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Systemic inflammation and sepsis. 
Part I: Storm formation
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ABSTRACT
Sepsis is still a major cause of morbidity and 
mortality. It results from a dysregulated immune 
response to infection that leads to organ and 
system dysfunction.
The inflammatory response to pathogenic 
microorganisms implies a dynamic, complex 
chain of events leading to endothelial and immune 
system activation. The purpose of this process is 
to control infection and repair tissues. However, 
both host and microorganism factors may result 
in severe forms of systemic inflammation with 
a high mortality rate. Sepsis falls within this 
complex scenario, where the inflammatory storm 
and the causative microorganism converge in a 
severe multisystem presentation.
This manuscript is divided into two parts. Part I 
describes the mechanisms triggering systemic 
inflammation and progression to sepsis, together 
with its main biological markers. Part II analyzes 
the mechanisms leading to organ dysfunction.
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GLOSSARY
ATP: adenosine triphosphate. 
CRP: C-reactive protein.
DAMPs: damage-associated 
molecular patterns. 
DNA: deoxyribonucleic acid. 
HSPs: heat shock proteins.
ICAM-1: intercellular adhesion 
molecule-1.
IFN-γ: interferon gamma.
IL-1: interleukin 1.
IL-10: interleukin 10.
IL-12: interleukin 12.
IL-15: interleukin 15.
IL-18: interleukin 18. 
IL-2: interleukin 2.
IL-4: interleukin 4.
IL-6: interleukin 6.
IL-7: interleukin 7.
IL-8: interleukin 8.
LBP: lipopolysaccharide-binding 
protein.
MBL: mannose-binding lectin.
PAMPs: pathogen-associated 
molecular patterns.
PRRs: pattern recognition receptors.
SIRS: systemic inflammatory 
response syndrome.
SNP: single nucleotide 
polymorphism.
TGF-β: transforming growth factor 
beta.
TLRs: Toll-like receptors.
TNF-α: tumor necrosis factor alpha.
VCAM-1: vascular cell adhesion 
molecule-1.

INTRODUCTION
Current ly ,  sepsis  i s  def ined 

a s  a  l i f e - t h r e a t e n i n g  s e v e r e 
organ dysfunct ion caused by a 
dysregulated immune response to 
infection.1 It is still one of the main 
causes of morbidity and mortality, 
a n d  d e p e n d s  o n  t h e  p a t i e n t ’ s 
age,  environment  (community, 
hospitalization wards, intensive 
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care units), immune system maturity, and the 
microorganism involved.2 The rate of sepsis is 
very high among newborn infants and critically 
ill and immunocompromised patients.3

Progression to sepsis implies a dynamic, 
complex series of events leading to endothelial 
a n d  i m m u n e  s y s t e m  a c t i v a t i o n .  S u c h 
inflammatory, self-sustaining, dysregulated 
response results in severe systemic inflammation.4 
The consequences of this process, involving 
both host and microorganism factors, include 
endothelial damage, microvascular dysfunction, 
alterations in tissue oxygenation, and, finally, 
multiple organ dysfunction.5,6

Objective: To describe the mechanisms 
leading to systemic inflammation and progression 
to sepsis, together with its main biological 
markers.

INNATE IMMUNITY AND 
INFLAMMATION
Cell activation and inflammatory response

The innate immune response, a very ancient 
one from a phylogenetic perspective, brings a 
set of cellular and humoral effectors into play 

that trigger an immediate immune response 
and, if necessary, initiate the involvement of 
specific immune effectors (B and T cells), so that 
all together can eradicate or control the infection 
from the beginning. This response is initiated by 
pattern recognition receptors (PRRs), located on 
the cell membrane (as well as on intracellular 
organelles) of monocytes, macrophages, and 
neutrophils. These receptors recognize specific 
molecular structures typical of microorganisms. 
The most widespread PRRs include Toll-like 
receptors (TLRs) and others known as nucleotide-
binding oligomerization domain (NOD) and 
retinoic acid-inducible gene 1 (RIG-1).7-9

Bacterial patterns recognized by these 
receptors are known as pathogen-associated 
molecular patterns (PAMPs); the most widespread 
PAMPs include Gram-negative bacterial 
lipopolysaccharides and peptidoglycans and 
lipoteichoic acid in Gram-positive bacteria. PAMPs 
are recognized by PRRs, therefore triggering 
the inflammatory process.10,11 Specifically, 
lipopolysaccharides and peptidoglycans bind 
to TLR-4 and TLR-2, respectively. Such binding 
initiates an intracellular signaling pathway 

Figure 1. Macrophage activation mechanisms

Representation of macrophage activation through the interaction between PAMPs/DAMPs and TLRs and TNF-α and IL-1 action 
on their receptors (TNFR and IL-1R1, respectively). With quiescent cells, NF-κb is found in cytoplasm and forms a heterodimer 
made up of subunits p-50 and p-65, bound to an inhibitory protein known as I-κb. The activation of TLRs and of TNF-α and IL-1 
receptors, among others, triggers the activation of the I-κb kinase complex, responsible for the phosphorylation that leads to the 
proteolytic degradation of I-κb. This allows the translocation of the p-50/p-65 heterodimer to the nucleus, where it binds to κb 
sequences in specific gene promoter regions.
TLRs: Toll-like receptors; NF-κb: transcription nuclear factor; PAMPs: pathogen-associated molecular patterns;  
DAMPs: damage-associated molecular patterns; TNF-α: tumor necrosis factor alpha; IL-1: interleukin 1; IL-6: interleukin 6.
Source: Developed by the author.
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that implies the nuclear translocation of the 
transcription factor kappa-b (NF-κb) and the 
subsequent cell activation and expression of genes 
involved in inflammatory response (Figure 1). 
These genes include that of interleukin 1 (IL-1), 
interleukin 6 (IL-6), tumor necrosis factor alpha 
(TNF-α), several chemokines (intercellular 
adhesion molecule-1 [ICAM-1], vascular cell 
adhesion molecule-1 [VCAM-1]), and nitric oxide 
synthase enzyme, among others.

In turn, PRRs recognize and are activated 
by circulating molecules known as damage-
associated molecular patterns (DAMPs), 
released during inflammatory aggression. These 
are nuclear, cytoplasmic, and mitochondrial 
structures that acquire new properties once in 
the extracellular medium. Examples include 
mitochondrial deoxyribonucleic acid (DNA), 
adenosine triphosphate (ATP), heat shock 
proteins (HSPs), high mobility group box 1 
(HMGB-1) proteins, and S100 proteins (soluble 
in 100 %).12

The vascular endothelium also includes TLRs 
that recognize lipopolysaccharides and other 
microbial products. In addition, it expresses 
TNF-α and IL-1 receptors, several cytokines, 
and complement activation products (C3a, C5a). 
Such interactions cause endothelial activation, 
which translates physiologically into vasodilation, 
increased vascular permeability and adhesion 

molecule expression (selectins, ICAM-1, VCAM-1, 
etc.) that regulate leukocyte traffic (Figure 2). 
The resulting hyperemia, together with a 
change in vascular permeability and activated 
polymorphonuclear cell invasion, supports the 
cardinal signs of inflammation.

The TNF-α produced by activated macrophages 
and neutrophils stimulates its own release 
(autocrine action) and that of other cytokines and 
inflammatory mediators (Figure 1), both by the cell 
itself and circulating macrophages, neutrophils, and 
endothelial cells (paracrine action). These mediators 
include IL-1, interleukin 2 (IL-2), IL-6, interleukin 8 
(IL-8), and interleukin 10 (IL-10), platelet-activating 
factor, interferons, and eicosanoids.7,8 In turn, 
polymorphonuclear cell activation implies the 
expression of adhesion molecules to the activated 
endothelium (recruitment), the generation of 
reactive oxygen intermediates, increased phagocytic 
capacity, lysosomal enzyme release, and increased 
class I and II human leukocyte antigens (HLAs) 
activity and expression.

The purpose of all the mechanisms set in 
motion during this process is infection control and 
tissue repair. They are mainly regulated based 
on pro-inflammatory and anti-inflammatory 
cytokine development.10 Such balance modulates 
leukocyte and endothelial activation, thus limiting 
the inflammatory process at the injury site.

Figure 2. Endothelial activation mechanisms

Representation of endothelial activation mediated by PAMPs, DAMPs, cytokines, and complement activation products.  
The coordinated action of these mediators causes vasodilation, hyperemia, increased vascular permeability, and adhesion 
molecule expression regulating leukocyte traffic.
PAMPs: pathogen-associated molecular patterns; DAMPs: damage-associated molecular patterns;  
TNF-α: tumor necrosis factor alpha; IL-1: interleukin 1; IL-6: interleukin 6.
Source: Developed by the author.
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Cytokines
Macrophage and neutrophil activation through 

TLRs triggers a gene transcription process involving 
the genes of different cytokines. Some of these 
induce a local and systemic inflammatory response 
(TNF-α, IL-1, IL-6); others guide the future course 
of immune adaptive response (interleukin 12 [IL-
12], interleukin 18 [IL-18]), mediate leukocyte 
recruitment to the inflamed tissue (IL-8 and several 
chemokines), and induce leukocyte precursor cell 
proliferation and/or differentiation by acting at 
the level of the bone marrow (interleukin 7 [IL-7], 
interleukin 15 [IL-15]).12,13

Both TNF-α and IL-1 and IL-6 play a key 
role in the initial stages of the inflammatory 
process thanks to the mediation of a set of 
activities tending to the development of systemic 
inflammation.12-16 The actions common to several 
cytokines are detailed in Table 1.

Some cytokines, known as anti-inflammatory 
cytokines, inhibit TNF-α and IL-1 production. 
However, their effects are not universally anti-           
transforming growth factor beta (TGF-β), and 
IL-10. While they stimulate the immune system, 
improve B cell function (immunoglobulin 
proliferation and release), and promote cytotoxic 
T cell development, they inhibit the production of 
other cytokines by the mononuclear system and 
monocyte-dependent T-helper cells.

Complement system
This is one of the humoral mechanisms typical 

of innate immunity. It is a proteolytic cascade of 
successive activation that goes from an inactive 
state to an active state through the proteolysis 
of its components.18,19 Its biological functions 
include causing an inflammatory response (C3a, 

C5a), opsonizing microorganisms (C3b), directly 
lysing bacteria (C5-C9), and promoting a type-B 
response (C3b degradation products).18

Complement activation (Figure 3) is triggered 
by structures present on microorganism surface 
(alternative pathway), immune complexes 
(classical pathway) or mannose-binding lectin 
(MBL) in what is known as the lectin pathway.

Inflammatory activity is mediated by the 
C3a and C5a components. They both induce 
n e u t r o p h i l  a n d  m o n o c y t e  c h e m o t a x i s , 
recruitment, and activation. In turn, they have a 
pronounced anaphylactic activity leading to mast 
cell degranulation,18-21 and the subsequent release 
of vasoactive amines (histamine and serotonin), 
leukotrienes, chemokines, and cytokines (TNF-α, 
interleukin 4 [IL-4]). This favors local blood flow 
and vascular permeability. In addition, C3a and 
C5a directly activate the endothelium, which 
mediates an increased permeability and adhesion 
molecule expression. They also stimulate platelet 
activation.20,21

Inflammatory amplification
Sometimes, the release of inflammatory 

mediators exceeds the boundaries of the infection 
site. This leads to an amplified, dysregulated 
systemic inflammatory response involving 
otherwise healthy tissues. If associated with organ 
dysfunction, it is called sepsis and is characterized 
by a high mortality.1

The process known as systemic inflammatory 
response syndrome (SIRS) (Table 2) does not 
imply a lack of regulation or organ dysfunction 
itself.1,22 In addition, it may be present in clinical 
situations not related to an infection (pancreatitis, 
major burns, multiple trauma, etc.).

Table 1. Actions common to several cytokines

•	 Body temperature elevation through direct modification of the hypothalamic set-point.
•	 Hypotension due to a vascular (vasodilation) and direct cardiodepressive effect.
•	 Elevated acute phase proteins (CRP, MBL, α-2 macroglobulin, etc.), mediated by direct action on the hepatocyte.
•	 Coagulation activation; leukocytosis with neutrophilia.
•	 Induction of an inflammation status at the vascular endothelium due to increased post-capillary venule permeability and 
	 increased adhesion molecule expression.
•	 Increased microbicidal capacity of neutrophil granulocytes and macrophages.
•	 Macrophage self-induced activation and/or strengthening of induced activation by PAMPs and DAMPs.
•	 Increased class I HLA molecule expression and increased CD8+ T cells cytotoxic activity.
•	 Increased stress-related hormone release. Direct stimulation of lipolysis and gluconeogenesis.

PAMPs: pathogen-associated molecular patterns; DAMPs: damage-associated molecular patterns; CRP: C-reactive protein; 
MBL: mannose-binding lectin; HLA: human leukocyte antigen.
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Table 2. Heart rate, respiratory rate, and white blood cell count values to define systemic inflammatory response syndrome in 
pediatrics

Age	 HR	 RR	 WBC count

0-7 días	 > 180 o < 100	 > 50	 > 34 000
0-7 days	 > 180 or < 100	 > 50	 > 34 000
7 days-1 month	 > 180 or < 100	 > 40	 > 19 500 or < 5000
1 month-1 year	 > 180 or < 90	 > 34	 > 17 500 or < 5000
> 1 year-5 years	 > 140	 > 22	 > 15 500 or < 6000
> 5 years-12 years	 > 130	 > 18	 > 13 500 or < 4500
> 12 years-18 years	 > 110	 > 14	 > 11 000 or < 4500

HR: heart rate in beats per minute; RR: respiratory rate in breaths per minute; WBC: while blood cells per microliter.
Systemic inflammatory response syndrome is defined as 2 or more of the following criteria, at least one of which should be body 
temperature or WBC count:
• Core temperature > 38.5 °C or < 36 °C.
• HR > 2 SD for each age group or < 2 SD in infants younger than 1 year old.
• RR > 2 SD for each age group or assisted mechanical ventilation requirement.
• Increased or reduced WBC count for age or > 10 % of immature forms.
Source: modified from Goldstein B, Giroir B, Randolph A, et al. International pediatric sepsis consensus conference: Definitions for 
sepsis and organ dysfunction in pediatrics. Pediatr Crit Care Med. 2005;6:2.

Figure 3. Simplified chart of complement activation pathways

MBL: mannose-binding lectin.
Source: Developed by the author.
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PROGRESSION TO SEPSIS
This  process  depends on an immense 

number of events; many of them, related to the 
microorganism or the host, have not been fully 
elucidated yet. It is the result of an imbalance in 
favor of pro-inflammatory phenomena where the 
inflammatory response exceeds the local infection 
boundaries and escapes its usual homeostatic 
regulation, especially in genetically predisposed 
individuals.22

Host factors
Age, environment, and immune status are 

decisive factors in progression to sepsis.2,3 The 
production of high pro-inflammatory and anti-
inflammatory cytokine levels is related to sepsis 
development.15,16 The kinetic analysis shows that 
TNF-α, IL-10, and IL-6 plasma levels reach their 
peak in the initial process stages, whereas they 
decrease to almost negligible levels towards 
the end23 (Figure 4. A). These cytokines produce 
the typical effects of sepsis, including fever, 
hypotension, endothelial activation, other pro-
inflammatory cytokine release, and coagulation 
activation. The symptoms produced by TNF-α 
infusion in animals are similar to those observed 
during septic shock,14 and the experimental 
infusion of anti-TNF-α antibodies reduced 
mortality in animals after a lipopolysaccharide 
challenge.16,17 Pro-inflammatory cytokines also 
inhibit activated macrophage and neutrophil 
apoptosis, thus extending their survival and 
increasing inflammatory response. They also 
induce lymphocyte, dendritic cell, and endothelial 
cell apoptosis.24

The complement plays a major role too. In 
experimental sepsis models, the inhibition of 
several of its activated components has allowed 
to reduce mortality and stop inflammation.21,25-28 
There is also certain genetic susceptibility to 
sepsis. The most common genetic variation, single 
nucleotide polymorphism (SNP), was studied 
as a predictor of progression to sepsis.29 SNPs 
are stable single base substitutions distributed 
throughout the genome, which includes gene 
promoters and regions between genes. Many 
SNPs are related to a higher susceptibility to 
infections and poorer outcomes in the course of an 
acute infection.29 These SNPs include genes coding 
structures related to inflammatory response: 
cytokines (TNF-α, IL-1, IL-6, lymphotoxin-α, 
IL-10, IL-18, etc.), interferon γ (IFN-γ), cell 
surface receptors (TLR-2, TLR-4 and Fc-γ II and 
III receptors), lipopolysaccharide ligand, MBL, 

HSP-70, angiotensin-converting enzyme-1, and 
tissue plasminogen activator inhibitor-1.

Microorganism factors
Microorganisms play a relevant role in 

progression to sepsis. Lipopolysaccharides are 
responsible for triggering the inflammatory 
cascade in Gram-negative bacterial infections, 
whereas peptidoglycans, muramyl dipeptides, 
and lipoteichoic acid do so in Gram-positive 
bacterial infections.

Lipopolysaccharide biological activity is 
mediated by an acute phase glycoprotein called 
lipopolysaccharide-binding protein (LBP). LBPs 
form a complex with the lipopolysaccharides, 
which facilitate their interaction with TLR-4 in 
inflammatory cells and vascular endothelium. 
The importance of such interaction is evidenced 
in the lower sensitivity to lipopolysaccharide 
effects in LBP gene-deficient animals.30

When lipopolysaccharides are infused to 
human beings, they can reproduce many of 
the clinical characteristics of sepsis. Besides 
activating the chain of events leading to 
systemic inflammation, lipopolysaccharides 
are potent activators of coagulation through an 
extrinsic (tissue factor expression) and intrinsic 
(activation of contact phase proteins) pathway. 
Together with complement activation and an 
imbalance between coagulation and fibrinolysis, 
lipopolysaccharides lead to the development of 
microvascular thrombosis.31,32 High circulating 
lipopolysaccharide levels are associated with a 
higher risk for progression to septic shock and 
multiple organ dysfunction.33

Other bacterial products (staphylococcal 
enterotoxin B, toxic shock syndrome toxin-1, 
Pseudomonas exotoxin A, M protein of group A 
beta-hemolytic streptococci), as well as changes 
in microorganism structure (membrane switching 
into the L-form, greater capsular polysaccharide 
synthesis, biofilm formation, etc.) also favor sepsis 
development.34,35

BIOLOGICAL MARKERS OF SEPSIS
Sepsis may be clinically confounded with 

other entities causing organ dysfunction. To 
date, more than 170 biological markers have been 
studied; none of them was sensitive and specific 
enough to confirm sepsis diagnosis.36 WBC 
count and some acute phase proteins, including 
C-reactive protein (CRP), are usually used in spite 
of their limitations.37 The diagnostic performance 
of procalcitonin is better than that of other sepsis 



Systemic inflammation and sepsis. Part I: Storm formation  /  e533

biological markers.37,38 The measurement of 
pro-inflammatory cytokines (Figure 4. A) is not 
usually available. In addition, they may increase 
with similar kinetics in viral infections and 
autoinflammatory processes.39,40

Acute phase proteins
CRP, MBL, and other acute phase proteins 

(Table 3) are synthesized by hepatocytes in 
response to pro-inflammatory cytokines (IL-1, 
IL-6, TNF-α), whereas albumin ceases to be 
synthesized. CRP is able to recognize exposed 
phosphorylcholine groups on microorganism 
surface. This allows its collagen-type domain 
to bind to and activate C1q, which leads to the 
activation of the complement classical pathway 
(Figure 3). In turn, it is capable of opsonizing 
several microorganisms.41,42 On its side, MBL 
binds to mannose residues exposed on the surface 
of various microorganisms and mediates two 
biological actions: it activates complement C4 and 
C2 which trigger the lectin pathway (Figure 3) and 
opsonizes pathogenic microorganisms.43

In general, circulating CRP increases 6 hours 
after infectious aggression and reaches its peak 
between 24 and 48 hours (Figure 4. B). This 
phenomenon also takes place in viral infections 
(with a lower peak) and autoinflammatory 
conditions.44 The half-life of CRP is constant 
(between 4 and 9 hours), so circulating levels are 
directly related to its production rate (inflammatory 

activity).42 Erythrocyte sedimentation rate increases 
more slowly than CRP (as well as its return to 
normality) because it is mainly related to fibrinogen 
production and its circulating half-life45 (over 
100 hours).

Procalcitonin
This is a 114-amino acid molecule with 

no hormonal activity. To date, it is known to 
interfere in inflammatory response modulation 
and induce nitric oxide production by the 
vascular endothelium. In healthy individuals, 
it cannot be detected in the circulation because 
it is not released in the absence of systemic 
inflammation.38 In the case of bacterial sepsis, 
procalcitonin synthesis is activated in almost 
all body tissues, induced by the direct action 
of lipopolysaccharides and the effect of several 
cytokines (TNF-α, IL-1, IL-6). Its production 
is attenuated by IFN-γ, a cytokine released in 
response to viral infections; for this reason, 
procalcitonin is specific for bacterial infections.46 
Procalcitonin levels start increasing 4-6 hours 
after the infectious stimulus and reach their 
peak between 12 and 36 hours (Figure 4. C). 
Procalcitonin has a diagnostic value because 
elevated levels are highly suggestive of sepsis 
(≥ 2 ng/mL),38 as well as a prognostic value 
because a reduced circulating level has a very 
adequate correlation to antibiotic therapy 
response.37,47

Figure 4. Kinetics of several inflammatory response mediators after challenge with lipopolysaccharide in human volunteers

IL-6: interleukin 6; IL-10: interleukin 10; TNF-α: tumor necrosis factor alpha; CRP: C-reactive protein; PCT: procalcitonin.
Source: modified from Brunkhorst FM, Heinz U, Forycki ZF. Kinetics of procalcitonin in iatrogenic sepsis. Intensive Care Med. 1998 
Aug;24(8):888-9.
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CONCLUSION
Knowledge about the complex mechanisms 

involved in systemic inflammation and sepsis is 
becoming increasingly more accurate. Its clinical 
usefulness lies in a search for biological markers, 
together with an early diagnosis, that allow 
to differentiate it from similar clinical entities 
(hemophagocytic lymphohistiocytosis, adrenal 
insufficiency, anaphylaxis, etc.). In addition, it is 
possible to look for new therapeutic targets capable 
of reducing morbidity and mortality. n
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