and inhibition. In this particular example, this can 
be accomplished by acting on the T cell population, through 
the use of checkpoint inhibitors that alter their clearance σ, or 
their recruitment by neutrophilsτ. Alternatively, we could 
intervene to modulate complement activation thereby altering 
neutrophil inflammatory response λ, or their clearance μ. 
Notably, the model predicts that alteringn β alone (checkpoint 
inhibition by T cells), will not shift the system to a different 
regime of stability, i.e. it will not change the qualitative asymp-
totic behavior of the system. Additionally, if a patient is in the 
regime σ> τλI

μI
, altering β will not change the quantitative 

asymptotic behavior of the system altogether, because the 
system will always fall in steady state Q. This model can further 
be used to model combinatory treatment regimes. 

8 P. R. S. RODRIGUES ET AL.



Nevertheless, this exemplar model elegantly shows how multi-
ple combined therapies need to be considered and can be 
‘tuned’ (personalized) in terms of timing of treatment and 
combination of treatment for a given patient.

Generally, the immune response is a collection of mechanisms 
acting as dualities, where a process, cell type, or mechanism is 
accompanied by its own antagonist in a negative feedback loop. 
The resulting dynamics are non-trivial. The basic system of inter-
actions considered above illustrates the potential for acting on 
the tunability characteristic of such systems. Employing the rig-
orous language of mathematics to build a minimal description of 
the interactions, we can highlight the first order effects in the 
resulting dynamics and identify targets for intervention. This 
modeling approach prioritizes the retention of key interactions 
as identified by the current experimental evidence. It is, there-
fore, inherently subject to continuous refinement as a new 
understanding emerges from experimental investigation and 
model prediction.

8. Expert opinion

8.1. Final remarks

Sepsis is at the same time one of the best known yet most 
poorly understood medical diseases. It is a common and 
lethal condition, and even though outcomes have 
improved, mortality remains high. There is evidence in sep-
sis, that activation of the complement system results in 
excessive production of anaphylatoxins, which prompt 
a series of events leading to septic shock, multiorgan failure, 
and lethality. Activation of sepsis in non-human primate 
models has been shown to occur in a biphasic pattern, 
the initial phase mediated by the bacteria and the later 
phase mediated by an endogenous mechanism possibly 

involving PRMs [129]. Increase of complement activation 
during the first phase of sepsis may relate to bacterial 
opsonization and is thus bene!cial to the host defense 
response [52]. Conversely, complement activation during 
the second stage of sepsis via CRP, MBL or other PRMs 
could be a major contributor to tissue injury and death 
[69]. Whilst the complement system is the initial driver, 
immune checkpoint regulation is the ‘master switch’ in 
charge of the immune response in sepsis; development of 
a personalized therapeutic strategy capable of targeting 
patients suffering from a dysregulation of either of these 
two mechanisms in a timely fashion would likely lead to an 
improvement in the chances of survival.

In the past decades, over 100 randomized clinical trials 
have tested the hypothesis that immunomodulatory com-
pounds modulating the septic response to infection can 
improve survival of patients with sepsis [12,130]. Clinical trials 
blocking C3 during the development of sepsis-caused MODS 
are often considered with caution or disregarded because of 
perceived enhanced infection risk; however, recent studies in 
primates have revealed that long term inhibition of C3 is 
potentially safe [131]. Nevertheless, these trials are still on 
hold and require further consideration of the impact of sepsis 
in cognitive functions [9]. Regarding trials using immune 
checkpoint regulation, despite promising results in pre- 
clinical and ex-vivo clinical trials, only one clinical study has 
been performed for evaluating the dose safety of anti-PD-L1 in 
sepsis patients. The study has been completed but results 
have yet to be published (ClinicalTrial.gov# NCT02576457).

However, it is now acknowledged that acute preclinical 
sepsis models do not represent accurately the disease pro-
gression observed in sepsis patients. It is important to 
acknowledge that significant differences exist between the 
animals used for sepsis models and humans, not only in 

Figure 1. Checkpoint regulators on immune cells.[118]
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terms of physiology but also the response to septic insult 
[4]. Thus, preclinical studies on novel sepsis therapies 
should aspire to better reproduce what is observed in the 
clinics by incorporating aged animals with various co- 
morbidities and subject to various interventions (e.g. anti-
biotic therapy). Additionally, computer-simulated models of 
sepsis can help predict how some complement therapies 
currently used for other diseases would impact the prog-
nosis of sepsis patients.

We believe, sepsis therapeutics cannot target every dis-
ease status, it is important to individually evaluate the 

different immune stages, their relevance, and target them 
in a patient-speci!c manner. In particular, when designing 
therapeutic measures using complement strategies it is cru-
cial to accurately measure the levels of the target comple-
ment factor or activation product in order to determine the 
exact status of complement activation, before any interven-
tion can be carried out. This approach would allow a precise 
and timely intervention tailored to the progression of sepsis, 
for each individual patient, by inhibiting or supporting the 
complement system in a way that enables the immune 
system to counteract the negative effects of the hosts 

Figure 2. Simplified scheme of the complement system with presently exploited targets of complement-directed therapeutic intervention highlighting the 
approaches thought to be of interest in sepsis. C3(H2O), hydrolyzed C3; C1-INH, C1 inhibitor; C5L2, C5a receptor-like 2; CP, classical pathway; CR, complement 
receptor; FB, factor B; Fcn, ficolins; FD, factor D; FH, factor H; FP, factor P (properdin); GPCR, G protein–coupled receptor; LP, lectin pathway; MAC, membrane attack 
complex; MASP, mannose-binding lectin–associated protease; MBL, mannose-binding lectin.

10 P. R. S. RODRIGUES ET AL.



dysregulated immune response to infection. Furthermore, it 
is likely that combinations of several immunotherapeutic 
agents that target different pathways will hold signi!cant 
potential for sepsis therapy [112,132,133]. Due to the varia-
tion in individual immune responses to a septic insult, 
combinations of immunomodulatory agents offer better 
odds of success than standalone therapy with any individual 
agent. Moreover, individual therapies could be adapted over 
the course of sepsis based on the temporal changes in 
immune responses [112,134]. However, it is not yet known 
what would be the best way to characterize the extent of 

the immune response for each individual patient. Here, we 
propose that validated predictive mathematical models 
need to be co-developed alongside therapeutics. These 
models, similar to modeling pharmacodynamics of drugs, 
minimally capture the first order dynamics of the immune 
response and can be parameterized to an individual.

Lastly, the burdens faced by the survivors of sepsis include 
long-term physical and neurocognitive impairments [135]. 
Studies have shown that admission to hospital with sepsis is 
associated with new functional disabilities, long-term cogni-
tive decline and increased health-care use and it is possible 

Table 4. Targets of complement therapeutics and drugs currently under clinical trial [126]. Some drugs are being used in different trials, in those cases the phase 
represented corresponds to the most advanced.

Target Drug Conditions
Phase 

1
Phase 

2
Phase 

3

C1r/s; MASPs Berinert Hereditary angioedema and organ transplant ✓ ✓ ✓
Cinryze Neuromyelitis optica, Hereditary angioedema and organ 

transplant rejection
✓

Ruconest Hereditary angioedema ✓
C1s Sutimlimab Agglutinin Disease, Cold ✓ ✓ ✓
C3 AMY-101 Complement Mediated Diseases ✓

APL-2 Paroxysmal Nocturnal Hemoglobinuria, Geographic Atrophy ✓ ✓ ✓
APL-9 Coronavirus ✓

C5 Cemdisiran Atypical Hemolytic Uremic Syndrome, Berger Disease, 
Paroxysmal Nocturnal Hemoglobinuria

✓ ✓

Crovalimab (SK59) Paroxysmal Nocturnal Hemoglobinuria ✓
Eculizumab Atypical Hemolytic Uremic Syndrome, organ transplant 

rejection
✓ ✓ ✓

Nomacopan Paroxysmal Nocturnal Hemoglobinuria ✓ ✓ ✓
Pozelimab Paroxysmal Nocturnal Hemoglobinuria ✓
Ravulizumab Paroxysmal Nocturnal Hemoglobinuria, Neuromyelitis Optica 

Spectrum Disorder
✓ ✓ ✓

Tesidolumab Paroxysmal Nocturnal Hemoglobinuria ✓ ✓
Zilucoplan Paroxysmal Nocturnal Hemoglobinuria, Myasthenia Gravis ✓ ✓
Zimura Idiopathic Polypoidal Choroidal Vasculopathy, Geographic 

Atrophy, Macular Degeneration
✓ ✓

ABP 959 (eculizumab 
biosimilar)

Paroxysmal Nocturnal Hemoglobinuria ✓ ✓

C5a IFX-1 Pyoderma Gangrenosum ✓ ✓
C5aR1 Avacopan ANCA-Associated Vasculitis, C3 Glomerulopathy ✓ ✓ ✓
CR1 (Functional domains of CR1 targeted to 

endothelium via lipid ‘tail’)
Mirococept Ischemia reperfusion injury in the kidney allograft ✓ ✓

Expression of soluble CD-59 AAVCAGsCD59 Dry Age-related Macular Degeneration ✓
Factor B IONIS-FB-LRX Geographic Atrophy, Age Related Macular Degeneration ✓ ✓

LNP023 C3 Glomerulopathy, Paroxysmal Nocturnal Hemoglobinuria ✓ ✓
Factor D Danicopan C3 Glomerulopathy, Paroxysmal Nocturnal Hemoglobinuria ✓ ✓

ACH-5228 Paroxysmal Nocturnal Hemoglobinuria ✓
MASP2 Narsoplimab Lupus Nephritis, C3 Glomerulopathy ✓ ✓ ✓

Figure 3. Example of duality mechanism in the immune system. Complement activation in Neutrophils (A) induces inflammation and activates T cells (I), but also 
activates inhibitory MDSCs that curtail further neutrophil activation. Additionally, we assume upstream production of neutrophils (this includes activation by 
complement) and clearance by apoptosis of both cell types. Annotated parameters indicate the rate of a given interaction, and are positive constants. The flat ended 
arrow indicates a negative interaction.
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that targeting multiple -mechanisms might aid in addressing 
the underlying trajectory of the persistent inflammation 
endured by sepsis survivors [7,135].

Funding

The authors are funded by the European Regional Development Fund and 
Welsh Government (Ser Cymru programme).

Declaration of interest

The authors have no other relevant affiliations or financial involvement 
with any organization or entity with a financial interest in or financial 
conflict with the subject matter or materials discussed in the manuscript 
apart from those disclosed.

Reviewer disclosures
Peer reviewers on this manuscript have no relevant financial or other 
relationships to disclose.

References
Papers of special note have been highlighted as either of interest (•) or of 
considerable interest (••) to readers.

1. Geroulanos S, Douka ET. Historical perspective of the word “sepsis”. 
Intensive Care Med. 2006;32:2077.

2. Marshall JC. Sepsis: rethinking the approach to clinical research. 
J Leukoc Biol. 2008;83:471–482.

3. Singer M, Deutschman CS, Seymour CW, et al. The third interna-
tional consensus definitions for sepsis and septic shock (sepsis-3). 
JAMA. 2016; 315:801–810. 

•• This is an updated definition from 19 international experts 
providing a landmark consensus report setting out the clinical 
criteria for sepsis and septic shock.

4. Cavaillon J, Singer M, Skirecki T. Sepsis therapies: learning from 30 
years of failure of translational research to propose new leads. 
EMBO Mol Med. 2020;12:1–24. 

• This provides a critical analysis underlying the failure of ani-
mal models of sepsis and the need for patient stratification in 
clinical trials.

5. Rudd KE, Johnson SC, Agesa KM, et al. Global, regional, and 
national sepsis incidence and mortality, 1990–2017: analysis for 
the global burden of disease study. Lancet. 2020;395:200–211. 

• This study highlights the global impact of sepsis – the main 
pathway to death by infection.

6. Fleischmann C, Scherag A, Adhikari NKJ, et al. Assessment of global 
incidence and mortality of hospital-treated sepsis current estimates 
and limitations. Am J Respir Crit Care Med. 2016;193:259–272.

7. Iwashyna TJ, Ely EW, Smith DM, et al. Long-term cognitive impair-
ment and functional disability among survivors of severe sepsis. 
J Am Med Assoc. 2010;304:1787–1794.

8. Horn KD. Evolving strategies in the treatment of sepsis and sys-
temic inflammatory response syndrome (SIRS. QJM - Mon J Assoc 
Physicians. 1998;91:265–277.

9. Karasu E, Nilsson B, Köhl J, et al. Targeting complement pathways 
in polytrauma- And sepsis-induced multiple-organ dysfunction. 
Front Immunol. 2019;10:1–14. 

•• A comprehensive overview of complement changes with the 
progression of sepsis and eventual MODS.

10. Mollnes TE, Huber-Lang M. Complement in sepsis—when science 
meets clinics. FEBS Lett. 2020;13881:1873–3468.

11. Ren J, Zhao Y, Yuan Y, et al. Complement depletion deteriorates 
clinical outcomes of severe abdominal sepsis: a conspirator of infec-
tion and coagulopathy in crime? PLoS One. 2012;7(10):e47095.

12. Marshall JC. Why have clinical trials in sepsis failed? Trends Mol 
Med. 2014;20:195–203. 

• A critical assessment on the failure of clinical trials in sepsis

Figure 4. In dynamical systems a steady state X⇤ can be: i) stable, when any small perturbation resolves with time, and the system returns to the pre-perturbation 
value; ii) unstable, when a small perturbation results in amplifying instabilities driving the system away from the pre-perturbation value.

Figure 5. Parameter regimes determining different transitions from health to infection. The system is always expected to converge to the steady state which is 
stable for the specific condition (health or infection) and parameter values (λ; μ; τ and σ).

12 P. R. S. RODRIGUES ET AL.



13. Rittirsch D, Hoesel LM, Ward PA. The disconnect between animal 
models of sepsis and human sepsis. J Leukoc Biol. 
2007;81:137–143.

14. Dyson A, Singer M. Animal models of sepsis: why does preclinical 
efficacy fail to translate to the clinical setting? Crit Care Med. 
2009;37:S30–7.

15. Dolgin E. Trial failure prompts soul-searching for critical-care 
specialists. Nat Med. 2012;18:1000.

16. Ricklin D, Reis ES, Lambris JD. Complement in disease: a defence 
system turning offensive. Nat Rev Nephrol. 2016;12:383–401. 

• Overview of the changes in complement during sepsis and 
how it can be harmful to the host.

17. Kolev M, Le FG, Kemper C. Complement-tapping into new sites and 
effector systems. Nat Rev Immunol. 2014;14:811–820.

18. Kumar V. Sepsis roadmap: what we know, what we learned, and 
where we are going. Clin Immunol. 2020;210:108264.

19. Ricklin D, Hajishengallis G, Yang K, et al. Complement: A key system 
for immune surveillance and homeostasis. Nat Immunol. 
2010;11:785–797.

20. Van Der Poll T, Van De Veerdonk FL, Scicluna BP, et al. The immu-
nopathology of sepsis and potential therapeutic targets. Nat Rev 
Immunol. 2017;17:407–420. 

• Recent advances in our knowledge of sepsis pathogenesis and 
potential novel approaches to the treatment of this multifa-
ceted syndrome

21. Markiewski MM, Deangelis RA, Lambris JD. Complexity of com-
plement activation in sepsis: crossroads in Sepsis Research 
Review Series. J Cell Mol Med. 2008;12:2245–2254.

22. Markiewski MM, Lambris JD. The role of complement in inflamma-
tory diseases from behind the scenes into the spotlight. Am 
J Pathol. 2007;171:715–727.

23. Merle NS, Noe R, Halbwachs-Mecarelli L, et al. Complement system 
part II: role in immunity. Front Immunol. 2015;6:1–26.

24. Guo R-F, Ward PA. Role of C5a in Inflammatory Responses. Annu 
Rev Immunol. 2005;23:821–852.

25. Barnum SR, Schein TN. the complement factsbook: second edition. 
in: the complement system. Elsevier Ltd; 2018. DOI:10.1016/B978-0- 
12-810420-0.00002-X

26. Rittirsch D, Flierl MA, Ward PA. Harmful molecular mechanisms in 
sepsis. Nat Rev Immunol. 2008;8:776–787.

27. Porte R, Davoudian S, Asgari F, et al. The long pentraxin PTX3 
as a humoral innate immunity functional player and biomarker 
of infections and sepsis. Front Immunol. 2019;10:1–11.

28. Zhang P, Liu X, Cao X. Extracellular pattern recognition molecules 
in health and diseases. Cell Mol Immunol. 2015;12:255–257.

29. Matsushita M, Endo Y, Cutting Edge FT. Complement-activating 
complex of ficolin and mannose-binding lectin-associated ser-
ine protease. J Immunol. 2000;164:2281–2284.

30. Matsushita M, Endo Y, Taira S, et al. A novel human serum lectin 
with collagen- and fibrinogen-like domains that functions as an 
opsonin. J Biol Chem. 1996;271:2448–2454.

31. Matsushita M, Thiel S, Jensenius JC, et al. proteolytic activities of 
two types of mannose-binding lectin-associated serine protease. 
J Immunol. 2000;165:2637–2642.

32. Garlanda C, Bottazzi B, Magrini E, et al. PTX3, a humoral pattern 
recognition molecule, in innate immunity, tissue repair, and cancer. 
Physiol Rev. 2018;98:623–639.

33. Bottazzi B, Doni A, Garlanda C, et al. An Integrated View of Humoral 
Innate Immunity: pentraxins as a Paradigm. Annu Rev Immunol. 
2010;28:157–183.

34. Garred P, Genster N, Pilely K, et al. A journey through the lectin 
pathway of complement—MBL and beyond. Immunol Rev. 
2016;274:74–97.

35. Fujita T. Evolution of the lectin - Complement pathway and its role 
in innate immunity. Nat Rev Immunol. 2002;2:346–353.

36. Holmskov U, Thiel S, Jensenius JC. C OLLECTINS AND F ICOLINS: 
humoral Lectins of the Innate Immune Defense. Annu Rev 
Immunol. 2003;21:547–578.

37. Yongqing T, Drentin N, Duncan RC, et al. Mannose-binding lectin 
serine proteases and associated proteins of the lectin pathway of 

complement: two genes, five proteins and many functions? 
Biochim Biophys Acta - Proteins Proteomics. 1824;253–262:2012.

38. Emsley J, White HE, O’Hara BP, et al. Structure of pentameric 
human serum amyloid P component. Nature. 1994;367:338–345.

39. Hansen CB, Bayarri-Olmos R, Kristensen MK, et al. Complement related 
pattern recognition molecules as markers of short-term mortality in 
intensive care patients. J Infect. 2020:1–10. DOI: 10.1016/j. 
jinf.2020.01.010. 

•• This paper evaluates the complement related pattern recogni-
tion molecules (PRMs) PTX3, MBL, CL-11, !colin-2 and −3, 
along with the established marker CRP, to predict 28-day 
mortality and disease severity of sepsis in patients admitted 
to the intensive care unit (ICU)

40. Kim SB, Lee KH, Lee JU, et al. Long pentraxin 3 as a predictive 
marker of mortality in severe septic patients who received suc-
cessful early goal-directed therapy. Yonsei Med J. 
2017;58:370–379.

41. Bastrup-Birk S, Skjoedt MO, Munthe-Fog L, et al. Pentraxin-3 Serum 
Levels Are Associated with Disease Severity and Mortality in 
Patients with Systemic Inflammatory Response Syndrome. PLoS 
One. 2013;8:e73119.

42. Lee YT, Gong M, Chau A, et al. Pentraxin-3 as a marker of sepsis 
severity and predictor of mortality outcomes: A systematic review 
and meta-analysis. J Infect. 2018;76:1–10.

43. Caironi P, Masson S, Mauri T, et al. Pentraxin 3 in patients with 
severe sepsis or shock: the ALBIOS trial. Eur J Clin Invest. 
2017;47:73–83.

44. Latini R, Maggioni AP, Peri G, et al. Prognostic significance of the 
long pentraxin PTX3 in acute myocardial infarction. Circulation. 
2004;110:2349–2354.

45. Nauta AJ, Bottazzi B, Mantovani A, et al. Biochemical and functional 
characterization of the interaction between pentraxin 3 and C1q. 
Eur J Immunol. 2003;33:465–473.

46. Ma YJ, Doni A, Hummelshøj T, et al. Synergy between ficolin-2 and 
pentraxin 3 boosts innate immune recognition and complement 
deposition. J Biol Chem. 2009;284:28263–28275.

47. Ward PA, Guo RF, Riedemann NC. Manipulation of the complement 
system for benefit in sepsis. Crit Care Res Pract. 2012;2012:1–8.

48. Ward PA, Gao H. Sepsis, complement and the dysregulated inflam-
matory response. J Cell Mol Med. 2009;13:4154–4160.

49. Baudino L, Sardini A, Ruseva MM, et al. C3 opsonization regulates 
endocytic handling of apoptotic cells resulting in enhanced T-cell 
responses to cargo-derived antigens. Proc Natl Acad Sci U S A. 
2014;111:1503–1508.

50. Rahman J, Singh P, Merle NS, et al. Complement’s favorite organelle – 
mitochondria? BrJ Pharmacol. 2020;15238. bph. DOI:10.1111/ 
bph.15238.

51. Ward PA. The dark side of C5a in sepsis. Nat Rev Immunol. 
2004;4:133–142.

52. Silasi-Mansat R, Zhu H, Popescu NI, et al. Complement inhibition 
decreases the procoagulant response and confers organ protection in 
a baboon model of Escherichia coli sepsis. Blood. 2010;116:1002–1010.

53. Ward PA. The harmful Role of C5a on innate immunity in sepsis. 
J Innate Immun. 2010;2:439–445.

54. Lai D, Qin C, Shu Q. Myeloid-derived suppressor cells in sepsis. 
Biomed Res Int. 2014;2014:1–8.

55. Hsieh CC, Chou HS, Yang HR, et al. The role of complement 
component 3 (C3) in differentiation of myeloid-derived suppressor 
cells. Blood. 2013;121:1760–1768.

56. Zipfel PF, Skerka C. Complement regulators and inhibitory proteins. 
Nat Rev Immunol. 2009;9:729–740.

57. Caliezi C, Wuillemin WA, Zeerleder S, et al. C1-esterase inhibitor: an 
anti-inflammatory agent and its potential use in the treatment of 
diseases other than hereditary angioedema. Pharmacol Rev. 
2000;52:91–112.

58. Zeerleder S, Caliezi C, Van Mierlo G, et al. Administration of C1 
inhibitor reduces neutrophil activation in patients with sepsis. Clin 
Diagn Lab Immunol. 2003;10:529–535.

59. Charchaflieh J, Rushbrook J, Worah S, et al. Activated Complement 
Factors as Disease Markers for Sepsis. Dis Markers. 2015;2015:1–9.

EXPERT OPINION ON DRUG DISCOVERY 13



60. Keshari RS, Silasi R, Popescu NI, et al. Inhibition of complement C5 
protects against organ failure and reduces mortality in a baboon 
model of Escherichia coli sepsis. Proc Natl Acad Sci U S A. 2017;114: 
E6390–E6399. 

• This paper shows the impact of complement blockade up to 
36hours after the initiation of sepsis in a baboon.

61. Ricklin D, Lambris JD. Complement in Immune and Inflammatory 
Disorders: therapeutic Interventions. J Immunol. 
2013;190:3839–3847.

62. Harder MJ, Kuhn N, Schrezenmeier H, et al. Incomplete inhibition 
by eculizumab: mechanistic evidence for residual C5 activity during 
strong complement activation. Blood. 2017;129:970–980.

63. Riedemann NC, Habel M, Ziereisen J, et al. Controlling the anaphy-
latoxin C5a in diseases requires a specifically targeted inhibition. 
Clin Immunol. 2017;180:25–32.

64. Kanni T, Zenker O, Habel M, et al. Complement activation in hidra-
denitis suppurativa: a new pathway of pathogenesis? Br 
J Dermatol. 2018;179:413–419.

65. Brockmann DC, Stevens JH, O’Hanley P. Effects of anti-C5a antibo-
dies on the adult respiratory distress syndrome in septic primates. 
Am Rev Respir Dis. 1986;134:885–890.

66. Hangen DH, Stevens JH, Satoh PS, et al. Complement levels in 
septic primates treated with anti-C5a antibodies. J Surg Res. 
1989;46:195–199.

67. Czermak BJ, Sarma V, Pierson CL, et al. Protective effects of C5a 
blockade in sepsis. Nat Med. 1999;5:788–792.

68. Rittirsch D, Flierl MA, Nadeau BA, et al. Functional roles for C5a 
receptors in sepsis. Nat Med. 2008;14:551–557.

69. Stahl GL, Xu Y, Hao L, et al. Role for the alternative complement 
pathway in ischemia/reperfusion injury. Am J Pathol. 
2003;162:449–455.

70. Mohr M, Höpken U, Oppermann M, et al. Effects of anti-C5a mono-
clonal antibodies on oxygen use in a porcine model of severe 
sepsis. Eur J Clin Invest. 1998;28:227–234.

71. Höpken U, Mohr M, Strüber A, et al. Inhibition of interleukin-6 
synthesis in an animal model of septic shock by anti-C5a mono-
clonal antibodies. Eur J Immunol. 1996;26:1103–1109.

72. Smedegård G, Cui LX, Hugli TE. Endotoxin-induced shock in the rat. 
A role for C5a. Am J Pathol. 1989;135:489–497.

73. Xu R, Lin F, Bao C, et al. Mechanism of C5a-induced immunologic 
derangement in sepsis. Cell Mol Immunol. 2017;14:792–793.

74. Ricklin D, Barratt-Due A, Mollnes TE. Complement in clinical med-
icine: clinical trials, case reports and therapy monitoring. Mol 
Immunol. 2017;89:10–21.

75. Van Griensven M, Ricklin D, Denk S, et al. Protective effects of the 
complement inhibitor compstatin cp40 in hemorrhagic shock. 
Shock. 2019;51:78–87.

76. Zimmerman JL, Dellinger RP, Straube RC, et al. Phase I trial of the 
recombinant soluble complement receptor 1 in acute lung injury 
and acute respiratory distress syndrome. Crit Care Med. 
2000;28:3149–3154.

77. Heeres M, Visser T, van Wessem KJP, et al. The effect of C1-esterase 
inhibitor on systemic inflammation in trauma patients with a femur 
fracture - The CAESAR study: study protocol for a randomized 
controlled trial. Trials. 2011;12:223.

78. McPhaden AR, Whaley K. the Complement System in Sepsis and 
Trauma. Br Med Bull. 1985;41:281–286.

79. Mukherjee P, Thomas S, Pasinetti GM. Complement anaphyla-
toxin C5a neuroprotects through regulation of glutamate recep-
tor subunit 2 in vitro and in vivo. J Neuroinflammation. 
2008;5:1–7.

80. Annane D. Sepsis-associated delirium: the pro and con of C5a 
blockade. Crit Care. 2009;13:135.

81. Clarke EV, Weist BM, Walsh CM, et al. Complement protein C1q 
bound to apoptotic cells suppresses human macrophage and den-
dritic cell-mediated Th17 and Th1 T cell subset proliferation. 
J Leukoc Biol. 2015;97:147–160.

82. Chen L. Co-inhibitory molecules of the B7-CD28 family in the 
control of T-cell immunity. Nat Rev Immunol. 2004;4:336–347.

83. Blank CU, Haining WN, Held W, et al. Defining ‘T cell exhaustion’. 
Nat Rev Immunol. 2019;19:665–674.

84. Patil NK, Guo Y, Luan L, et al. Targeting immune cell checkpoints 
during sepsis. Int J Mol Sci. 2017;18:1–24.

85. Boomer JS, To K, Chang KC, et al. Immunosuppression in patients 
who die of sepsis and multiple organ failure. J Am Med Assoc. 
2011;306:2594–2605.

86. Rubio I, Osuchowski MF, Shankar-Hari M, et al. Current gaps in 
sepsis immunology: new opportunities for translational research. 
Lancet Infect Dis. 2019;3099:1–15. 

•• This paper provides a comprehensive analysis of the immune 
suppressive status in lymphoid and peripheral tissue during 
sepsis.

87. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell 
exhaustion. Nat Rev Immunol. 2015;15:486–499.

88. Thangavelu G, Smolarchuk C, Anderson CC. Co-inhibitory mole-
cules: controlling the effectors or controlling the controllers? Self/ 
Nonself - Immune Recognit Signal. 2010;1:77–88.

89. Huang X, Venet F, Wang YL, et al. PD-1 expression by macrophages 
plays a pathologic role in altering microbial clearance and the 
innate inflammatory response to sepsis. Proc Natl Acad Sci U S A. 
2009;106:6303–6308.

90. Zhang Y, Zhou Y, Lou J, et al. PD-L1 blockade improves survival in 
experimental sepsis by inhibiting lymphocyte apoptosis and rever-
sing monocyte dysfunction. Crit Care. 2010;14:1–9.

91. Hutchins NA, Wang F, Wang Y, et al. Kupffer cells potentiate liver 
sinusoidal endothelial cell injury in sepsis by ligating programmed 
cell death ligand-1. J Leukoc Biol. 2013;94:963–970.

92. Wang F, Huang X, Chung CS, et al. Contribution of programmed 
cell death receptor (PD)-1 to kupffer cell dysfunction in murine 
polymicrobial sepsis. Am J Physiol - Gastrointest Liver Physiol. 
2016;311:G237–G245.

93. Brahmamdam P, Inoue S, Unsinger J, et al. Delayed administration 
of anti-PD-1 antibody reverses immune dysfunction and improves 
survival during sepsis. J Leukoc Biol. 2010;88:233–240.

94. Chen C, Mittal R, Klingensmith NJ, et al. Cutting edge: 
2b4-mediated coinhibition of cd4 + t cells underlies mortality in 
experimental sepsis. J Immunol. 2017;199:1961–1966.

95. Chang KC, Burnham CA, Compton SM, et al. Blockade ofthe nega-
tive co-stimulatory molecules PD-1 and CTLA-4 improves survival in 
primary and secondary fungal sepsis. Crit Care. 2013;17:R85.

96. Shindo Y, McDonough JS, Chang KC, et al. Anti-PD-L1 peptide 
improves survival in sepsis. J Surg Res. 2017;208:33–39.

97. Zhu W, Bao R, Fan X, et al. PD-L1 blockade attenuated 
sepsis-induced liver injury in a mouse cecal ligation and puncture 
model. Mediators Inflamm. 2013;2013:1–7.

98. Huang X, Chen Y, Chung C-S, et al. Identification of B7-H1 as 
a Novel Mediator of the Innate Immune/Proinflammatory 
Response as well as a Possible Myeloid Cell Prognostic Biomarker 
in Sepsis. J Immunol. 2014;192:1091–1099.

99. Wu Y, Chung CS, Chen Y, et al. A novel role for programmed cell 
death receptor ligand-1 in sepsis-induced intestinal dysfunction. 
Mol Med. 2016;22:830–840.

100. Inoue S, Bo L, Bian J, et al. Dose-dependent effect of anti-CTLA-4 on 
survival in sepsis. Shock. 2011;36(1):38–44.

101. Shubin NJ, Chung CS, Heffernan DS, et al. BTLA expression con-
tributes to septic morbidity and mortality by inducing innate 
inflammatory cell dysfunction. J Leukoc Biol. 2012;92:593–603.

102. Cheng T, Bai J, Chung CS, et al. Enhanced innate inflammation 
induced by anti-btla antibody in dual insult model of hemorrhagic 
shock/sepsis. Shock. 2016;45:40–49.

103. Guignant C, Lepape A, Huang X, et al. Programmed death-1 levels 
correlate with increased mortality, nosocomial infection and immune 
dysfunctions in septic shock patients. Crit Care. 2011;15:1–11.

104. Zhang Y, Li J, Lou J, et al. Upregulation of programmed death-1 on 
T cells and programmed death ligand-1 on monocytes in septic 
shock patients. Crit Care. 2011;15:1–9.

105. Shao R, Fang Y, Yu H, et al. Monocyte programmed death ligand-1 
expression after 3-4 days of sepsis is associated with risk 

14 P. R. S. RODRIGUES ET AL.



stratification and mortality in septic patients: A prospective cohort 
study. Crit Care. 2016;20:1–10.

106. Boomer JS, Shuherk-Shaffer J, Hotchkiss RS, et al. A prospective 
analysis of lymphocyte phenotype and function over the course of 
acute sepsis. Crit Care. 2012;16. DOI:10.1186/cc11404.

107. Shubin NJ, Monaghan SF, Heffernan DS, et al. B and T lymphocyte 
attenuator expression on CD4+ T-cells associates with sepsis and sub-
sequent infections in ICU patients. Crit Care. 2013;17. DOI:10.1186/ 
cc13131.

108. Lange A, Sundén-Cullberg J, Magnuson A, et al. Soluble B and 
T lymphocyte attenuator correlates to disease severity in sepsis 
and high levels are associated with an increased risk of mortality. 
PLoS One. 2017;12(1):1–19.

109. Zhang Q, Vignali DAA. Co-stimulatory and Co-inhibitory Pathways 
in Autoimmunity. Immunity. 2016;44:1034–1051.

110. Dai S, Jia R, Zhang X, et al. The PD-1/PD-Ls pathway and autoim-
mune diseases. Cell Immunol. 2014;290:72–79.

111. Pentcheva-Hoang T, Egen JG, Wojnoonski K, et al. B7-1 and B7-2 
Selectively Recruit CTLA-4 and CD28 to the Immunological Synapse 
Despite the structural similarities between CD28 and CTLA-4, their 
trafficking patterns and steady-state dis-tributions within the cell 
are completely different. Recent. Immunity. 2004;21:401–413.

112. Patil NK, Bohannon JK, Sherwood ER. Immunotherapy: A promising 
approach to reverse sepsis-induced immunosuppression. 
Pharmacol Res. 2016;111:688–702.

113. Roumenina LT, Daugan MV, Petitprez F, et al. Context-dependent 
roles of complement in cancer. Nat Rev Cancer. 2019;19:698–715.

114. Kitamura T, Qian BZ, Pollard JW. Immune cell promotion of 
metastasis. Nat Rev Immunol. 2015;15:73–86.

115. Cabrera-Perez J, Condotta SA, Badovinac VP, et al. Impact of sepsis 
on CD4 T cell immunity. J Leukoc Biol. 2014;96:767–777.

116. Poulin LF, Lasseaux C, Chamaillard M. Understanding the cellular origin 
of the mononuclear phagocyte system sheds light on the myeloid 
postulate of immune paralysis in sepsis. Front Immunol. 2018;9:1–14.

117. Hotchkiss RS, Colston E, Yende S, et al. Immune checkpoint inhibi-
tion in sepsis: a Phase 1b randomized study to evaluate the safety, 
tolerability, pharmacokinetics, and pharmacodynamics of 
nivolumab. Intensive Care Med. 2019;45:1360–1371. 

•• This paper describes the first clinical evaluation of immune PD- 
1/PD-LI pathway inhibition in sepsis

118. Smith CL, Dickinson P, Forster T, et al. Identification of a human 
neonatal immune-metabolic network associated with bacterial 
infection. Nat Commun. 2014; 5(4649). DOI: 10.1038/ncomms5649 

•• This paper provides a the first systems analysis of sepsis in 
early life detailing metabolic and immune checkpoint altera-
tions together with innate immune responses.

119. Nutr JCB, Ezaki S, Suzuki K, et al. Resuscitation of preterm 
infants with reduced oxygen results in less oxidative stress 

than resuscitation with 100 % Oxygen. J. Clin. Biochem. Nutr. 
2009;111–118.

120. van Schaik SM, Abbas AK. Role of T cells in a murine model of 
Escherichia coli sepsis. Eur J Immunol. 2007;37:3101–3110.

121. Danahy DB, Anthony SM, Jensen IJ, et al. Polymicrobial sepsis 
impairs bystander recruitment of effector cells to infected skin 
despite optimal sensing and alarming function of skin resident 
memory CD8 T cells. PLoS Pathog. 2017;vol. 13(9):e1006569.

122. Danahy DB, Jensen IJ, Griffith TS, et al. Cutting Edge: polymi-
crobial sepsis has the capacity to reinvigorate tumor-infiltrating 
cd8 t cells and prolong host survival. J Immunol. 
2019;202:2843–2848.

123. Skirecki T, Swacha P, Hoser G, et al. Bone marrow is the preferred 
site of memory CD4+T cell proliferation during recovery from 
sepsis. JCI Insight. 2020;5:e134475.

124. Svabek C, Chang K, Svabek C, et al. Targeting the programmed 
cell death 1: programmed cell death ligand 1 pathway reverses T 
cell exhaustion in patients with sepsis. Crit. Care. 2016; 1–15.

125. Patera AC, Drewry AM, Chang K, et al. Frontline Science: defects in 
immune function in patients with sepsis are associated with PD-1 
or PD-L1 expression and can be restored by antibodies targeting 
PD-1 or PD-L1. J Leukoc Biol. 2016;100:1239–1254.

126. Zelek WM, Xie L, Morgan BP, et al. Compendium of current com-
plement therapeutics. Mol Immunol. 2019;114:341–352.

127. Ricklin D, Mastellos DC, Reis ES, et al. The renaissance of comple-
ment therapeutics. Nat Rev Nephrol. 2017;14:26–47.

128. Hotchkiss RS, Moldawer LL, Opal SM, et al. Sepsis and septic shock. 
Nat Rev Dis Primers. 2016; 2:16045. 

• This review provides insightful consideration of immune dys-
function in sepsis

129. Dorresteijn MJ, Visser T, Cox LAE, et al. C1-esterase inhibitor attenu-
ates the inflammatory response during human endotoxemia. Crit 
Care Med. 2010;38:2139–2145.

130. van der Poll T. Future of sepsis therapies. Crit Care. 2016;20:10–11.
131. Reis ES, Berger N, Wang X, et al. Safety profile after prolonged C3 

inhibition. Clin Immunol. 2018;197:96–106.
132. Brekke OL, Christiansen D, Fure H, et al. Combined inhibition of 

complement and CD14 abolish E. coli-induced cytokine-, 
chemokine- and growth factor-synthesis in human whole blood. 
Mol Immunol. 2008;45:3804–3813.

133. Hosac, A. M. Drotrecogin Alfa (Activated. The first fda-approved 
treatment for severe sepsis. Baylor Univ Med Cent Proc. 
2002;15:224–227.

134. Delano MJ, Ward PA. Sepsis-induced immune dysfunction: can 
immune therapies reduce mortality? J Clin Invest. 
2016;126:23–31.

135. Cohen J, Vincent JL, Adhikari NKJ, et al. Sepsis: A roadmap for 
future research. Lancet Infect Dis. 2015;15:581–614.

EXPERT OPINION ON DRUG DISCOVERY 15

https://doi.org/10.1186/cc11404
https://doi.org/10.1186/cc13131
https://doi.org/10.1186/cc13131
https://doi.org/10.1038/ncomms5649

