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Abstract

Cells of the innate and adaptive immune systems play a critical role in the host response to sepsis.
Moreover, their accessibility for sampling and their capacity to respond dynamically to an acute
threat increases the possibility that leukocytes might serve as a measure of a systemic state of

altered responsiveness in sepsis.

The working group of the 14th Acute Dialysis Quality Initiative (ADQI) conference sought to
obtain consensus on the characteristic functional and phenotypic changes in cells of the innate and
adaptive immune system in the setting of sepsis. Techniques for the study of circulating
leukocytes were also reviewed and the impact on cellular phenotypes and leukocyte function of
non extracorporeal treatments and extracorporeal blood purification therapies proposed for sepsis

was analyzed.

A large number of alterations in the expression of distinct neutrophil and monocyte surface
markers have been reported in septic patients. The most consistent alteration seen in septic
neutrophils is their activation of a survival program that resists apoptotic death. Reduced
expression of HLA-DR is a characteristic finding on septic monocytes but monocyte antimicrobial
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function does not appear to be significantly altered in sepsis. Regarding adaptive immunity,

sepsis-induced apoptosis leads to lymphopenia in patients with septic shock and it involves all
types of T cells (CD4, CD8 and Natural Killer) except T regulatory cells, thus favoring
immunosuppression. Finally, numerous promising therapies targeting the host immune response to

sepsis are under investigation. These potential treatments can have an effect on the number of

immune cells, the proportion of cell subtypes and the cell function.

Introduction

Methods

Sepsis is a descriptive term for a common disorder characterized by a broad and complex set
of cellular changes evoked in response to infection or other signatures of danger (1). These
changes are elicited by the engagement of conserved pattern recognition receptors including
toll-like receptors (TLRs), NOD-like receptors (NLRs), RIG-I helicases, and C-type lectin
receptors expressed on most cell types (2). They are ultimately effected through the
expression or inhibition of a large number of immune and metabolic genes, and through
post-translational changes in key intracellular proteins involved in signaling and
transcriptional regulation. The extent of this response is staggering. The injection of a single
bolus of endotoxin into a healthy human volunteer results in the differential expression of
more than 3700 transcripts in circulating leukocytes, along with an array of changes in
immune responsiveness, metabolism, and circulating inflammatory mediators (3). Moreover
manipulation of any of more than 130 different molecular species can attenuate the
response, and enhance survival in a murine endotoxemia model (4).

Cells of the innate and adaptive immune systems play a critical role in the host response to
infection, and therefore in the syndrome of sepsis. Moreover their accessibility for sampling
and their capacity to respond dynamically to an acute threat raises the possibility that
leukocytes might serve as a measure of a systemic state of altered responsiveness in sepsis.

Complete methods are available in the companion article to this series. (Editor please insert
appropriate citation: this is the paper entitled - Acute Dialysis Quality Initiative (ADQI) XIV
Sepsis Phenotypes and Targets for Blood Purification in Sepsis: The Bogota Consensus)
Briefly, we assembled a group of international experts with distinct clinical and scientific
backgrounds; this group included physicians, specialists in critical care, anesthesiology,
nephrology, surgery and emergency medicine, and basic scientists with expertise in biology
and physiology, who were recruited based on their expertise in sepsis and organ dysfunction.
The group consisted of 23 international experts from 5 continents. A set of questions was
generated through mutual agreement and we sought evidence to answer each question by
searching the Cochrane Controlled Trials Register, the Cochrane Library, MEDLINE, and
EMBASE from 1966 to present. Search terms for question regarding epithelial dysfunction
are provided in Appendix 2. Finally we reviewed the evidence with the group and used the
Delphi method to achieve consensus.
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Based on literature review and consensus among the workgroup members, the following key
questions were considered:

1. What are the characteristic changes in neutrophil and monocyte function in sepsis?

2. What are the characteristic functional and phenotypic changes in cells of the
adaptive immune system in sepsis?

3. What techniques are informative for the study of circulating cells in sepsis? Can

immune cells serve as “biopsy”?

4. Can extracorporeal blood purification therapies and non extracorporeal treatments
alter cellular phenotypes and/or modify leukocyte function?

What are the characteristic changes in neutrophil and monocyte function in sepsis?

The predominant circulating cells of the innate immune system — the polymorphonuclear
neutrophil (PMN) and the monocyte — are phagocytic cells derived from common bone
marrow precursor cells (Figure 1) (5). Their fate once in the circulation differs. Neutrophils
circulate for hours to days before undergoing apoptosis and being removed by fixed tissue
phagocytes (6,7). Monocytes, on the other hand, circulate for several days, then pass into the
tissues where they mature into macrophages and dendritic cells (8), and so play a key role in
the regulation of both innate and adaptive immunity.

Microarray studies of human volunteers challenged with intravenous endotoxin reveal
differential expression of more than 2000 transcripts in the neutrophil population, with
particular upregulation of genes involved in inflammation and the inhibition of apoptosis
(9); the response is similar to that seen following multiple trauma (10,11). In neutrophils
from septic pediatric patients, genes related to mitochondrial dysfunction and to redox
pathway-related signaling are maximally upregulated (12). In contrast, peripheral blood
mononuclear cells (including both monocytes and lymphocytes) reveal down-regulation of
genes involved in an inflammatory response, and increased expression of genes involved in
apoptosis (13). A number of alterations in the expression of distinct cell surface markers
have been described in septic patients (Table 1).

While the transcriptional profile of the septic neutrophil or monocyte is fundamentally
altered, the impact of these changes on functional activity is more modest.

In response to experimental inflammatory stimuli, neutrophils exhibit a pattern of responses
that serve to direct the cells towards a focus of injury or infection (14). Reciprocal
upregulation of B2 integrins and L-selectin on the neutrophil surface and their cognate
ligands on the endothelial cell result in margination and the egress of the neutrophil from the
vasculature into the tissues. Locally active antibacterial defenses that are activated include
the release of granule constituents such as elastase, enhanced generation of reactive oxygen
intermediates, and microbial phagocytosis and intracellular killing. In addition, the
neutrophil can extrude its DNA to create neutrophil extracellular traps (NETs) that serve to
enmesh bacteria and to activate local coagulation mechanisms (15). Enhanced host defense
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capacity is supported by the ability of the neutrophil to subvert its constitutive tendency to
undergo apoptosis, and instead to activate anti-apoptotic signaling cascades that promote
sustained cell survival (16).

Although there is animal evidence to suggest impaired localization of neutrophils at the site
of an inflammatory challenge, the initial capacity of these cells to migrate appropriately does
not seem to be impaired. Ahmed and colleagues, for example, used skin windows in patients
with sepsis to study neutrophil migration into an inflammatory focus. They reported a
reduction in the capacity of the neutrophil to migrate from the circulation, but showed that
phagocytic and bactericidal capacity was increased when compared to healthy controls, and
that oxidative burst capacity was intact (17). Others have shown that whereas basal
activation of the neutrophil is enhanced in sepsis, its capacity to respond to a de novo
stimulus is blunted (18).

One of the most consistent and profound alterations seen in septic neutrophils is their
activation of a survival program that resists the constitutive tendency of the neutrophil to die
an apoptotic death following its release from the bone marrow. Whereas 50% of resting
neutrophils will show the morphologic changes of apoptosis following 24 hours of in vitro
culture, the corresponding rates for septic neutrophils are only 5 to 10% (19). De novo gene
expression is necessary for prolonged neutrophil survival including interleukin-1f (20) and
PBEF/Nampt — a protein that is the rate-limiting step in a salvage pathway of NAD
biosynthesis (21).

Reduced expression of the major histocompatibility antigen HLA-DR is a characteristic
finding on septic monocytes (22). Its persistence correlates with an increased risk of
infectious complications and death (23), and HLA-DR levels have been promoted as a
potential biomarker to guide immune-enhancing therapy in sepsis (24,25). Monocyte
antimicrobial function does not appear to be significantly altered in sepsis, however
monocyte survival, like that of the neutrophil, is prolonged (26).

Recent evidence suggests that the immature neutrophils seen in the circulation during sepsis
can undergo differentiation to become monocytic cells (27), underlining the plasticity of
myeloid cell responses to an acute threat, and the challenges of ascribing distinct biologic
responses to discrete cellular phenotypes in sepsis. Two alterations in cellular phenotype
merit special mention.

Myeloid-derived suppressor cells (MDSCs) are circulating CD34* CD11b* myeloid
precursors that are capable of inhibiting adaptive immune responses, particularly T cell
activation (28,29). Functionally they are characterized by an ability to generate reactive
oxygen species and arginase. MDSCs are protective in animal models of sepsis, attenuating
cytokine production, enhancing microbial clearance, and reducing mortality (30,31). Their
role in human sepsis is unclear. Their presence is associated with lymphopenia and
increased mortality (32).

Macrophages also comprise an heterogeneous population of cells that can become polarized
into distinct subpopulations. M1 macrophages are activated and support pro-inflammatory
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functions, while M2 macrophages exert anti-inflammatory and reparative activity (33). The
extent to which the balance between these two populations is altered in sepsis is unknown.

Defects in PMN numbers or function result in poor clinical outcomes (34). But activated
PMNss are non-selective in their targets. Bystander tissue injury secondary to PMN
activation has been described in the lung, kidney, liver, and gastrointestinal tract (35) in
animal models, and attributed to the release of reactive oxygen species and proteases such as
elastase. It has been reported in a murine model of cecal ligation and puncture (CLP) that
depletion of neutrophils prior to the infectious challenge increases mortality, whereas
neutrophil depletion 12 hours after the induction of peritonitis results in enhanced bacterial
clearance and improved survival (36). The induction of ischemia-reperfusion injury by
temporary occlusion of the superior mesenteric artery in the rat induces massive pulmonary
neutrophilia and a significant mortality. Neutrophil numbers can be reduced, and survival
enhanced, by the infusion of heat-killed bacteria into the lung — a stimulus that triggers

neutrophil apoptosis.

Sepsis in humans is associated with profound inhibition of rates of constitutive neutrophil
apoptosis (19,37). Moreover neutrophils harvested from patients who have sustained sepsis
or multiple trauma can induce the apoptotic death of other cells through the
dephosphorylation of epithelial cell caspase-8 (38). Expression of PDL-1 is increased on
septic neutrophils, and through interactions with lymphocyte PD-1, can induce the apoptotic
death of CD4+ lymphocytes (39).

What are the characteristic functional and phenotypic changes in cells of the adaptive
immune system in sepsis?

The functional and phenotypic changes of adaptive immune system in sepsis can be seen as
follows: 1- the cooperation between innate and adaptive immune system; 2-the mechanism

and phenotypic modifications observed over time.

The adaptive immune system is composed of T and B lymphocytes and employs antigen
receptors that are not encoded in the germ line but are generated de novo in each organism.
This system is then highly specific via the microbial pattern recognition receptors of the
innate immune system (PRRs). Their contribution in activation of specific arm of adaptive
immune response is not fully understood. One intrinsic innate immune recognition that links
to adaptive immune cells is called “antigen presenting cell” (APC). After processing
microbial antigens, APCs present the antigen to naive T cells via the major
histocompatibility complex (MHC) molecules. In addition to MHC class II molecules, T cell
activation requires the co-stimulatory signals and cytokines environment. The co-
engagement of the B cell receptor with one of the several innate immune signaling pathways
results in a profound enhancement of antibody response.

In total, whatever the pathogen detected, the direct activation of dendritic cells (DC) by PRR
activate T cell responses. Immune patterns are changing along time after the initial septic
injury according to several scenarios. One of the most convincing scenarios separates the
immediate from the delayed immune response. The immediate response is characterized by
“an inflammatory storm” with the release of both pro- and anti-inflammatory mediators, the
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cell activation and cooperation to eradicate infection. Although necessary, such a storm may
overcome the tissue/organ/organism tolerance capability, which is partly dependent on the
presence of co-morbidity and ageing. This “storm” may lead to organ failure and death for at
least 50 % of the early death during septic shock (40,41). This early phase remains a great
challenge for therapeutic innovation, with a delay from the onset of sepsis and the initiation
of treatment difficult to reduce, despite the well-described basic molecular aspects (42). The
adaptive immunity modifications during this phase (i.e 5 to 7 days) have received little
attention in clinical situation. The lymphocyte count associated or not with the ratio
polymorphonuclear cells/lymphocyte count had been reported. The pioneer work from
Zahorec et al. had shown that both surgical stress, systemic inflammation and sepsis induced
large modifications in leucocyte count, with neutrophilia associated with lymphopenia in
correlation with the severity of clinical course (43). The ratio neutrophil/lymphocyte as a
stress factor was used to predict the severity and/or outcome. In 2002, a marked
lymphopenia at the onset of sepsis was more pronounced in survivors on days 2, 3, 5, and 7
than in non survivors (44). Compared with healthy subject, the reduction was a 50% in CD4
and CD8 T cell absolute or relative count in non-survivors and -75% in survivors. At day 1,
2, and 5, the % of both T-cell subpopulations was about twice as high in non-survivors
compared to survivors with a CD4/CDS8 T cell ratio significantly elevated above normal
range (1.95+0.21) on day 1 and 2. This ratio went back to normal value on day 14, with no
difference between survivors and non-survivors. The subsets of lymphocytes have relatively
been poorly reported in human sepsis. In 32 septic patients having purulent meningitis (45),
a drop in absolute number of total T-lymphocytes was observed at admission, and recovered
rapidly after 7 days. This lymphopenia concerned both the CD4, CD8 and NK cells and was
more pronounced with Gram + than Gram — infection. No correlation between severity
scores and lymphocyte count has been observed. Compared to healthy volunteers, the
circulating B lymphocyte count was not significantly modified in infected patients, but the
reduced numbers of circulating lymphocyte B correlated well with the incidence of
nosocomial infection. The pivotal role of B cells in both adaptive and innate immune
response received recently more attention. Mice devoid of an adaptive immune system
demonstrated an attenuated inflammatory response to bacterial sepsis (46), which was
shown to be linked to B cell deficiency. Recently, a functional and phenotypic B
lymphocytes alteration have been reported in 52 septic shock patients, suggesting strongly
other B-cell functions beyond the production of antibodies (47). Marker of activation and
regulation of B-cell at admission appeared associated to good outcome, with significantly
lower markers of apoptosis in survivors than in non-survivors. In 50 severe sepsis or septic
shock patients, 42% died within the first 72 hours. No significant changes in CD3+, CD4+,
CDS8+ T cell and B cell count at day 1, day 3, day 10 between survivors and non survivors
were observed (48). Only NK cell were increased in non-survivors at day 1 with no

mechanistic explanation.

After the early phase, the immune cellular phenotype of survivors is shifting towards
immune-depression status. Several patterns of immune profile have been theorized: 1-
ageing patients particularly with numerous comorbidities may develop a limited initial
hyper-inflammatory phase rapidly followed by an immunosuppression profile; 2- patients
having an early hyper-inflammation rapidly developing a transitory immunosuppression
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until they recover; 3- some not all patients elicited a sustained immunosuppression status
that exposed the patients to secondary infections, reactivation of virus multiplications, or
unresolved initial infection. This 3™ scenario might have cycling phases along time between
hyper-inflammatory and hypo-inflammatory states (49). Although the determinants of such
different patterns have not been totally elucidated, the post-aggressive immunodepression
(PAID), especially for adaptive immunity, has been well characterized in many
inflammatory circumstances. It may concern trauma, ischemia-reperfusion syndrome, major
surgery and acute brain injury. This evolution seems to obey to a stereotype that is more
pronounced in septic patients (22). Various clinical evidence fits well with this theory:
patients with sepsis and trauma had lost the delayed hypersensitivity response type, a finding
that correlated with mortality (50,51); reactivation of latent viruses including
cytomegalovirus and herpes simplex virus occurs in patients having sepsis (52); secondary
infection with relatively avirulent pathogens can occur (22). Blood studies on patients during
this late phase of sepsis show an increase in proportion of regulatory T cell
(immunosuppressor) and an increase in the production of PD-1 or the ligand PD-1 L1
(53,54). Looking at the subtypes of adaptive immune cells, absolute number of all types of T
cells was reduced in septic patients or septic shock, except the T regulatory cells (circulating
CD4+CD25+ Treg cells) (55), which did not relate with cell activation status (53). Such
observations on circulating cells have also been observed in fresh postmortem human tissue.
Adaptive immune cells upregulated the expression of selected inhibitory receptors such as
PD-1, with an expansion of T cell suppressor and myeloid derived suppressor cells in
different organ tissues (56). The clinical consequence of this delayed and sustained PAID
have recently been published in a retrospective monocentric study (57). Lymphopenia
observed at the onset of sepsis was both present in 28-day survivors and in non survivors
with no difference between the 2 groups. By day 4, the median absolute lymphocyte count
was higher in survivors than in non-survivors and was independently associated with 28-day
survival and increased development of secondary infections.

Various mechanisms may account for such adaptive immunodepression. The key discovery
was the demonstration that apoptosis causes a marked depletion in CD4, CD8 T cells, B
cells in various organs of patients dying from septic shock, with no difference related to age
and type of microorganisms. Sepsis-induced apoptosis may result both from death receptor
pathways and from metabolic pathways (49,58,59). The “immune metabolism” concerns the
role of metabolic pathways that may regulate immune response, not only by substrate
availability but also by signaling pathways elicited by the metabolites (60). Energy to
perform immune function results from ATP production at the mitochondrial level, using two
major substrates and pathways: first, the glucose via the glycolysis converting glucose to
pyruvate entering the tricarboxylic acid (TCA) cycle (61,62); second, the oxidation of fatty
acids as a source for specific lymphocyte T cell subsets (60). Then metabolic changes might
be the cause or the consequence of changes in immune function. In the contrary to innate
immune cells, T cells have the ability to extensively and rapidly proliferate upon activation,
a process that engages a Warburg metabolism (high rate of aerobic glycolysis). Activated T
cells engage oxidative phosphorylation and glycolysis, producing pyruvate excreted as
lactate, with some pyruvate entering the TCA cycle. Metabolizing glucose in the pentose
phosphate pathways can yield both nucleotides and NADPH for lipid synthesis and for
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reactive oxygen species synthesis. Memory T cells and Treg cells use fatty acid oxidation
for survival and to support functions (60). When a naive T cell recognizes an antigen, it
undergoes a developmental program for rapid growth, proliferation, and acquisition of
specialized function that requires metabolic reprogramming. Although not demonstrated in
clinical context, it is reasonable to hypothesize that changes in metabolic pathways can
influence the development and activity of various T cell subsets, as suggested by the
proposed tight control of glycemia (63,64).

A key question to solve is to know if such a commonly observed induced-PAID during
sepsis is an adaptive “normal” response after the acute phase or if PAID is a failure of the
immune system that has to be treated. The concept of a defense strategy to tolerate a
pathogen's presence and to limit the negative impact of infections on host fitness has to be
considered (65). As an example, exposure to low level of LPS injection can protect from
lethal doses of LPS through the induction of negative regulators of LPS signaling and
selective suppression, such as the LPS-inducible genes (66). However, tolerance to a
pathogen could be protective for another pathogens, but can also be incompatible with the
tolerance to other pathogens.

What techniques are informative for the study of circulating cells in sepsis? Can immune
cells serve as “biopsy”?

Different cell and molecular biology techniques are currently available to investigate the
immune status of patients with sepsis. However, previous studies focused on the role of
circulating mediators as indicators of mortality and/or multiple organ failures. C Reactive
Protein (CRP) and Procalcitonin (PCT) mirror both microbiological status and host
response: since they are indirect biomarkers of infection, their sensitivity and specificity
may vary in different disease states. In particular, PCT may be elevated in systemic
inflammatory response not associated with sepsis and immediately after trauma and surgery.
However, these molecules are widely used in clinical practice to monitor infection and
response to antibiotic therapy (67,68).

ELISA was used to evaluate plasma levels of molecules involved in inflammation and
apoptosis, describing their association with mortality and illness scores. Presepsin is cleaved
from the monocyte-specific CD14 receptor complex after binding with LPS and it has been
shown to discriminate sepsis severity (69). Angiopoietin (Ang)-2 is an endothelium-specific
growth factor regulated by pro-inflammatory stimuli able to increase vascular leakage.
Serum Ang-2 levels are increased during sepsis and associated with disease severity (70).
Soluble CD40 Ligand (sCD40L) shows pro-thrombotic and pro-inflammatory properties
after binding to its cell surface receptor CD40. Circulating sCD40L levels are significantly
higher in septic patients than in controls and in non-survivors (71). Huttunen et al. evaluated
the prognostic value of apoptosis markers such as soluble Fas (sFas), Fas ligand (FasL) and
sFas/FasL ratio in patients with bacteremia, describing the direct association between these
mediators and a high SOFA score (72).

Fluorescence-activated cell sorting (FACS) is a type of flow cytometry commonly used for
immune status evaluation. FACS allows the simultaneous determination of several antigens
stained with different fluorophores and it can be used as a first step analysis to determine the
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count of specific immune cells (leukocyte typing). Multivariate Cox regression analysis in
septic patients showed that CD56+ NK T cell count was associated with an increased risk of
early mortality (73). Specific surface antigen staining can identify T helper 1 or 2
polarization and lymphocyte subsets. The relative increase of circulating
CD4+CD25+Foxp3+ T regulatory cells (Tregs) may play a role in lymphocyte anergy and
sepsis-associated immunoparalysis (55,74). Other studies showed that the decline of T cell-
mediated immunity during sepsis is associated with reduced CD8+ T memory cell counts
(75). FACS can also be used to evaluate the percentage of non immune cells such as
CD34+CD133+KDR+ endothelial progenitor cells that are significantly higher in septic
patients than in controls, identifying microvascular injury (76).

As a second step, FACS can identify the surface expression of molecules that indicate
immune cell activation or anergy (Figure 2). The decrease of HLA-DR expression on
monocyte surface is considered a reliable predictor for mortality in patients with severe
sepsis (77,78). FACS can also identify adhesion molecules and integrins that are increased
on leukocyte surface and then shed in the bloodstream as soluble isoforms. It has been
described an apoptotic pathway in human neutrophils that is triggered by the surface
molecule CD24 (79). Neutrophil CD64 has been shown to be a highly sensitive and specific
marker for systemic infection, sepsis and tissue injury (80). A modulated expression of the
inhibitory receptor programmed cell death-1 (PD-1) protein expression in lymphocytes of
septic patients has been observed (81). In NK cells, FACS analysis of NKG2D is used as a
marker of cell activation and CD107 expression to identify degranulation (82,83). FACS is
also able to discriminate the expression of surface molecules from intracellular antigens:
intracellular levels of TLR2 and TLR4 in NK cells from septic patients were increased
compared to healthy subjects (79). Moreover, FACS allows the analysis of cell cycle phases
and apoptosis, the programmed cell death mechanism known to play a key role in sepsis-
associated tissue injury and immunoparalysis (84).

Gene profiling of blood leukocytes has been evaluated to find the relation between encoding
gene expression and related protein levels during sepsis. Microarray analysis of genes
involved in inflammation revealed the modulation of genes further confirmed by
quantitative RT-PCR (85). RT-PCR has also been used to study the decrease of HLA-DR
expression in monocytes at gene level with promising results (86). Genotyping of HLA-
DRBI identified 4 alleles associated with a lower need of renal replacement therapies in
patients with sepsis-associated AKI (87). Studies examining single nucleotide
polymorphisms (SNPs) in sepsis generated conflicting results. However, the functional TNF
gene SNP rs1800629 was strongly associated with susceptibility to sepsis (88).

In the next years, the evolving field of “OMICS” technologies (genomics, transcriptomics,
proteomics, and metabolomics) may lead to a system biology-based approach that could
serve as a sort of “molecular microscope” for developing new diagnostic tools in sepsis as
already reported in other clinical settings (89). Furthermore, new diagnostic strategies have
been currently under evaluation for potential clinical application including measurement of
mitochondrial or cell free DNA by qRT-PCR or by direct fluorescence assays (90,91).
Recent studies highlighted the key role of epigenetics in sepsis-associated immune
dysfunction, in particular DNA methylation and histone acetylation of inflammatory genes
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(92,93). Among epigenetic mechanisms, microRNAs, small non-coding RNAs able to
modulate gene expression in target cells, are known to be modulated in plasma during
sepsis. MicroRNAs can be identified by microarray and confirmed by RT-PCR as described
for gene expression: miR-15a, miR-16, miR-122, miR-133, miR-193, miR-223 and
miR-483-5p are increased in human sepsis and predict mortality (94-96). Circulating
extracellular vesicles (EVs), potential emerging disease biomarkers, are microparticles
involved in cell-to-cell crosstalk through the transfer of proteins, receptors, bioactive lipids
and genetic material (mRNA and microRNA) that can be detected in plasma by FACS or by
specific techniques such as Nanotrack analysis (97). Circulating plasma EVs are also
potential mediators of sepsis-induced endothelial injury and myocardial dysfunction (98,99).

In conclusion, the possibility of performing multiple analyses and the continuous
improvement of basic sciences and omics technologies in the next years may lead to a better
definition of immune status in septic patients, thus allowing new personalized molecular-
based therapeutic approaches.

Can extracorporeal blood purification therapies and non extracorporeal treatments alter
cellular phenotypes and/or modify leukocyte function?

The therapeutic modulation of the host immune response during sepsis has always been very
challenging. During the last decades, several attempts have failed to demonstrate any benefit
in terms of patient outcomes (100,101). To date, both increased knowledge of sepsis
pathophysiology and technological progress in the field of extracorporeal therapies allow the
scientific community to be slightly more optimistic for the future. Two therapeutic strategies
are indeed currently proposed for the modulation of the immune response to sepsis. First, the
entire panel of the extracorporeal blood purification therapies can potentially positively
impact the immune response by modifying immune cells phenotype and/or their function.
Second, several new molecules have recently shown very promising effects for this purpose
and are also currently under clinical investigation.

Convection-based strategies such as high volume hemofiltration and its variants (pulse high
volume hemofiltration and cascade hemofiltration) have been primarily focused on the
possibility of removing inflammatory mediators from the blood, a phenomenon that can
subsequently change leukocytes phenotype and function. In a porcine model, Yekebas et al.
reported that high volume hemofiltration can prevent the in vitro sepsis-induced endotoxin
hyporesponsiveness. In addition, CD14 expression on monocytes was improved by the
blood purification technique as did the oxidative burst and the phagocytosis capacity of
polymorphonuclear leukocytes (102). Besides these effects and the removal of numerous
cytokines, high-volume hemofiltration could also increase monocyte HLA-DR expression in
patients with severe acute pancreatitis (103). Hemoperfusion is another extracorporeal blood
purification technique, based on the interaction between a sorbent and molecules targeted for
removal from blood via adsorption. Polymyxin-B hemoperfusion targets endotoxins and was
shown to have the capability to restore HLA-DR expression on monocytes and the CD16
intensity on granulocytes with a decrease of IL-10 levels (104). Although Payen et al.
recently reported disappointing clinical data with this therapy (105), Kumagai et al.
highlighted another interesting capability of this type of sorbent which is the selective
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removal via adsorption of activated neutrophils expressing high levels of CD11b/CD64 and
low levels of CXCR1/CXCR2. That specific cell removal was associated with an ex vivo
reduction of the ability of the circulation cells to cause damage to an endothelial cell
monolayer (106). Moreover, hemoperfusion with the Cytosorb technology also has this
capability to adsorb activated leukocytes in addition to the ability to remove circulating
cytokines (107,108). Furthermore, it is suggested that the removal of cytokines and
chemokines through this hemoperfusion device modifies local chemokine gradients between
the nidus of infection and the plasma and therefore steers leukocyte trafficking towards an
enhanced leukocyte recruitment (109). The hybrid blood purification technique named
Coupled Plasma Filtration Adsorption (CPFA) may also be able to impact the immune
response due to the removal of inflammatory mediators by adsorption on a specific resin.
Indeed, Ronco et al. reported that CPFA can restore leukocyte responsiveness to LPS in a
prospective crossover clinical trial enrolling patients with septic shock (110). Other
investigators demonstrated additional beneficial effects of septic plasma resin adsorption.
Indeed, septic plasma can induce direct injury of tubular cells by favoring granulocyte
adhesion, inducing cell apoptosis and altering cell polarity and function. Since these
biological effects are related to the presence of circulating inflammatory mediators, their
removal by resin adsorption limits tubular cell injury (111). Finally, the use of high cut-off
membranes in septic patients with acute kidney injury has been shown to decrease
polymorphonuclear neutrophil phagocytosis and restore peripheral blood mononuclear cell
proliferation (112,113).

Molecules aiming at « reboosting » the immune system during the immunoparalysis phase
of the sepsis course have exhibited even more promising results in animals and preclinical
studies. In a human double blind, placebo controlled, randomized pilot study, Leentjens et
al. have reported that Interferon-y can attenuate the reduction of the LPS-induced TNF-a
response and can increase monocyte HLA-DR expression (114). Meisel et al. have
demonstrated in a randomized controlled study that GM-CSF also reverses monocytes
deactivation (increased monocytic HLA-DR) and restores X vVivo TLR-2/4 induced pro-
inflammatory monocytic cytokine production. Interestingly, some positive clinical effects
have even been observed such as a shorter time of mechanical ventilation and ICU length of
stay in the GM-CSF group (115). The in vitro blockade of the PD-1/PD-L1 pathway can
also impact immune cells phenotype and leukocyte function with a decrease of lymphocyte
apoptosis and the restoration of the ability of immune effector cells to produce cytokines
such as Interferon-y and IL-2, which are essential for host immunity (116). Finally, Venet et
al. have shown that an ex vivo treatment with recombinant human IL-7 can improve
lymphocyte functionality with an increase in CD4* and CD8* T cell proliferation, an
increase in Interferon-y lymphocyte production, an increase in the phosphorylation of the
key signaling molecule named STATS (signal transducer and activator of transcription 5)
and an increase in B cell lymphoma 2 induction (117).

In conclusion, numerous promising therapies targeting the maladaptive host immune
response to sepsis are under investigation (Figure 3). Importantly, these potential treatments
can have an effect on the three different levels we have discussed earlier: a) the number of
immune cells; b) the proportion of cell subtypes with the modification of the leucocyte
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surface markers expression; and c) the cell expression and function. Large clinical studies
are now urgently warranted to assess the impact of these therapies and treatments on clinical
outcomes.
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Figure 1.
The ontology of myeloid cell development in the bone marrow. Undifferentiated precursor

cells give rise to precursors of myeloid and lymphoid cells. Myeloid precursors, in turn,
differentiate to become megakaryocytes, erythrocytes, and myeloblasts, the latter giving rise
to neutrophils and monocytes. Neutrophils undergo apoptosis within hours of their release
into the circulation, whereas monocytes circulate, then exit the vasculature where they
become fixed tissue macrophages.

Source: Acute Dialysis Quality Initiative 14, www.ADQIL.net 2014; used with permission.
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Figure 2.
Multi-step evaluation of immune cell activation, suppression and homeostasis. FACS can

identify on neutrophils, monocytes and lymphocytes: 1) cell count ratio; 2) specific
subpopulation surface markers; 3) biological consequences of cell activation.
Source: Acute Dialysis Quality Initiative 14, www.ADQILnet 2014; used with permission.
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Figure 3.
Possible biological effects of different drugs and of extracorporeal blood purification

therapies on immune system activation, suppression and homeostasis.

HCO: high cut-off;

HVHEF: high volume hemofiltration;

CPFA: coupled plasma filtration adsorption;

PMX-B: polymyxin B hemoperfusion;

PE: plasma exchange;

GM-CSF: granulocyte-macrophage colony-stimulating factor;

IFN-v: interferon gamma;

IL-7: interleukin 7.

Source: Acute Dialysis Quality Initiative 14, www.ADQIL.net 2014; used with permission.
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Changes in Expression of Cell Surface Molecules Associated with Sepsis

Table 1

Cell Type
Neutrophils

Monocytes

Expression
Increased
CDl11b
CD14

CD64
CD66b
CD163
TLR4

TLRs 1,2,5,8
TREM-1

Fas

PD-1

CD163
TREM-1
Tissue factor

TLR2

Decreased
CD16
CD80
CD86
L-selectin
TLR2
TNFr

HLA-DR
CD14
L-selectin

CX3CR1
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