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Abstract
Sepsis is a syndrome which is defined as a dysregulated host response to infection leading to organ failure. Since it remains 
one of the leading causes of mortality worldwide, numerous drug candidates have already been tested, and continue to be 
developed, as potential adjunct therapies. Despite convincing mechanisms of action and robust pre-clinical data, almost all 
drug candidates in the field of sepsis have failed to demonstrate clinical efficacy in the past two decades. Accordingly, the 
development of new sepsis drugs has markedly decreased in the past few years. Nevertheless, thanks to a better understanding 
of sepsis pathophysiology and pathways, new promising drug candidates are currently being developed. Instead of a unique 
sepsis profile as initially suspected, various phenotypes have been characterised. This has  resulted in the identification of 
multiple targets for new drugs together with relevant biomarkers, and a better understanding of the most appropriate time to 
intervention. Within the entire sepsis drugs portfolio, those targeting the immune response are probably the most promis-
ing. Monoclonal antibodies targeting either cytokines or infectious agents are undoubtedly part of the potential successful 
therapeutic classes to come.
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Key points 

Identification of accurate biomarkers to better select 
appropriate phenotypes is essential to evaluate new drug 
candidates for the adjunctive treatment of sepsis

More than 10 promising drugs are currently in clinical 
development in the sepsis field

Immune response is probably one of the most appropri-
ate targets to work on

Several drugs, including monoclonal antibodies, are 
likely to be marketed in a near future

1 Introduction

Sepsis is one of the leading causes of mortality world-
wide [1]. This syndrome is defined as a dysregulated host 
response to infection leading to organ dysfunction and fail-
ure [2]. With the exception of a short-lived therapy, namely 
the administration of recombinant activated protein C for 
severe sepsis [3], the majority of studied drugs have failed to 
improve sepsis-related mortality despite numerous encour-
aging preclinical data. It was probably a conceptual error 
to consider that a single therapeutic strategy or medication 
would provide an equal benefit to such a heterogeneous 
population with multiple underlying comorbidities, variable 
clinical presentation and physiological reserve [4]. Nega-
tive trials that were designed to block cytokine-mediated 
hyperinflammation are particularly illustrative of this type of 
misconception [5]. Over the past few years, more attention 
has been directed towards the description of distinct bio-
logical phenotypes in septic patients, the characterisation of 
more homogenous subpopulations to explore, and the iden-
tification of more appropriate biomarkers to subsequently 
better select and evaluate new drug candidates for the treat-
ment of sepsis [6, 7]. The development of new biomarkers 
should follow rigorous standardised methodology to help in 
selecting eligible patients for new therapies based on their 
expression, while guiding administration modalities of drug 
candidates according to their monitoring [8].
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The present manuscript intends to describe the new devel-
opments and drugs currently tested to improve bacterial sep-
sis-induced organ dysfunction and patient-centred outcome. 
We did not perform a systematic review of the literature 
but rather chose to emphasise innovative and promising 
approaches in the field of sepsis, and to discuss drug candi-
dates for which randomised, double-blinded, placebo-con-
trolled, add-on trials (RCTs) were recently available. Both 
the pathophysiological approach and specific target used in 
sepsis pathway for the development of RCTs are described 
(Table 1). Drug candidates targeting pathogen-associated 
molecular patterns and resulting pro-inflammatory response 
to infectious insult, the coagulation system, the endothelium, 
end-organ damage, and host immune response are reviewed 
(Fig. 1).

2  Drug Candidates Targeting 
Pathogen‑Associated Molecular Patterns

These drug candidates include liposomal agents and antibac-
terial antibodies, especially directed against Staphylococcus 
aureus and Pseudomonas aeruginosa. Vaccine candidates 
have also been developed and have shown efficacy in induc-
ing specific immunogenicity in critically ill patients [9, 10]. 
Nevertheless, pre-operative vaccination failed to efficiently 
prevent serious S. aureus infections after cardiothoracic sur-
gery [10], and a P. aeruginosa vaccine was unsuccessful in 
reducing mortality or preventing invasive and respiratory 
tract infections due to P. aeruginosa in intensive care unit 
(ICU) ventilated patients [9].

2.1  Liposomal Agent

Numerous bacteria secrete toxins which damage or kill 
host cells in creating pores within cell membrane and 
plasmalemmal lipids degradation. Gram-positive bacte-
ria like Streptococcus pneumonia and S. pyogenes secret 
pneumolysin and streptolysin O, respectively. Artificial 
liposomes have been built to sequester bacterial toxins 
[11]. In mice, the administration of these liposomes after 
S. pneumonia septicaemia improved survival and pro-
tected animals against invasive pneumococcal pneumonia. 
CAL02 is a novel antitoxin agent consisting of a mixture 
of liposomes creating large and stable liquid-ordered lipid 
microdomains able to trap bacterial toxins. This agent was 
recently tested for safety in a first-in-human RCT [12]. 
CAL02 has a half-life of eight hours and rapidly reaches 
the lung and fails to impair microcirculation due to its 
small size. In 19 patients admitted to an ICU for severe 
pneumococcal pneumonia, a low or high dose of CAL02 
versus placebo was administered intravenously over 2 days 
in addition to standard antibiotic therapy. The drug was 

safe. Although the small sample size was inappropriate 
to detect any benefit on mortality, the reduction of organ 
dysfunction score was more pronounced in the interven-
tion arms when compared to placebo. C-reactive protein 
and procalcitonin levels declined more rapidly in CAL02 
groups. These data support the need for larger clinical tri-
als to confirm the clinical value of the adjunct therapy by 
CAL02 for the treatment of severe infection [12].

2.2  Antibacterial Antibodies

Hospital-acquired pneumonia (HAP) and ventilator-asso-
ciated pneumonia (VAP) are associated with significant 
morbidity and mortality [13]. They constitute the second 
leading type of nosocomial infection and the leading cause 
of death from nosocomial infection in the USA [14]. S. 
aureus and P. aeruginosa remain the primary cause of 
nosocomial pneumonia.

Despite the development of new antibiotics against 
most frequent pathogens, the emergence of bacterial resist-
ance requires new therapeutic approaches. Monoclonal 
antibodies (mAbs) targeting virulence factors of causa-
tive bacteria represent probably one of the most promis-
ing therapeutic innovation in the ICU setting, when used 
either preventively or adjunctively to antibiotic therapy. 
For the pre-emptive approach, an early documentation 
of the pulmonary colonisation by a specific pathogen is 
required in order to dose the patient prior to the invasion 
phase. Accordingly, real-time polymerase chain reactions 
targeting single or multiple pathogens are performed seri-
ally on tracheobronchial samples. In certain clinical set-
tings such as Clostridium difficile infection, mAbs (e.g. 
bezlotoxumab) could be administered as a single primary 
treatment [15]. Nevertheless, VAP being frequently multi-
bacterial with numerous virulence factors involved, the 
actual mAbs portfolio is not large enough to support such 
a therapeutic approach.

2.2.1  Anti‑Staphylococcus aureus Antibodies

MEDI4893 (suvratoxumab) is a human immunoglobulin G1 
kappa mAb with an extended half-life that binds S. aureus 
alpha toxin with a high affinity, and effectively blocks alpha 
toxin-induced pore formation in target cell membranes [16]. 
Alpha toxin is expressed by 90% of S. aureus clinical iso-
lates. In different murine infection models such as pneumo-
nia, lethal bacteraemia or sepsis, and dermonecrosis, the pro-
phylactic administration of this type of mAb reduces disease 
severity [17]. No adverse effect was observed in cynomolgus 
monkeys following the intravenous infusion of MEDI4893 at 
doses exceeding expected human therapeutic dosage.
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In a Phase 1 RCT dose-escalation study to evaluate the 
safety, tolerability, and pharmacokinetics, MEDI4893 was 
administered as a single IV dose of 225, 750, 2250, or 
5000 mg compared with placebo in 33 healthy adult sub-
jects [18]. No serious adverse events or new-onset chronic 
diseases were reported. The MEDI4893 terminal half-life 
was estimated between 70.1 and 84.6 days. A recent Phase-2 
RCT has tested a pre-emptive use of suvratoxumab in ICU 
mechanically ventilated patients colonised with S. aureus 
susceptible or resistant to methicillin. A single intravenous 
dose of suvratoxumab produced a trend toward a reduced 
incidence of S. aureus pneumonia in these high-risk ICU 
patients compared with placebo (26% in the placebo group 
vs 17.7% in the treatment group with a relative risk reduc-
tion of 31.9%), with acceptable safety [19].

AR-301 (KBSA301,  Salvecin®) is a human immunoglob-
ulin G1 monoclonal antibody also specific for the alpha-
toxin of S. aureus. AR-301 binds to an N-terminal epitope 
of alpha-toxin, thereby preventing functional toxin pore oli-
gomerisation. AR-301 is developed for passive immunother-
apy in the treatment of S. aureus pneumonia as an adjunctive 
therapy to standard antibiotic treatment. AR-301 is expected 
to neutralise S. aureus alpha-toxin in situ, thereby reducing 
the ability of the exotoxin to damage the surrounding tissues 
and immune cells, irrespective of methicillin susceptibility. 
A Phase 2a dose escalation study in patients with severe 

S. aureus HAP, VAP, or community-acquired pneumonia 
(CAP), showed that AR-301 was safe to administer at doses 
of 1, 3, 10 and 20 mg/kg and had a pharmacokinetic pro-
file consistent with that of IgG1 immunoglobulins [20]. In 
the subgroup of patients with VAP (n = 25), a trend towards 
shorter duration of ventilation (16.8 ± 8.4 days in the pla-
cebo group vs 9.5 ± 7.6 days in treatment groups) suggesting 
potentially faster resolution of pneumonia was observed. In 
this first small-size trial, there was no discernible difference 
in mortality rates (14.0% in treatment groups vs 6.3% in 
the placebo group: p = 0.40) or clinical cure rates between 
treatment and control groups (71.0% vs 87.5%: p = 0.39). A 
pivotal Phase 3 trial has just recently started, still using an 
adjunctive approach.

2.2.2  Anti‑Pseudomonas aeruginosa Antibodies

MEDI3902 is a bivalent, bispecific human immuno-
globulin G1 kappa mAb that selectively binds to both the 
PcrV protein and Psl exopolysaccharide on the surface of 
P. aeruginosa. It operates through three mechanisms of 
action. MEDI3902 prevents type 3 secretion injectisome-
mediated cytotoxicity and damage to host cells, mediates 
opsonophagocytic killing of P. aeruginosa by host effec-
tor cells, and inhibits the bacterium’s attachment to host 
epithelial cells [21]. When administered prophylactically, 
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Fig. 1  Schematic representation of the complex sepsis pathway and 
various targets of currently investigated drug candidates.  Adapted 
from Azeredo da Silveira S, Shorr AF. Critical parameters for the 

development of novel therapies for severe and resistant infections-A 
case study on CAL02, a non-traditional broad-spectrum anti-viru-
lence drug. Antibiotics (Basel). 2020;9(2):94
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MEDI3902 provided protection in four murine infection 
models (immunocompetent pneumonia, immunocom-
promised pneumonia, bacteraemia, and thermal injury). 
MEDI3902 provided synergistic enhancement of antibiotic 
therapy against P. aeruginosa pneumonia, without adverse 
effect on safety pharmacology parameters.

A Phase 1 dose escalation, single-centre, first-time 
in human RCT evaluated the safety and tolerability of 
MEDI3902 administered as a single IV dose of 250, 750, 
1500, or 3000 mg compared with placebo in 56 healthy 
adult subjects [22]. A Phase 2 dose-ranging, proof-of-con-
cept RCT evaluating MEDI3902 in mechanically ventilated 
patients colonised with P. aeruginosa in the lower respira-
tory tract in the ICU who are at high risk for VAP or HAP 
has recently been completed and results are expected soon.

3  Drug Candidates Targeting 
the Coagulation System

3.1  Thrombomodulin

ART-123 is a recombinant human soluble thrombomodulin, 
a glycoprotein with a molecular weight of approximately 
64,000 Da. Experimental data suggest that ART-123 exhib-
its both an anti-coagulation and anti-inflammatory effect 
[23]. When binding to thrombin, ART-123 changes throm-
bin substrate specificity from pro-coagulant to anti-coag-
ulant activity through the activation of protein C [24, 25]. 
ART-123 improves disseminated intravascular coagulation 
(DIC) parameters and exhibits inhibitory effects on pro-
inflammatory cytokines in animal models of sepsis. Animal 
toxicology studies have shown no side effects beyond those 
expected for an anticoagulant.

Two Phase 1 studies performed in 20 healthy volunteers 
showed that ART-123 has a terminal half-life of 25–28 h 
when injected intravenously as a bolus, and is predominantly 
cleared by the kidney [26, 27]. In DIC patients with severe 
renal impairment, the decomposition of ART-123 may 
increase and compensate for reduced elimination by the 
kidneys. Accordingly, the clearance of ART-123 in patients 
with severe renal impairment appears to be similar to that 
of patients without such kidney failure [28]. A Phase 2b 
trial conducted in 371 septic patients with suspected DIC 
showed non-significant reduced mortality in patients allo-
cated to ART123 versus placebo (28-day mortality: 17.8% vs 
21.6%: p = 0.273) [29]. Post hoc analysis indicated that the 
reduction of mortality obtained with ART-123 was best pre-
dicted in the presence of at least one organ dysfunction, and 
sepsis-associated coagulopathy defined by an INR greater 
than 1.4 at baseline. The safety profile was consistent with 
the incidence rate of complications expected in such popula-
tion [29].

A Phase 3 RCT designed to confirm the efficacy and 
safety of 0.06 mg/kg of ART-123 in patients with severe 
sepsis and coagulopathy has recently enrolled 800 patients 
[30]. The 28-day all-cause mortality was not significantly 
different between the ART-123 and the placebo group 
(106/395 [26.8%] vs 119/405 patients [29.4%]: p = 0.318). 
The absolute risk reduction of death in patients treated with 
ART-123 was 2.55% (95% CI − 3.68%/+ 8.77%). Post hoc 
analysis revealed a greater signal in the subset of patients 
who met sepsis-induced coagulopathy criteria at baseline, 
with an absolute risk reduction of death reaching 5.40% 
(95% CI − 1.68%/+ 12.48%). The incidence of major bleed-
ing events was 5.8% in the ART-123 group and 4.0% in the 
placebo group [30].

After numerous pre-clinical studies, 14 clinical trials 
enrolled approximately 1300 patients exposed to ART-123. 
In 2008, ART-123 was approved for the treatment of DIC 
in Japan and approximately 180,000 patients have received 
the drug (Recomodulin™). Overall, ART-123 has been 
shown to be safe at effective doses. Currently, despite the 
recent negative Phase 3 trial, ART-123 remains approved 
and largely used in Japan for sepsis-associated coagulopathy.

4  Drug Candidates Targeting 
the Endothelium

4.1  Adrenomedullin‑Targeted Therapy

Sepsis is associated with endothelial dysfunction [31]. This 
results in vascular leak with associated tissue edema, micro-
vascular thrombosis, and ultimately participates in the devel-
opment of sepsis-induced organ failure [32]. Adrenomedul-
lin (ADM) is a short half-life free circulating peptide mainly 
expressed by endothelial and vascular smooth muscle cells 
[33]. High levels of ADM induce vasodilatation and hypo-
tension [33], while reinforcing the endothelial barrier, thus 
reducing sepsis-induced vascular leakage [34]. Patients with 
septic shock exhibit higher ADM levels than those without 
shock [35], and plasma ADM concentration is associated 
with organ failure and mortality in sepsis [36, 37].

Adrecizumab is a recombinant monoclonal anti-ADM 
antibody that protects endogenous ADM from proteolytic 
decay and hence increases its plasma half-life in a dose-
dependent manner [38]. Proposed mechanism of action 
of adrecizumab relies on the modulation of ADM equi-
librium between the blood compartment and interstitium 
[38]. Adrecizumab is restricted to the blood compartment, 
whereas ADM freely diffuses across the endothelium in the 
extravascular space [39]. Accordingly, adrecizumab may 
induce a shift of ADM from the interstitium to the circula-
tion; hence, reducing ADM-mediated vasodilatation [38]. In 
addition, the increased and prolonged ADM-adrecuzimab 
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plasma concentration increases its endothelial barrier stabi-
lising effects [40]. These beneficial effects are anticipated to 
be even more pronounced in the presence of elevated levels 
of circulating ADM, suggesting high associated concentra-
tion of ADM within the interstitial space.

Intravenous injection of adrecizumab induces dose-
dependent peak concentration, significantly increases cir-
culating concentration of ADM, and is well tolerated across 
non-human species [41]. Adrecuzimab also showed an 
excellent safety profile in Phase 1 human studies, both in 
the absence and presence of systemic inflammation [42]. A 
proof-of-concept and dose-finding Phase 2 RCT to investi-
gate the safety, tolerability and efficacy of adrecizumab in 
patients with septic shock and elevated ADM levels (plasma 
concentration > 70 pg/mL) has recently been completed. The 
AdrenOSS-2 trial that enrolled 300 patients randomised to 
receive adrecizumab (2 and 4 mg/kg) or placebo in a 1:1:2 
ratio has been recently completed [43].

4.2  Selepressin

Vascular responsiveness to vasoconstrictor agents is blunted 
in septic shock, and a high dose of vasopressors is usually 
required to maintain adequate blood pressure [39]. Selepres-
sin is highly selective for the V1a- versus V2-receptor when 
compared to vasopressin [44]. In addition, it appears to pre-
vent microvascular leak and associated positive fluid bal-
ance in ovine models of sepsis [45, 46]. For these reasons, 
selepressin may be preferable to vasopressin in septic shock 
[47]. In experimental studies, selepressin has been shown 
to more efficiently increase and stabilise mean arterial pres-
sure, at lower doses than vasopressin [48], and to increase 
survival rates [49].

In a Phase 2a RCT, selepressin was administered at dif-
ferent doses in 53 patients with early septic shock [50]. 
Selepressin was well tolerated, allowed reducing the doses 
of norepinephrine, and appeared to diminish fluid balance 
and shorten the duration of mechanical ventilation [50]. 
Accordingly, a Phase 2b/3 RCT was conducted, evaluating 
up to four selepressin dosing strategies [51]. An adaptive 
trial design was used to (1) determine the efficacy of mul-
tiple dosing regimens of selepressin (part 1, dose-finding), 
and (2) to confirm the efficacy of a dosing regimen in the 
treatment of septic shock (part 2, confirmation). Patients 
were assigned to receive one of three dosing regimens of 
selepressin (starting infusion rates of 1.7, 2.5 and 3.5 ng/
kg/min; n = 585), or placebo (n = 283) as continuous infu-
sions titrated according to hemodynamic monitoring [52]. 
Ventilator- and vasopressor-free days did not differ signifi-
cantly between combined selepressin and placebo groups 
(mean 15.0 vs 14.5 days: p = 0.30). Over the first 6 h, the 

selepressin group had a significantly higher mean arterial 
pressure (mean 74 vs 70 mmHg: p > 0.001) and lower nor-
epinephrine requirement (mean 0.29 µg/kg/min vs 0.48 µg/
kg/min: p < 0.001). During the first 24 h, patients receiving 
selepressin had a significantly lower net fluid balance than 
those who received placebo (81 vs 107 mL/h: p < 0.001), but 
the groups were similar thereafter [52].

5  Drug Candidates Targeting End‑Organ 
Damage

5.1  Alkaline Phosphatase

Sepsis-induced acute kidney injury significantly increases 
mortality and is more commonly associated with long-term 
end-stage kidney disease. Sepsis-associated inflammatory 
process alters the renal microcirculation by a leukocyte 
infiltration, induces tubular lesions and renal cell apoptosis. 
Alkaline phosphatase is an endogenous enzyme exerting 
detoxifying effects and protecting against renal inflammation 
through dephosphorylation of bacterial lipopolysaccharide 
but also proinflammatory mediators including adenosine 
triphosphate [53].

A first clinical trial performed in patients with sepsis and 
septic shock demonstrated an improvement of renal function 
in the population treated with alkaline phosphatase [54]. A 
lower nitric oxide production with subsequent lesser renal 
damage was the likely mechanism associated with this ben-
efit. A second Phase 2 study including patients with sepsis-
induced acute kidney injury supported the potential ben-
efits of alkaline phosphatase on renal function [55]. Based 
on these results, together with preclinical data, a human 
recombinant form of alkaline phosphatase was developed 
and secondarily tested in a larger adaptive Phase 2a/2b 
study that included 301 patients admitted to ICU with sep-
sis and acute kidney injury [56]. The primary endpoint was 
the time-corrected area under the curve of the endogenous 
creatinine clearance for the first 7 days after randomisation. 
Human recombinant alkaline phosphatase did not improve 
short-term kidney function. However, on Days 21 and 28, 
the endogenous creatinine clearance was significantly higher 
in the alkaline phosphatase group compared with placebo. In 
addition, a significant benefit on the 90-day all-cause mor-
tality was observed (17.1% in recombinant alkaline phos-
phatase group compared with 29% in the placebo group) and 
may be explained by the longer-term benefit on the kidney 
function [56]. A large RCT comparing human recombinant 
alkaline phosphatase with placebo in patients with sepsis-
induced acute kidney injury will target improved survival as 
the primary end point in the near future.
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6  Drug Candidates Targeting Host Immune 
Response

6.1  Soluble TREM‑1 and Nangibotide

The Triggering Receptor Expressed on Myeloid cells-1 
(TREM-1) is an immunomodulatory receptor expressed on 
innate immune cells such as mature monocytes and neu-
trophils [57]. While TREM-1 is expressed at a low level in 
physiologic conditions, it amplifies systemic inflammation 
with exuberant and hyperactivated immune state in response 
to an acute infectious aggression [58, 59]. TREM-1 pathway 
is one of the most upregulated pathways [60, 61]. Accord-
ingly, it plays a central role in the pathogenesis of sepsis, 
in linking innate to adaptive immunity. After activation by 
toll-like receptor agonists, TREM-1 expressing cells such 
as monocytes have higher ability to recruit and induce pro-
liferation of B and T cells [62, 63]. TREM-1 also exists in 
a soluble form (sTREM-1) in the blood following cleavage 
of membrane-bound TREM-1 by metalloproteinases after 
TREM-1 receptor activation [64]. sTREM-1 levels corre-
late with the severity of organ dysfunction assessed by the 
sepsis-related organ failure assessment (SOFA) score [65], 
and with 28-day mortality [66].

Nangibotide is a synthetic TREM-1 antagonistic pep-
tide that inhibits the activation of the TREM-1 receptor, 
thus decreasing leukocyte activation and innate immune 
response [67]. Accordingly, nangibotide represents a new 
class of drug that controls innate immunity and appears as a 
novel mechanism-based treatment for sepsis. In experimen-
tal models of sepsis, the administration of nangibotide was 
associated with reduced inflammatory response, and protec-
tive effects on the cardiovascular system and survival [68].

Study MOT-C-104 was the first administration of nangi-
botide in healthy volunteers to assess its safety, tolerability 
and pharmacokinetics [69]. Nangibotide was safe and well 
tolerated up to the highest dose tested (5 mg/kg bolus fol-
lowed by 6.0 mg/kg/h continuous infusion for 7.75 h). No 
drug-related adverse events were observed and no anti-drug 
antibodies were detected. No pharmacodynamic effects of 
MOT-C-104 were observed since the TREM-1 signalling 
pathway is only active in an activated immune system. Nan-
gibotide had a short half-life (≈ 3 min) and a clearance rate 
compatible with extensive enzymatic metabolism in blood 
[69].

Study MOT-C-201 was the first administration of nagibo-
tide in septic shock patients through a multicentre RCT [70]. 
Patients received either a continuous infusion of nangibotide 
(0.3, 1.0, or 3.0 mg/kg/h, after a 5 mg/kg loading dose) or 
placebo. Treatment began within 24 h of shock onset and 
continued until 12 h after cessation of vasopressors or up to 
5 days. Baseline characteristics and both the frequency and 

types of adverse events were comparable between groups. 
No patient developed anti-drug antibodies. In patients with 
high baseline sTREM-1 levels, nangibotide tended to reduce 
organ dysfunction, ICU length of stay and organ support 
requirement when compared to placebo. Decrease in SOFA 
score from baseline to Day 5 in pooled nangibotide groups 
versus placebo was − 0.7 ± 0.85 in the randomised popula-
tion and − 1.5 ± 1.12 in patients with high baseline plasma 
sTREM-1 concentrations (non-significant). In this Phase 2 
trial, nangibotide was safe and well tolerated [71]. Accord-
ingly, it appears as a promising drug, particularly in patients 
with elevated baseline sTREM-1 levels and a larger Phase 
2b aiming to enrol 400 patients is ongoing.

6.2  Interleukin‑7

One of the most promising new adjuvants to counteract 
sepsis-induced immunosuppression is interleukin-7 (IL-
7), a pluripotent cytokine produced by bone marrow and 
thymic stromal cells [71, 72]. The current glycosylated form 
of recombinant human IL-7 (RhIL-7) used in clinical trials 
is CYT-107. IL-7 can reverse sepsis-induced lymphopenia, 
while avoiding excessive inflammatory response [73, 74]. 
IL-7 harbours anti-apoptotic properties [75], induces pro-
liferation of naïve and memory T-cells [76], restores the 
functional capacity of hyporesponsive or exhausted T-cells, 
increases the expression of cell adhesion molecules [77], 
and reverses sepsis-induced depression of interferon gamma 
(IFN-γ) [75].

In an animal model using a P. aeruginosa pneumonia 
as a second infectious hit after a treated cecal ligation and 
puncture peritonitis, Shindo et al. [78] showed that RhIL-7 
was effective in preventing death. In septic patient, RhIL-7 
substantially improved immune function with an increase in 
T-lymphocyte proliferation, IFN-γ production, and B Cell 
lymphoma 2 (BCL2) production, which is a protein that 
enhances lymphocytes survival [79].

In a first Phase 2 trial conducted in patients surviving 
a vasopressor-dependent sepsis, the intramuscular injec-
tion of two regimen doses from five (low doses) to eight 
(high doses) injections of 10 μg/kg CYT-107 over a maxi-
mum of four weeks restored absolute lymphocyte count 
(ALC). Compared to baseline, ALC had a 3.5-fold increase 
(0.99 × 103 lymphocytes/μL; 95% CI 0.14–2.13) in patients 
receiving low-dose regimen to a 4.5-fold increase (1.30 × 103 
lymphocytes/μL; 95% CI 0.20–2.40) in those patients with 
high-dose regimen [80]. CYT-107 was well tolerated with-
out evidence of induced cytokine storm, worsened inflam-
mation, or organ dysfunction. The 3.5- to 4.5-fold increase 
in ALC and in circulating CD4 and CD8 T-cells persisted 
at least four weeks after the last drug administration. CYT-
107 also increased T-cell proliferation and activation. The 



1758 P. Vignon et al.

only adverse effect of CYT-107 was a grade 2–3 injection 
site reaction that occurred in 6 of 17 patients treated with 
the drug [80]. To avoid this site reaction, a second Phase 
2b (IRIS-7 CD ClinicalTrials.gov: NCT03821038) is cur-
rently investigating both the efficacy and tolerance of the 
intravenous administration of CYT-107 in a similar sepsis 
population.

6.3  Antibodies Against Programmed Cell Death 
Protein 1 and Programmed Cell Death 1 Ligand 
1

Nivolumab is a fully human monoclonal antibody directed 
against programmed cell death-1 (PD-1), a CD28 family 
receptor. PD-1 is a negative regulatory molecule highly 
expressed on activated T and B cells. Two ligands specific 
for PD-1 have been identified: programmed death-ligands 
1 (PD-L1) and PD-L2. Both have been shown to down-
regulate T-cell activation upon binding to PD-1 in mice 
and humans [81]. PD-1/PD-L1 pathway is considered as 
an immune checkpoint inhibitor. Nivolumab inhibits PD-1/
PD-L1 interaction resulting in enhanced interferon-gamma 
production and promotes immune responses and antigen-
specific T-cell responses [82].

Guignant et al. [83] showed that patients suffering from 
sepsis had increased PD-1 and PD-L1 expression on immune 
cells. This increase was associated with the occurrence of 
secondary infections and mortality [83]. Moreover, blocking 
PD-1/PD-L1 pathway with anti-PD-1 or anti-PD-L1 anti-
bodies in septic patients decreased apoptosis and improved 
immune T-cell function [84]. The capacity of such antibod-
ies to improve survival in animal models of sepsis and to 
restore T-cell function in septic patient is also related to the 
restoration of neutrophil and monocyte functions [85].

In a Phase 1b RCT evaluating the safety of increased 
doses of nivolumab (from 10 to 900 mg), Hotchkiss et al. 
[86] showed that PD-1/PD-L1 pathway inhibition was safe in 
patients with sepsis-induced immunosuppression. After high 
doses of nivolumab (300 and 900 mg), mHLA-DR expres-
sion remained high until Day 30. No relation was evidenced 
between ALC and cytokine level in the nivolumab group, 
irrespective of the dose administered [86]. Recently, a Phase 
1/2 study evaluated two regimen of a single dose (480 mg 
or 960 mg) of intravenous nivolumab in patients with vaso-
pressor-dependent sepsis and a low ALC (≤ 1100/μL) [87]. 
In this small study population of 13 patients, nivolumab 
seemed to improve ALC and mHLA-DR expression [87]. 
Combination immunotherapy associating nivolumab and 
interferon-gamma may also be considered as rescue therapy 
in refractory fungal infection, but its clinical value remains 
to be confirmed [88].

6.4  Stem Cells

The potential roles and benefits of stem cells in the treatment 
of sepsis have been explored mainly in preclinical models. 
Cx611 is an intravenously administered product of allogenic 
adipose-derived stem cells (eASCs) in development for sep-
sis and early rheumatoid arthritis. Stem cells are potent regu-
lators of the immune response, able to inhibit T cell activa-
tion, B cell function and dendritic cell maturation. Several 
studies in animal models of sepsis have showed the efficacy 
of eASCs on mortality by a combination of reduced inflam-
mation, release of anti-microbial effectors and an increased 
phagocytosis [89]. In a mice model of sepsis, the same cells 
decreased the mortality to 40% compared with 100% in the 
untreated septic group, inhibited splenocytes apoptosis, 
decreased pro-inflammatory cytokines and increased IL-10 
[90]. In a model of pneumonia, mice treated with mesenchy-
mal stem cells (MSCs) exhibited a reduced bacterial count, 
probably secondary to the release of the anti-microbial pep-
tide LL-37 by the cells [91].

A Phase 1 study in healthy volunteers has explored the 
safety, tolerability and effects of Cx611 after an LPS chal-
lenge [92]. Three different doses (250,000 cells/kg, 1 and 4 
million cells/kg) were compared to placebo. The safety of 
this administration of eASCs was confirmed and few adverse 
events were reported. However, vital signs and symptoms 
were not influenced by eASCs except for the febrile response 
in the high dose group. The laboratory measurements 
revealed enhanced levels of pro-inflammatory interleukins 
IL-6, IL-8 and anti-inflammatory IL-10 and tumour growth 
factor β (TGF-β) in the 4 million cells/kg compared with 
placebo. The limited effect of eASCs after a low dose of LPS 
may be potentially explained by the too brief and limited 
immune response in this model unable to detect the activity 
of Cx611. A Phase 2b/2a study assessing the safety of two 
doses of Cx611 on Day 1 and Day 3 (160 million cells per 
infusion) in patients with severe CAP has been completed 
recently (ref. NCT03158727). The secondary objective of 
this study is to explore the efficacy of these cells to treat 
severe CAP. Immunological follow-up of pro- and anti-
inflammatory cytokines will be performed and help for a 
better understanding of the mode of action of eACSs. The 
results of the study should be presented shortly.

7  Conclusion

Various drug candidates for the treatment of sepsis are cur-
rently developed and tested in add-on RCTs. Through differ-
ent targets, these potential adjunct therapies aim at reducing 
organ dysfunction, hence improving patient-centred out-
come. Better characterisation of distinct sepsis phenotypes 
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to allow a more individualised approach, identification of 
relevant biomarkers and determination of the most appropri-
ate time for intervention promise to better address the com-
plexity of sepsis, and to ultimately improve the prognosis of 
this highly lethal prevalent condition. We can speculate that 
in the near future, variable associations of drug interventions 
according to septic patients’ phenotype will be proposed in a 
timely fashion, similar to the currently developed therapeutic 
approach in cancer patients.
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