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Background 
Sepsis is a medical emergency and a major public health concern for society. It is estimated that 
there are 18 million cases of sepsis annually, and in developing countries over 6 million neonates and 
children die each year[1]. Data from the US supports the fact that the incidence and mortality from 
sepsis is rising, which reflects a global trend[2–4]. Reasons for this increasing incidence is likely due 
to a combination of ageing populations with multiple co-morbidities, improved life expectancy from 
other diseases, rising prevalence of people taking immunosuppressants and escalating antibiotic 
resistance[5]. Analysis of sepsis in a worldwide audit of intensive care units found that mortality was 
as high as 30%[6]. Within the UK, sepsis costs the NHS £830 million a year directly and between 
36,000-64,0000 deaths. When sensitivity analyses are applied the estimated annual cost of sepsis to 
the UK is over £10 billion. [7] 

 
The maxims of sepsis treatment include prompt administration of appropriate antimicrobial agents to 
kill the pathogen; fluid therapy and inotropes to support the circulation and adjunctive measures e.g. 
steroids for anti-inflammatory effects. Multiple adjunctive measures have been met with clinical trials 
which failed to demonstrate reduced mortality in cases of sepsis, notably protein C after 10 years on 
the market [8].  Several editorials have implored for a renewed urgency in investigating novel 
approaches in the treatment of sepsis[9,10].  

 
Our knowledge of the inflammatory and regulatory processes in sepsis rely upon studies of in vitro 
cell lines; animal models of sepsis; inflammatory markers in human blood; and endotoxin challenges 
to healthy volunteers. Despite promising in vitro and ex vivo data, numerous clinical trials of 
immunotherapeutic agents have failed to show benefit in sepsis[11].  It is unsurprising that this 
approach has produced limited understanding of the processes during sepsis, and in effectively 
targeting clinical pathways., therefore, a completely new approach to study sepsis is needed. 
Furthermore, current guidelines in the management of sepsis are generic and do not account for the 
heterogeneity of this clinical picture[12]. They do not allow for the complex interplay between the type, 
location and extent of the infection combined with the individual’s genetic variation, pre-morbid 
immune function and co-morbid conditions[13,14]. 

 
A personalised medicine approach takes into account the heterogeneity of sepsis and the need for in 
vivo studies to offer a more nuanced and targeted use of translational therapies. In sepsis, the 
inflammatory cascade is a dynamic process, in which changes need to be assessed in real-time, and 
specifically targeted. The development of liver or kidney dysfunction can lead to altered drug handling 
due to changes in pharmacokinetics or pharmacodynamics and increased likelihood of adverse drug 
reactions. The progression of immune exhaustion leads to an attenuated host response. Personalised 
medicine has been applied successfully to other fields including small molecule inhibitors in certain 
cancers and monoclonal antibody therapy in allergic asthma whereby it targets specific subgroups of 
individuals with a disease[15,16]. A tailored approach minimises the trial and error approach, which 
not only results in delays in administering effective therapy, but also minimised adverse drug 
reactions. Improvement in the stratification of patients with sepsis will provide new opportunities for 
current therapies within specific subgroups, allowing the targeting of specific pathways in the correct 
group of patients with sensitive endpoints. Implementation of improved risk stratification and targeted 
therapies in sepsis, may provide major breakthroughs in sepsis, not previously seen for many 
decades, thus improving morbidity and mortality[17],(Figure 1). 

  
Figure 1: Cartoon depicting mode of action in potential new sepsis therapies 



 

 

 
 
 
Personalised medicine targeting the microcirculation: refining fluid and inotrope therapy 

 
Insults in sepsis, including pathogen toxins and destruction of host cells, result in a dynamic release 
of inflammatory mediators which damage the endothelium causing impaired perfusion of the 
microcirculation. This results in hypotension, multi-organ failure and shock, requiring large fluid 
volumes resuscitation. Fluid therapy and vasoactive drugs support the systemic circulation by 
increasing perfusion to tissues and organs. Early goal directed therapy was initially thought to reduce 
multi-organ dysfunction and mortality but the recently published ProCESS, ProMISe and ARISE trials 
established no benefit in survival with protocol driven resuscitation in severe sepsis[18–21].  Tissue 
hypoperfusion may also arise from abnormal distribution of blood flow[22,23].  Interestingly Brierley 
and Peters found that there are two distinct subgroups of microcirculatory patterns in paediatric 
intensive care unit (PICU) populations as characterised by community acquired or central venous 
catheter (CVC) associated fluid refractory septic shock. Community acquired septic shock was 
associated with high systemic venous resistance and low cardiac index deemed ‘cold shock’ and 
contrarily, CVC related septic shock with low systemic venous resistance and high cardiac index- ‘hot 
shock’[24]. They suggest that this would influence management with vasopressors for CVC related 
septic shock and inotropes for community acquired cases. 
 
Sidestream dark-field (SDF) imaging is a technique that allows observation of the microcirculation at 
the bedside with a hand-held device, thus allowing the classification of microcirculatory flow 
patterns[25]. Microcirculatory assessment provides an important intermediary value to correlate 
microvascular flow derangements with clinical and laboratory parameters, assessment of current fluid 
and inotrope resuscitation and ultimately new therapies.  Hollenberg and colleagues correlated early 
microcirculatory dysfunction with poor prognosis in patients with septic shock and such persistent 
alterations also correlated with multi-organ failure and death[26,27]. Paize et al. found, in children with 
severe meningococcal disease, that microcirculatory dysfunction was associated with increased 
soluble markers of endothelial activation, such as E and P selectin and ICAM-1; and that 
microvascular dysfunction improved, alongside clinical recovery[28]. There is also evidence that low 
angiopoietin-1 and, inversely, high angiopoietin-2 concentrations are associated with mortality and are 
significantly lower in septic shock compared to patients with systemic inflammatory response 
syndrome (SIRS) or sepsis[29–32]. Both studies suggest means of investigating those with 
microcirculation dysfunction in vivo and providing further tools to guide prognosis. These studies also 
implicate dysregulation of angiopoietin- Tie-2 signaling pathway in endothelial dysfunction in severe 

sepsis and provides new therapeutic  targets for investigation[33]. Recent studies have shown that 

fluid bolus administration improves microvascular perfusion in the early but not the late phase of 
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sepsis with reduced multi-organ failure outcomes, and that this effect is independent of the 
haemodynamic effects of fluid[34,35].  
 
 
Personalised medicine targeting immune dysregulation 
 
Granulocyte-macrophage colony stimulating factor (GM-CSF) is widely and safely used in oncology 
and it was initially postulated to improve outcomes in sepsis through reversal of monocyte 
deactivation and reduced antigen presentation and thereby immunosuppression that characterises 
the later stages of sepsis. However studies of GM-CSF in sepsis in vivo did not demonstrate a 

mortality benefit despite increased TNF-⍺ production ex vivo[36,37]. Low HLA-DR has been 

associated with increased hospital acquired infections and mortality in septic shock[38,39]. Meisel and 
colleagues used low HLA-DR expression as a biomarker of monocyte immune dysfunction and 
stratified such patients in ICU to receive GM-CSF or placebo. They demonstrated that HLA-DR 
expression recovered significantly with GM-CSF, demonstrating monocyte function improvement 
which persisted throughout disease duration. Moreover, GM-CSF administration in this subset 
resulted in reduced length of mechanical ventilation, ICU and overall hospital stay[40]. 

 
Interleukin-1 ⍺ and β are pivotal pro-inflammatory cytokines produced during microbial infection, 

which have also been implicated in the development of multiorgan dysfunction in septic shock. The 
recombinant IL-1 receptor antagonist (rILR-a) was demonstrated to have immune regulatory roles, 
postulated to be through blocking IL-1 alpha and beta binding monocytes and endothelial cells[41]. 
However, initial clinical studies of rILR-a, Anakinra, did not show any survival benefit in sepsis or with 
further analysis in septic shock[42,43]. However, when stratified by patients with sepsis and 
macrophage activation syndrome (MAS), rILR-a was shown to reduce mortality[44]. MAS is 
characterised by a cytokine storm with liver dysfunction and coagulopathy and a similar phenotype is 
seen in some cases of severe sepsis with disseminated intravascular coagulopathy (DIC) or liver 
failure. Subsequent work by Shakoory et al, elucidated that in patients with severe sepsis and DIC or 
hepatobiliary dysfunction, rIL-1Ra significantly improved 28-day survival but had no effect on survival 
in severe sepsis without features of DIC or hepatobiliary dysfunction[45]. These studies suggest a role 
for rIL-Ra use in sepsis patients with specific clinical phenotype of hepatobiliary dysfunction and 
coagulopathy. 

 
Programmed death-1 (PD-1) and its ligand (PDL-1) act as T cell checkpoint inhibitors. When co-
stimulated with the T cell receptor, it produces intracellular inhibitory signal cascades resulting in cell 
cycle arrest and reduced production of pro-inflammatory cytokines[46]. PD-1: PDL-1 interactions have 
been strongly implicated in T cell exhaustion and approved monoclonal antibodies are already in 
clinical use[47]. Chang and colleagues exhibited that septic patients had increased PD-1 expression 
on CD8 T cells which increased during the course of the illness and was associated with reduced IL-2 
and IFN-gamma production. Increased expression of PD-1 also correlated with an increased immune 
exhaustion phenotype and propensity to secondary infections, which was reversed by ex vivo 
blockade of the PD-1 system[48]. Shao et al studied PDL-1 expression on cell lines in patients with 
severe sepsis and septic shock via flow cytometry. Using multivariate logistic regression, they showed 
that monocyte PDL-1 expression is an independent marker of 28-day mortality in severe sepsis and 
provides more accurate prognosis when combined with conventional clinical parameters[49]. Patera 
and colleagues showed that this increased PDL-1 expression on monocytes and neutrophils 
correlated with reduced ex vivo phagocytic function in these cells. Reduced NK and T cell activation 
and function, as measured by CD107a, IFN- γ and granzyme b production, was significantly 
associated with increased PDL-1 expression on immature, low density neutrophils (LDNs) which 
suggests PD-1: PDL-1 plays an inhibitory role in both innate and adaptive response. Additionally, they 
demonstrated that PD-1 and PDL-1 monoclonal antibodies significantly restored monocyte function in 
patients with sepsis[50]. These results suggest that a group of patients with sepsis who exhibit 
highest levels of PD-1 on monocytes and T cells are at greatest risk of mortality and nosocomial 
infections and may be appropriate for targeted therapy to this pathway to restore innate and adaptive 
immune responses. Although there are safety concerns about autoimmune disease with prolonged 
anti-PDL1 use in oncology, in sepsis, therapy would be short term.  

 
IL-7 is an important cytokine in T cell function through Bcl-2 signaling to increase proliferation and 
concomitant broadening of repertoire. It binds to its receptor via the common gamma cytokine subunit 
and alpha unit, also known as CD127. Studies have shown elevated endogenous IL-7 in plasma in 



 

 

septic patients but in septic shock, increased plasma soluble CD127 (sCD127) was also 
observed.  sCD127 is able to bind IL-7 like a decoy receptor. Perronet et al demonstrated that 
increased soluble CD127 concentrations as measured by ELISA, was associated with increased 
mortality in ICU patients with septic shock compared to controls[51]. rIL-7 administration ex vivo 
restored both intracellular markers of T cell activation and IFN-gamma production[52]. In combination, 
these studies suggest sCD127 is a useful marker of patients with septic shock, who may also derive 
benefit from exogenous IL-7 administration.  

 
With improved understanding of single pathways involved in immune dysfunction, Shindo et al 
examined the effect of IL-7 and anti-PD-1 on various markers of immune activation. IL-7, but not anti-
PD-1 increased T cell proliferation as measured by nuclear protein Ki-67 staining; and leukocyte 
tracking by intercellular adhesion molecule 1 (ICAM-1) and very late antigen (VLA-4) expression on T 
cells. IL-7 also increased intracellular and extracellular IFN-γ as assessed by staining and ELISA 
respectively. Conversely anti-PD-1 increased MHC class II in splenic macrophages and dendritic 
cells, suggesting its effects are partially mediated through antigen presentation[53].   
 
 
Personalised medicine re-targeting adjunctive therapies 
 
Sepsis is characterised by a pro-inflammatory state and a concomitant ant-inflammatory process with 
a dysfunctional immune response. This is recognised to be phenomena of both innate and adaptive 
immune systems. Immune dysfunction and the plethora of pathways involved in the 
immunosuppressant late stages of sepsis are being investigated[54]. Targeting therapies to specific 
subgroups will improve immunosuppression and associated risk of nosocomial infection. 
 
Glucocorticoids have had a controversial role in the management of sepsis with regards to their 
multifaceted immunosuppressant and systemic vascular resistance effects. Clear clinical benefit has 
been difficult to elucidate, either in prevention of progression to septic shock or in mortality[55]. A 
study by Remmelts et al. identified patients with community acquired infections with pro-inflammatory 
cytokine profiles (IL-6, IL-8, MCP-1) and low cortisol had significantly reduced ICU admissions and 
mortality when given dexamethasone compared to placebo[56].  Currently, glucocorticoids are 
indicated in the treatment of bacterial meningitis to reduce the incidence of neurological sequelae 
including hearing loss[57]. Latest sepsis guidelines appraised the limited evidence for glucocorticoids 
and currently recommend the use of hydrocortisone if adequate fluid resuscitation and vasopressor 
therapy fail to restore haemodynamic stability[58]. Cvijanovich and colleagues analysed three 
glucocorticoid receptor polymorphisms in patients with septic shock. They found that individuals who 
were homozygous for the wild type glucocorticoid receptor allele and received corticosteroids had 
increased odds of morbidity and mortality.[59] 
 
P4 peptide is a 28 peptide fragment of pneumococcal surface adhesin A (PsaA), which is pivotal for 
the adherence of PsaA to nasopharyngeal cells, thus was originally investigated as a vaccine 
candidate.[60] However it was noted to increased opsonisation of bacteria and rates of phagocytosis 
and subsequently was investigated as a potential therapy through augmented passive immunity[61]. 
Morton et al reviewed the in vivo murine models of sepsis which showed significantly reduced 
mortality with S. aureus septicaemia and both primary and secondary S. pneumoniae infection 
mediated through increased activitation of phagocytes with diminished bacterial burden in tissues [62] 
P4 coadministration with intravenous immunoglobulin (IVIG) in mice reduced mortality in S. 
pneumoniae septicaemia from 100% to 40% and in models of pneumonia, when administered early, 
prevented bacteraemia and sepsis in 100% of cases[63]. 
In a critical care cohort with severe sepsis, P4 peptide administration ex vivo increased phagocytic 
activity, independent of microbiology or source of infection [64]. Further investigation of subsets in 
sepsis should be investigated for this promising adjunctive therapy and its efficacy with IVIG.  
 
 
Conclusion 

 
Personalised medicine does not only pertain to genetic predisposition and epigenetic changes 
influencing choice of drug therapy, but with regards to sepsis, serves to improve understanding of the  
host-pathogen interaction and how a particular individual might benefit from novel targeted 
therapy[65,66]. As discussed in this article, personalised medicine has the potential to risk-stratify 



 

 

patients allowing accurate predictions of response and prognosis, which could guide clinicians’ 
decisions regarding tiers of care e.g. intensive care, tailor resuscitation fluid and inotrope measures 
and employ particular adjunctive therapies to augment the host immune response. Precision 
diagnostics are also crucial to allow timely personalised medicine decisions for the treatment of 
patients with sepsis.  In the future, biomarker panels at the bedside could sub-classify patients 
presenting with sepsis to appropriate therapies alongside antimicrobial agents. In summary, with a 
shift from treating sepsis using a ”one size fits all”  approach to using  a dynamic approach, which 
allows risk stratification of a heterogenous clinical syndrome in individuals, there is potential for 
improvement in sepsis outcomes, through understanding the pathways involved in specific groups 
and targeting them appropriately. 
 
 
 
 
 
[1] N. Kissoon, J.A. Carcillo, V. Espinosa, A. Argent, D. Devictor, M. Madden, S. Singhi, E. van der Voort, J. 

Latour, Global Sepsis Initiative Vanguard Center Contributors, World Federation of Pediatric Intensive 
Care and Critical Care Societies: Global Sepsis Initiative., Pediatr. Crit. Care Med. 12 (2011) 494–503. 
doi:10.1097/PCC.0b013e318207096c. 

[2] M.J. Hall, S.N. Williams, C.J. DeFrances, A. Golosinskiy, Inpatient care for septicemia or sepsis: a 
challenge for patients and hospitals., NCHS Data Brief. (2011) 1–8. 
http://www.ncbi.nlm.nih.gov/pubmed/22142805 (accessed February 21, 2017). 

[3] T. Lagu, M.B. Rothberg, M.-S. Shieh, P.S. Pekow, J.S. Steingrub, P.K. Lindenauer, Hospitalizations, costs, 
and outcomes of severe sepsis in the United States 2003 to 2007., Crit. Care Med. 40 (2012) 754–61. 
doi:10.1097/CCM.0b013e318232db65. 

[4] H.-N. Shen, C.-L. Lu, H.-H. Yang, Epidemiologic trend of severe sepsis in Taiwan from 1997 through 
2006., Chest. 138 (2010) 298–304. doi:10.1378/chest.09-2205. 

[5] J. O ’neill, TACKLING DRUG-RESISTANT INFECTIONS GLOBALLY: FINAL REPORT AND 
RECOMMENDATIONS THE REVIEW ON ANTIMICROBIAL RESISTANCE, (2016). 

[6] J.-L. Vincent, J.C. Marshall, S.A. Ñamendys-Silva, B. François, I. Martin-Loeches, J. Lipman, K. Reinhart, 
M. Antonelli, P. Pickkers, H. Njimi, E. Jimenez, Y. Sakr, ICON investigators, Assessment of the worldwide 
burden of critical illness: the Intensive Care Over Nations (ICON) audit, Lancet Respir. Med. 2 (2014) 
380–386. doi:10.1016/S2213-2600(14)70061-X. 

[7] WHITEWATER CHARITABLE TRUST, (2017). http://sepsistrust.org/wp-content/uploads/2017/02/YHEC-
Sepsis-Report-17.02.17-FINAL.pdf (accessed March 25, 2017). 

[8] M. Mitka, Drug for severe sepsis is withdrawn from market, fails to reduce mortality., JAMA. 306 
(2011) 2439–40. doi:10.1001/jama.2011.1755. 

[9] D.C. Angus, The Search for Effective Therapy for Sepsis, JAMA. 306 (2011) 2614. 
doi:10.1001/jama.2011.1853. 

[10] J. Cohen, S. Opal, T. Calandra, Sepsis studies need new direction, Lancet Infect. Dis. 12 (2012) 503–505. 
doi:10.1016/S1473-3099(12)70136-6. 

[11] D.E. Leaf, A. Raed, M.W. Donnino, A.A. Ginde, S.S. Waikar, Randomized controlled trial of calcitriol in 
severe sepsis., Am. J. Respir. Crit. Care Med. 190 (2014) 533–41. doi:10.1164/rccm.201405-0988OC. 

[12] M.D. Howell, A.M. Davis, Management of Sepsis and Septic Shock, JAMA. (2017). 
doi:10.1001/jama.2017.0131. 

[13] C. Gogos, A. Kotsaki, A. Pelekanou, G. Giannikopoulos, I. Vaki, P. Maravitsa, S. Adamis, Z. Alexiou, G. 
Andrianopoulos, A. Antonopoulou, S. Athanassia, F. Baziaka, A. Charalambous, S. Christodoulou, I. 
Dimopoulou, I. Floros, E. Giannitsioti, P. Gkanas, A. Ioakeimidou, K. Kanellakopoulou, N. Karabela, V. 
Karagianni, I. Katsarolis, G. Kontopithari, P. Kopterides, I. Koutelidakis, P. Koutoukas, H. Kranidioti, M. 
Lignos, K. Louis, K. Lymberopoulou, E. Mainas, A. Marioli, C. Massouras, I. Mavrou, M. Mpalla, M. 
Michalia, H. Mylona, V. Mytas, I. Papanikolaou, K. Papanikolaou, M. Patrani, I. Perdios, D. Plachouras, 
A. Pistiki, K. Protopapas, K. Rigaki, V. Sakka, M. Sartzi, V. Skouras, M. Souli, A. Spyridaki, I. Strouvalis, T. 
Tsaganos, G. Zografos, K. Mandragos, P. Klouva-Molyvdas, N. Maggina, H. Giamarellou, A. Armaganidis, 
E.J. Giamarellos-Bourboulis, Early alterations of the innate and adaptive immune statuses in sepsis 
according to the type of underlying infection., Crit. Care. 14 (2010) R96. doi:10.1186/cc9031. 

[14] T. Poukoulidou, A. Spyridaki, I. Mihailidou, P. Kopterides, A. Pistiki, Z. Alexiou, M. Chrisofos, I. 
Dimopoulou, P. Drimoussis, E.J. Giamarellos-Bourboulis, I. Koutelidakis, A. Marioli, A. Mega, S.E. 
Orfanos, M. Theodorakopoulou, C. Tsironis, N. Maggina, V. Polychronopoulos, I. Tsangaris, Hellenic 



 

 

Sepsis Study Group, TREM-1 expression on neutrophils and monocytes of septic patients: relation to 
the underlying infection and the implicated pathogen., BMC Infect. Dis. 11 (2011) 309. 
doi:10.1186/1471-2334-11-309. 

[15] P.B. Chapman, A. Hauschild, C. Robert, J.B. Haanen, P. Ascierto, J. Larkin, R. Dummer, C. Garbe, A. 
Testori, M. Maio, D. Hogg, P. Lorigan, C. Lebbe, T. Jouary, D. Schadendorf, A. Ribas, S.J. O’Day, J.A. 
Sosman, J.M. Kirkwood, A.M.M. Eggermont, B. Dreno, K. Nolop, J. Li, B. Nelson, J. Hou, R.J. Lee, K.T. 
Flaherty, G.A. McArthur, BRIM-3 Study Group, Improved Survival with Vemurafenib in Melanoma with 
BRAF V600E Mutation, N. Engl. J. Med. 364 (2011) 2507–2516. doi:10.1056/NEJMoa1103782. 

[16] R.C. Strunk, G.R. Bloomberg, Omalizumab for asthma., N. Engl. J. Med. 354 (2006) 2689–95. 
doi:10.1056/NEJMct055184. 

[17] F.S. Collins, H. Varmus, A new initiative on precision medicine., N. Engl. J. Med. 372 (2015) 793–5. 
doi:10.1056/NEJMp1500523. 

[18] T.P. Investigators, A Randomized Trial of Protocol-Based Care for Early Septic Shock, N. Engl. J. Med. 
370 (2014) 1683–1693. doi:10.1056/NEJMoa1401602. 

[19] T.A.I. and the A.C.T. Group, Goal-Directed Resuscitation for Patients with Early Septic Shock, N. Engl. J. 
Med. 371 (2014) 1496–1506. doi:10.1056/NEJMoa1404380. 

[20] E. Rivers, B. Nguyen, S. Havstad, J. Ressler, A. Muzzin, B. Knoblich, E. Peterson, M. Tomlanovich, Early 
Goal-Directed Therapy Collaborative Group, Early goal-directed therapy in the treatment of severe 
sepsis and septic shock., N. Engl. J. Med. 345 (2001) 1368–77. doi:10.1056/NEJMoa010307. 

[21] P.R. Mouncey, T.M. Osborn, G.S. Power, D.A. Harrison, M.Z. Sadique, R.D. Grieve, R. Jahan, J.C. Tan, 
S.E. Harvey, D. Bell, J.F. Bion, T.J. Coats, M. Singer, J.D. Young, K.M. Rowan, Protocolised Management 
In Sepsis (ProMISe): a multicentre randomised controlled trial of the clinical effectiveness and cost-
effectiveness of early, goal-directed, protocolised resuscitation for emerging septic shock, Health 
Technol. Assess. (Rockv). 19 (2015) 1–150. doi:10.3310/hta19970. 

[22] S.M. Hollenberg, T.S. Ahrens, D. Annane, M.E. Astiz, D.B. Chalfin, J.F. Dasta, S.O. Heard, C. Martin, L.M. 
Napolitano, G.M. Susla, R. Totaro, J.-L. Vincent, S. Zanotti-Cavazzoni, Practice parameters for 
hemodynamic support of sepsis in adult patients: 2004 update., Crit. Care Med. 32 (2004) 1928–48. 
http://www.ncbi.nlm.nih.gov/pubmed/15343024 (accessed February 21, 2017). 

[23] K. Maitland, S. Kiguli, R.O. Opoka, C. Engoru, P. Olupot-Olupot, S.O. Akech, R. Nyeko, G. Mtove, H. 
Reyburn, T. Lang, B. Brent, J.A. Evans, J.K. Tibenderana, J. Crawley, E.C. Russell, M. Levin, A.G. Babiker, 
D.M. Gibb, Mortality after Fluid Bolus in African Children with Severe Infection, N. Engl. J. Med. 364 
(2011) 2483–2495. doi:10.1056/NEJMoa1101549. 

[24] J. Brierley, M.J. Peters, Distinct Hemodynamic Patterns of Septic Shock at Presentation to Pediatric 
Intensive Care, Pediatrics. 122 (2008) 752–759. doi:10.1542/peds.2007-1979. 

[25] P.W. Elbers, C. Ince, Mechanisms of critical illness--classifying microcirculatory flow abnormalities in 
distributive shock., Crit. Care. 10 (2006) 221. doi:10.1186/cc4969. 

[26] S. Trzeciak, R.P. Dellinger, J.E. Parrillo, M. Guglielmi, J. Bajaj, N.L. Abate, R.C. Arnold, S. Colilla, S. 
Zanotti, S.M. Hollenberg, Microcirculatory Alterations in Resuscitation and Shock Investigators, Early 
microcirculatory perfusion derangements in patients with severe sepsis and septic shock: Relationship 
to hemodynamics, oxygen transport, and survival, Ann. Emerg. Med. 49 (2007) 88–98.e2. 
doi:10.1016/j.annemergmed.2006.08.021. 

[27] Y. Sakr, M.-J. Dubois, D. De Backer, J. Creteur, J.-L. Vincent, Persistent microcirculatory alterations are 
associated with organ failure and death in patients with septic shock., Crit. Care Med. 32 (2004) 1825–
31. http://www.ncbi.nlm.nih.gov/pubmed/15343008 (accessed February 21, 2017). 

[28] F. Paize, R. Sarginson, N. Makwana, P.B. Baines, A.P.J. Thomson, I. Sinha, C.A. Hart, A. Riordan, K.C. 
Hawkins, E.D. Carrol, C.M. Parry, Changes in the sublingual microcirculation and endothelial adhesion 
molecules during the course of severe meningococcal disease treated in the paediatric intensive care 
unit, Intensive Care Med. 38 (2012) 863–871. doi:10.1007/s00134-012-2476-5. 

[29] P. Kümpers, A. Lukasz, S. David, R. Horn, C. Hafer, R. Faulhaber-Walter, D. Fliser, H. Haller, J.T. Kielstein, 
Excess circulating angiopoietin-2 is a strong predictor of mortality in critically ill medical patients., Crit. 
Care. 12 (2008) R147. doi:10.1186/cc7130. 

[30] J.S. Giuliano, P.M. Lahni, K. Harmon, H.R. Wong, L.A. Doughty, J.A. Carcillo, B. Zingarelli, V.P. Sukhatme, 
S.M. Parikh, D.S. Wheeler, D.S. Wheeler, Admission angiopoietin levels in children with septic shock., 
Shock. 28 (2007) 650–654. http://www.ncbi.nlm.nih.gov/pubmed/18092380 (accessed February 21, 
2017). 

[31] L.A. Mankhambo, D.L. Banda, G. Jeffers, S.A. White, P. Balmer, S. Nkhoma, H. Phiri, E.M. Molyneux, 
C.A. Hart, M.E. Molyneux, R.S. Heyderman, E.D. Carrol, E.D. Carrol, The role of angiogenic factors in 



 

 

predicting clinical outcome in severe bacterial infection in Malawian children, Crit. Care. 14 (2010) R91. 
doi:10.1186/cc9025. 

[32] E.D. Carrol, Angiopoietins as prognostic biomarkers and effector molecules in severe sepsis, Crit. Care 
Med. 39 (2011) 2203–2204. doi:10.1097/CCM.0b013e31821f02bf. 

[33] Y. Fang, C. Li, R. Shao, H. Yu, Q. Zhang, L. Zhao, Prognostic significance of the angiopoietin-
2/angiopoietin-1 and angiopoietin-1/Tie-2 ratios for early sepsis in an emergency department, Crit. 
Care. 19 (2015) 367. doi:10.1186/s13054-015-1075-6. 

[34] S. Trzeciak, J. V. McCoy, R. Phillip Dellinger, R.C. Arnold, M. Rizzuto, N.L. Abate, N.I. Shapiro, J.E. 
Parrillo, S.M. Hollenberg, Microcirculatory Alterations in Resuscitation and Shock (MARS) investigators, 
Early increases in microcirculatory perfusion during protocol-directed resuscitation are associated with 
reduced multi-organ failure at 24 h in patients with sepsis, Intensive Care Med. 34 (2008) 2210–2217. 
doi:10.1007/s00134-008-1193-6. 

[35] G. Ospina-Tascon, A.P. Neves, G. Occhipinti, K. Donadello, G. Büchele, D. Simion, M.-L. Chierego, T.O. 
Silva, A. Fonseca, J.-L. Vincent, D. De Backer, Effects of fluids on microvascular perfusion in patients 
with severe sepsis, Intensive Care Med. 36 (2010) 949–955. doi:10.1007/s00134-010-1843-3. 

[36] L. Bo, F. Wang, J. Zhu, J. Li, X. Deng, Granulocyte-colony stimulating factor (G-CSF) and granulocyte-
macrophage colony stimulating factor (GM-CSF) for sepsis: a meta-analysis, Crit. Care. 15 (2011) R58. 
doi:10.1186/cc10031. 

[37] A. Nierhaus, B. Montag, N. Timmler, D.P. Frings, K. Gutensohn, R. Jung, C.G. Schneider, W. Pothmann, 
A.K. Brassel, J. Schulte am Esch, Reversal of immunoparalysis by recombinant human granulocyte-
macrophage colony-stimulating factor in patients with severe sepsis, Intensive Care Med. 29 (2003) 
646–651. doi:10.1007/s00134-003-1666-6. 

[38] G. Monneret, A. Lepape, N. Voirin, J. Bohé, F. Venet, A.-L. Debard, H. Thizy, J. Bienvenu, F. Gueyffier, P. 
Vanhems, Persisting low monocyte human leukocyte antigen-DR expression predicts mortality in septic 
shock., Intensive Care Med. 32 (2006) 1175–83. doi:10.1007/s00134-006-0204-8. 

[39] C. Landelle, A. Lepape, N. Voirin, E. Tognet, F. Venet, J. Bohé, P. Vanhems, G. Monneret, Low monocyte 
human leukocyte antigen-DR is independently associated with nosocomial infections after septic 
shock., Intensive Care Med. 36 (2010) 1859–66. doi:10.1007/s00134-010-1962-x. 

[40] C. Meisel, J.C. Schefold, R. Pschowski, T. Baumann, K. Hetzger, J. Gregor, S. Weber-Carstens, D. Hasper, 
D. Keh, H. Zuckermann, P. Reinke, H.-D. Volk, Granulocyte–Macrophage Colony-stimulating Factor to 
Reverse Sepsis-associated Immunosuppression, Am. J. Respir. Crit. Care Med. 180 (2009) 640–648. 
doi:10.1164/rccm.200903-0363OC. 

[41] C.A. Dinarello, A. Simon, J.W.M. van der Meer, Treating inflammation by blocking interleukin-1 in a 
broad spectrum of diseases., Nat. Rev. Drug Discov. 11 (2012) 633–52. doi:10.1038/nrd3800. 

[42] C.J. Fisher, J.F. Dhainaut, S.M. Opal, J.P. Pribble, R.A. Balk, G.J. Slotman, T.J. Iberti, E.C. Rackow, M.J. 
Shapiro, R.L. Greenman, Recombinant human interleukin 1 receptor antagonist in the treatment of 
patients with sepsis syndrome. Results from a randomized, double-blind, placebo-controlled trial. 
Phase III rhIL-1ra Sepsis Syndrome Study Group., JAMA. 271 (1994) 1836–43. 
http://www.ncbi.nlm.nih.gov/pubmed/8196140 (accessed February 21, 2017). 

[43] S.M. Opal, C.J. Fisher, J.F. Dhainaut, J.L. Vincent, R. Brase, S.F. Lowry, J.C. Sadoff, G.J. Slotman, H. Levy, 
R.A. Balk, M.P. Shelly, J.P. Pribble, J.F. LaBrecque, J. Lookabaugh, H. Donovan, H. Dubin, R. Baughman, 
J. Norman, E. DeMaria, K. Matzel, E. Abraham, M. Seneff, Confirmatory interleukin-1 receptor 
antagonist trial in severe sepsis: a phase III, randomized, double-blind, placebo-controlled, multicenter 
trial. The Interleukin-1 Receptor Antagonist Sepsis Investigator Group., Crit. Care Med. 25 (1997) 
1115–24. http://www.ncbi.nlm.nih.gov/pubmed/9233735 (accessed February 21, 2017). 

[44] G.S. Schulert, A.A. Grom, Pathogenesis of macrophage activation syndrome and potential for cytokine- 
directed therapies., Annu. Rev. Med. 66 (2015) 145–59. doi:10.1146/annurev-med-061813-012806. 

[45] B. Shakoory, J.A. Carcillo, W.W. Chatham, R.L. Amdur, H. Zhao, C.A. Dinarello, R.Q. Cron, S.M. Opal, 
Interleukin-1 Receptor Blockade Is Associated With Reduced Mortality in Sepsis Patients With Features 
of Macrophage Activation Syndrome: Reanalysis of a Prior Phase III Trial., Crit. Care Med. 44 (2016) 
275–81. doi:10.1097/CCM.0000000000001402. 

[46] Y. Zhang, Y. Zhou, J. Lou, J. Li, L. Bo, K. Zhu, X. Wan, X. Deng, Z. Cai, PD-L1 blockade improves survival in 
experimental sepsis by inhibiting lymphocyte apoptosis and reversing monocyte dysfunction, Crit. 
Care. 14 (2010) R220. doi:10.1186/cc9354. 

[47] N. Choudhury, Y. Nakamura, Importance of immunopharmacogenomics in cancer treatment: Patient 
selection and monitoring for immune checkpoint antibodies, Cancer Sci. 107 (2016) 107–115. 
doi:10.1111/cas.12862. 



 

 

[48] K. Chang, C. Svabek, C. Vazquez-Guillamet, B. Sato, D. Rasche, S. Wilson, P. Robbins, N. Ulbrandt, J. 
Suzich, J. Green, A.C. Patera, W. Blair, S. Krishnan, R. Hotchkiss, Targeting the programmed cell death 
1: programmed cell death ligand 1 pathway reverses T cell exhaustion in patients with sepsis, Crit. 
Care. 18 (2014) R3. doi:10.1186/cc13176. 

[49] R. Shao, Y. Fang, H. Yu, L. Zhao, Z. Jiang, C.-S. Li, Monocyte programmed death ligand-1 expression 
after 3-4 days of sepsis is associated with risk stratification and mortality in septic patients: a 
prospective cohort study., Crit. Care. 20 (2016) 124. doi:10.1186/s13054-016-1301-x. 

[50] A.C. Patera, A.M. Drewry, K. Chang, E.R. Beiter, D. Osborne, R.S. Hotchkiss, 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. 100 (2016) 1239–1254. 
doi:10.1189/jlb.4HI0616-255R. 

[51] E. Peronnet, J. Mouillaux, G. Monneret, E. Gallet-Gorius, S. Blein-Henry, A. Lepape, J. Textoris, F. Venet, 
MIP Réa Study Group, Elevated soluble IL-7 receptor concentration in non-survivor ICU patients., 
Intensive Care Med. 42 (2016) 1639–40. doi:10.1007/s00134-016-4445-x. 

[52] F. Venet, A.-P. Foray, A. Villars-Méchin, C. Malcus, F. Poitevin-Later, A. Lepape, G. Monneret, IL-7 
restores lymphocyte functions in septic patients., J. Immunol. 189 (2012) 5073–81. 
doi:10.4049/jimmunol.1202062. 

[53] Y. Shindo, J. Unsinger, C.-A. Burnham, J.M. Green, R.S. Hotchkiss, Interleukin-7 and Anti–Programmed 
Cell Death 1 Antibody Have Differing Effects to Reverse Sepsis-Induced Immunosuppression, Shock. 43 
(2015) 334–343. doi:10.1097/SHK.0000000000000317. 

[54] J.F. Bermejo-Martin, D. Andaluz-Ojeda, R. Almansa, F. Gandía, J.I. Gómez-Herreras, E. Gomez-Sanchez, 
M. Heredia-Rodríguez, J.M. Eiros, D.J. Kelvin, E. Tamayo, Defining immunological dysfunction in sepsis: 
A requisite tool for precision medicine., J. Infect. 72 (2016) 525–36. doi:10.1016/j.jinf.2016.01.010. 

[55] D. Keh, E. Trips, G. Marx, S.P. Wirtz, E. Abduljawwad, S. Bercker, H. Bogatsch, J. Briegel, C. Engel, H. 
Gerlach, A. Goldmann, S.-O. Kuhn, L. Hüter, A. Meier-Hellmann, A. Nierhaus, S. Kluge, J. Lehmke, M. 
Loeffler, M. Oppert, K. Resener, D. Schädler, T. Schuerholz, P. Simon, N. Weiler, A. Weyland, K. 
Reinhart, F.M. Brunkhorst, SepNet–Critical Care Trials Group, Effect of Hydrocortisone on 
Development of Shock Among Patients With Severe Sepsis, JAMA. 316 (2016) 1775. 
doi:10.1001/jama.2016.14799. 

[56] H.H.F. Remmelts, S.C.A. Meijvis, R. Heijligenberg, G.T. Rijkers, J.J. Oosterheert, W.J.W. Bos, H. 
Endeman, J.C. Grutters, A.I.M. Hoepelman, D.H. Biesma, Biomarkers define the clinical response to 
dexamethasone in community-acquired pneumonia, J. Infect. 65 (2012) 25–31. 
doi:10.1016/j.jinf.2012.03.008. 

[57] M.C. Brouwer, P. McIntyre, K. Prasad, D. van de Beek, Corticosteroids for acute bacterial meningitis, in: 
D. van de Beek (Ed.), Cochrane Database Syst. Rev., John Wiley & Sons, Ltd, Chichester, UK, 2013: p. 
CD004405. doi:10.1002/14651858.CD004405.pub4. 

[58] A. Rhodes, L.E. Evans, W. Alhazzani, M.M. Levy, M. Antonelli, R. Ferrer, A. Kumar, J.E. Sevransky, C.L. 
Sprung, M.E. Nunnally, B. Rochwerg, G.D. Rubenfeld, D.C. Angus, D. Annane, R.J. Beale, G.J. Bellinghan, 
G.R. Bernard, J.-D. Chiche, C. Coopersmith, D.P. De Backer, C.J. French, S. Fujishima, H. Gerlach, J.L. 
Hidalgo, S.M. Hollenberg, A.E. Jones, D.R. Karnad, R.M. Kleinpell, Y. Koh, T.C. Lisboa, F.R. Machado, J.J. 
Marini, J.C. Marshall, J.E. Mazuski, L.A. McIntyre, A.S. McLean, S. Mehta, R.P. Moreno, J. Myburgh, P. 
Navalesi, O. Nishida, T.M. Osborn, A. Perner, C.M. Plunkett, M. Ranieri, C.A. Schorr, M.A. Seckel, C.W. 
Seymour, L. Shieh, K.A. Shukri, S.Q. Simpson, M. Singer, B.T. Thompson, S.R. Townsend, T. Van der Poll, 
J.-L. Vincent, W.J. Wiersinga, J.L. Zimmerman, R.P. Dellinger, Surviving Sepsis Campaign, Crit. Care 
Med. 45 (2017) 486–552. doi:10.1097/CCM.0000000000002255. 

[59] N.Z. Cvijanovich, N. Anas, G.L. Allen, N.J. Thomas, M.T. Bigham, S.L. Weiss, J. Fitzgerald, P.A. Checchia, 
K. Meyer, M. Quasney, R. Gedeit, R.J. Freishtat, J. Nowak, S.S. Raj, S. Gertz, J.R. Grunwell, A. Opoka, 
H.R. Wong, Glucocorticoid Receptor Polymorphisms and Outcomes in Pediatric Septic Shock., Pediatr. 
Crit. Care Med. (2017) 1. doi:10.1097/PCC.0000000000001058. 

[60] S. ROMEROSTEINER, J. CABA, G. RAJAM, T. LANGLEY, A. FLOYD, S. JOHNSON, J. SAMPSON, G. CARLONE, 
E. ADES, Adherence of recombinant pneumococcal surface adhesin A (rPsaA)-coated particles to 
human nasopharyngeal epithelial cells for the evaluation of anti-PsaA functional antibodies, Vaccine. 
24 (2006) 3224–3231. doi:10.1016/j.vaccine.2006.01.042. 

[61] G. Rajam, D.J. Phillips, E. White, J. Anderton, C.W. Hooper, J.S. Sampson, G.M. Carlone, E.W. Ades, S. 
Romero-Steiner, A functional epitope of the pneumococcal surface adhesin A activates nasopharyngeal 
cells and increases bacterial internalization., Microb. Pathog. 44 (2008) 186–96. 
doi:10.1016/j.micpath.2007.09.003. 



 

 

[62] B. Morton, S.H. Pennington, S.B. Gordon, Immunomodulatory adjuvant therapy in severe community-
acquired pneumonia, Expert Rev. Respir. Med. 8 (2014) 587–596. doi:10.1586/17476348.2014.927736. 

[63] M. Bangert, L. Bricio-Moreno, S. Gore, G. Rajam, E.W. Ades, S.B. Gordon, A. Kadioglu, P4-mediated 
antibody therapy in an acute model of invasive pneumococcal disease., J. Infect. Dis. 205 (2012) 1399–
407. doi:10.1093/infdis/jis223. 

[64] B. Morton, E. Mitsi, S.H. Pennington, J. Reiné, A.D. Wright, R. Parker, I.D. Welters, J.D. Blakey, G. 
Rajam, E.W. Ades, D.M. Ferreira, D. Wang, A. Kadioglu, S.B. Gordon, Augmented Passive 
Immunotherapy with P4 Peptide Improves Phagocyte Activity in Severe Sepsis., Shock. 46 (2016) 635–
641. doi:10.1097/SHK.0000000000000715. 

[65] E. Ciarlo, A. Savva, T. Roger, Epigenetics in sepsis: targeting histone deacetylases., Int. J. Antimicrob. 
Agents. 42 Suppl (2013) S8-12. doi:10.1016/j.ijantimicag.2013.04.004. 

[66] E. Christaki, E.J. Giamarellos-Bourboulis, The beginning of personalized medicine in sepsis: small steps 
to a bright future, Clin. Genet. 86 (2014) 56–61. doi:10.1111/cge.12368. 

 
 
 
 
 
 
 
 




