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Advances in the understanding
and treatment of sepsis-induced
Immunosuppression

Fabienne Venet and Guillaume Monneret

Abstract| Sepsis is defined as a life-threatening organ dysfunction that is caused by a
dysregulated host response to infection. Sepsis can induce acute kidney injury and multiple
organ failures and represents the most common cause of death in the intensive care unit. Sepsis
initiates a complex immune response that varies over time, with the concomitant occurrence of
both pro-inflammatory and anti-inflammatory mechanisms. As a result, most patients with sepsis

and biomarker-based stratification of patients.

Sepsis is defined as a life-threatening organ dysfunc-
tion that is caused by a dysregulated host response to
infection. Septic shock is a subtype of sepsis in which
hypotension persists despite adequate volume resuscita-
tion, and its treatment requires the use of vasopressors'.
Sepsis represents a major, under-recognized health-care
problem worldwide and causes a high number of deaths
every year”’. Consequently, sepsis has been described
as “the quintessential medical disorder of the 21st cen-
tury” (REF. 2), and on 26 May 2017, the World Health
Organization declared sepsis a global health priority
by adopting a resolution to improve the prevention,
diagnosis and management of this deadly disease®. The
host immune response during and after sepsis is com-
plex and involves an initial excessive host inflammatory
response to infection that is associated with tissue dam-
age and leads to organ failure and endothelial dysfunc-
tion®. Acute kidney injury is a common form of tissue
damage in sepsis and is often severe enough to require
renal replacement therapy. Nevertheless, decades of

rapidly display signs of profound immunosuppression, which is associated with deleterious
consequences. Scientific advances have highlighted the role of metabolic failure, epigenetic
reprogramming, myeloid-derived suppressor cells, immature suppressive neutrophils and
immune alterations in primary lymphoid organs (the thymus and bone marrow) in sepsis.
Animproved understanding of the mechanisms underlying this immunosuppression as well as

of the similarities between sepsis-induced immunosuppression and immune defects in cancer
or immunosenescence has led to novel therapeutic strategies aimed at stimulating immune
function in patients with sepsis. Trials assessing the therapeutic benefit of IL-7, granulocyte—
macrophage colony-stimulating factor (GM-CSF) and antibodies against programmed cell death
protein 1 (PD1) and programmed cell death 1 ligand 1 (PDL1) for the treatment of sepsis are in
progress. The reappraisal of sepsis pathophysiology has also resulted in a novel approach to the
design of clinical trials evaluating sepsis treatments, based on an evaluation of the immune status

trials using anti-inflammatory treatment approaches to
control the devastating effects of this excessive inflam-
mation have been unsuccessful, which has led clinicians
and researchers to revisit the pathophysiology of sep-
sis®. Although initially not appreciated, the occurrence
of severe immunosuppression in patients with sepsis
(either concomitantly with the initial inflammation or
delayed) is now a well-established phenomenon’® and
constitutes an important area of research that should
rapidly offer novel tailored immunotherapies with simi-
larities to those that are being evaluated in the treatment
of various cancers. In this Review, we discuss the main
characteristics of sepsis-induced immunosuppression,
including those at the cellular level, and its clinical con-
sequences. In addition, we consider innovative aspects
in the development of therapies that target the host
response, including the design and use of preclinical
animal models of sepsis and of clinical trials based on
biomarker stratification of patients. Finally, we discuss
the most promising candidates for immunotherapy (that
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Key points

e Sepsis is defined as a life-threatening organ dysfunction that is caused by a
dysregulated host response to infection and represents the major cause of death
in the intensive care unit

* Acute kidney injury is a common organ dysfunction during sepsis, as a consequence
of an initial exaggerated inflammatory response

e Sepsis induces a marked and long-term immunosuppression that shares similarities
with immunosenescence or the immune defects described in cancer

e Immune cell metabolism, epigenetic reprogramming, immune checkpoint inhibitors,
suppressive myeloid cells and long-term persistence of immune defects are the focus
of current research

* Immunostimulation is a novel therapeutic option in the most immunosuppressed
patients with sepsis; results of clinical trials evaluating IL-7 and granulocyte—
macrophage colony-stimulating factor (GM-CSF) in the treatment of sepsis are
expected to be published in 2018

* Companion biomarkers are desirable to evaluate immune status, better stratify
patients and control immunostimulation effectiveness in a tailored approach to the
treatment of sepsis

is, IL-7, granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF), IFNy and antibodies against programmed
cell death protein 1 (PD1) and programmed cell death 1
ligand 1 (PDL1)).

Mechanisms of sepsis-induced immunosuppression
A brief history of a paradigm shift

As early as 1977, a diminished delayed hypersensitivity
in skin testing in response to various recall antigens after
injury was reported. This lack of response was associ-
ated with increased mortality and an increased risk of
nosocomial infections”!°. In 1991, alterations in cytokine
response (that is, low production of tumour necrosis fac-
tor (TNF), IL-1 and IL-6) upon ex vivo challenge with
lipopolysaccharide (LPS) were observed in the blood of
patients with sepsis, suggesting the existence of alterations
in innate immunity'’. At the same time, the importance
of lymphocyte apoptosis in mice and patients with sepsis
became clear, supporting the fact that adaptive immu-
nity is impaired during sepsis'>'*. In 1997, the concept of
compensatory anti-inflammatory response syndrome was
first introduced, which hypothesized the occurrence of an
anti-inflammatory or compensatory immune response'
after sepsis, whereas the beneficial immunostimulatory
effects of IFNYy treatment in a small cohort of patients with
sepsis were reported”. At that time, this immunostimu-
latory strategy opposed anti-inflammatory approaches
with various molecules that were tested in thousands of
patients with sepsis. Beginning in early 2000, it became
clear that the physiological response to injury, which
initially encompasses a pro-inflammatory phase, is also
associated with a compensatory anti-inflammatory
response that can become immunosuppressive'®. The
main mechanisms sustaining this process have been dis-
covered incrementally and are still regularly reinvestigated
in light of technological and scientific advances.

Apoptosis

Cellular apoptosis is one of the most well-described
mechanisms contributing to sepsis-induced immuno-
suppression, as indicated by seminal studies conducted

in patients who died of sepsis'>"’. Increased apoptosis
of T cells, B cells and dendritic cells leads to a marked
reduction in their abundance in the circulation of
patients. Both intrinsic (mitochondria-mediated) apop-
tosis and extrinsic (death-receptor-mediated) apoptosis
are activated after sepsis”. In addition, apoptotic cells are
immunosuppressive and tolerogenic in nature, which
affects the maturation and functions of dendritic cells
in mice with sepsis'®. The increased apoptosis could
thus contribute to a reorientation of the immune sys-
tem towards an anti-inflammatory immunosuppressive
response. In mice, numerous anti-apoptotic strategies
have been successful in decreasing mortality after sep-
sis'*?. In addition, alternative forms of programmed cell
death, such as pyroptosis or necroptosis, are induced
after sepsis?'. Although the role of these pathways in the
initiation of the inflammatory response and the efficient
clearance of infection has been established, their partici-
pation in sepsis-induced immune alterations is unknown.
Autophagy, which is a catabolic process that involves
lysosomal degradation and recycling of cytoplasmic
constituents, has also emerged as a novel mediator of cell
death? (see below).

Autophagy

Autophagy can be a cytoprotective process and can also
induce cell death. Furthermore, crosstalk can occur
between autophagy and apoptosis®. In the caecal ligation
and puncture (CLP) mouse model of sepsis, apoptosis of
T cells is induced, whereas autophagy is downregulated
in CD4" splenocytes and CD8" splenocytes***. In addi-
tion, mice with lymphocyte-specific deletion of Atg5 or
Atg7 — genes that are essential for autophagy — have
increased mortality, immune dysfunction and T cell
apoptosis compared with that of control mice***. For
example, T cell-specific deletion of Atg5 in mice results in
increased IL-10 production by T cells after CLP*. These
findings suggest that deficient autophagy contributes to
sepsis-induced immunosuppression.

Endotoxin tolerance

Long-term exposure to LPS or injection of sublethal
doses of LPS in animals can induce a state of tolerance
that reprogrammes the inflammatory response, result-
ing in reduced inflammatory cytokine production
in vitro and in vivo in response to subsequent challenge
with LPS or other inflammatory stimuli®. In vitro,
many myeloid cells lose their ability to respond to LPS
following an initial challenge. This phenomenon has
been called LPS or endotoxin tolerance and is a con-
served and important biological phenomenon?. The
key readout for endotoxin tolerance is a reduction in
TNF production in tolerized cells compared with that
of unprimed cells. Endotoxin-tolerant monocytes also
exhibit an increased phagocytic ability coupled with a
conserved capacity to kill internalized pathogens, albeit
with impaired antigen-presentation and chemotaxis
capacities”?. Endotoxin tolerance is characterized by
notable changes in transcription, with decreased expres-
sion of genes encoding pro-inflammatory cytokines and
chemokines (termed ‘tolerizable genes’). Evidence also
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suggests that LPS tolerance increases the expression of
a subset of genes (termed ‘non-tolerizable genes’) that
may protect animals from systemic infection while they
are in an immunosuppressed state?®-*'. This increased
expression results in a shift towards the production of
immunosuppressive molecules that act at a systemic
level, such as IL-10 (REFS 32,33). Cell-intrinsic and epi-
genetic mechanisms participate in the transcriptional
reprogramming observed in tolerized cells?****. For
example, the glycoprotein G protein-coupled recep-
tor 84 (GPR84) downregulates expression of TNF
mRNA in tolerant human monocytes®. Consistent with
this result, a defect in the capacity to activate nuclear
factor-kB (NF-kB) phosphorylation (which occurs
downstream of TNF activity) was observed in patients
with sepsis®. Of note, it is hypothesized that LPS tol-
erance establishes a form of innate immune memory
that is adaptive against systemic infection and can be
transmitted to daughter cells”.

Central regulation

The central nervous system (CNS) plays a major part
in the dampening of the immune response after inflam-
mation and infection®®*. The CNS controls inflamma-
tion by three main routes: sympathetic (or adrenergic)
and parasympathetic (or cholinergic) pathways, which
act regionally through innervation of lymphoid organs,
and the hypothalamic-pituitary-adrenal axis, which
acts at a systemic level through the release of gluco-
corticoids®. For example, disruption of the vagal system
in mice delays resolution of bacterial infections owing
to decreased levels of peritoneal proresolving mediators
and a dysregulated innate immune response (namely,
a decreased number of group 3 innate lymphoid cells
(ILC3s) and an increased number of macrophages)*.
Sepsis is also suspected to induce long-term CNS
microglia inflammation* that might, in turn, maintain
anti-inflammatory feedback loops. However, although
there is no doubt about the role of the CNS in initiat-
ing a vigorous anti-inflammatory response in sepsis,
the participation of each system or pathway remains
to be examined in detail in sepsis-induced immuno-
suppression*”. An additional complexity in evaluating
these mechanisms in patients with sepsis is that chemical
agonists of these separate pathways are frequently used
as therapies; for example, steroids and noradrenaline®.

Metabolic reprogramming

Immune cells use considerable amounts of energy
for both their housekeeping functions and their spe-
cialized activities. For ATP generation, fuel molecules
such as glucose are metabolized via glycolysis or oxi-
dative phosphorylation (OXPHOS)***. OXPHOS,
which is the major energy source in resting cells, is
oxygen-dependent and occurs within the mitochondria.
It comprises two reactions: first, conversion of inter-
mediate molecules (pyruvate from glucose metabolism
or fatty acids) to acetyl-CoA; and second, degradation
of acetyl-CoA to CO, in the tricarboxylic acid cycle.
These reactions yield free electrons that are carried by
electron transporters such as NADH to the electron
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transport chain located within the mitochondrial inner
membrane. Ultimately, this process results in protons
moving out of the mitochondrial matrix and in the
establishment of a transmembrane electrochemical
gradient that is harnessed for the production of ATP
by ATP synthase. ATP production by OXPHOS is very
efficient, with a total yield of 36 molecules of ATP from
each molecule of glucose. Conversely, glycolysis occurs
in the cytosol, where one molecule of glucose is broken
down into two molecules of pyruvate. The net reaction
is oxygen-independent and yields two molecules of
ATP for each molecule of glucose. Pyruvate is then
converted to lactate and generates the electron accep-
tor NAD* from NADH. Although ATP production
by this pathway is not very efficient, it can be rapidly
mobilized, in particular, through increased cell surface
expression of the GLUT family of glucose transporters,
which are initially stored intracellularly***. Whereas
resting immune cells have low energy needs and derive
most of their ATP from OXPHOS, activated leukocytes
require a substantial increase in energy production and
thus rely on the induction of glycolysis to carry out their
functions. The shift from OXPHOS to glycolysis enables
the cells to rapidly produce ATP. This phenomenon of
metabolic reprogramming, termed the Warburg effect
(that is, the generation of ATP by glycolysis even when
adequate oxygen is available to oxidize glucose in the
mitochondria), is a hallmark of cancer cells and of
highly proliferating lymphocytes*°.

At the molecular and intracellular levels, major
metabolic and epigenetic reprogramming events lead-
ing to dramatic shifts in transcriptional profiles have
emerged as central players in the induction and mainte-
nance of sepsis-induced immune alterations*’. Changes
in the inflammatory capacity of monocytes are associ-
ated with altered metabolic processes; for example, the
expression of the gene encoding hypoxia-inducible
factor 1o (HIF1a) and other hypoxia-induced genes is
upregulated in monocytes from patients with sepsis®.
HIF1la increases expression of IL-1 receptor-associated
kinase M (IRAKM; also known as IRAK3), which
reduces expression of inflammatory genes, thus linking
metabolic changes to a tolerant state”. In addition, the
distinct cytokine production profiles in human mono-
cytes in the hyper-inflammatory state and those in the
immunotolerant state after sepsis are associated with
marked differences in cellular metabolism*. In par-
ticular, several metabolic defects have been described
in patients with sepsis, including decreased glycolysis
and oxygen consumption in monocytes*. These defects
are associated with a dysfunctional mechanistic target
of rapamycin (mTOR) pathway and were remedied
by treatment with IFNy*. In accordance with these
observations, the metabolic status of T lymphocytes in
patients with sepsis is shifted towards a catabolic profile,
with little reserve to promote effector functions and an
inability to switch to an anabolic profile®. This altered
metabolic status was associated with impaired effector
functions (that is, proliferation) and marked alteration
in mTOR pathway activation; moreover, these defects
were remedied ex vivo by treatment with recombinant
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human IL-7 (rhIL-7)*. These last results are concord-
ant with a study describing a hypometabolic profile in
circulating lymphocytes, which was predictive of the
development of secondary infections in patients after
elective orthopaedic surgery®.

From a more general perspective, as a shift in meta-
bolic profile is mandatory for immune cells to gain effec-
tor functions*, such metabolic alterations are probably
involved in the development of sepsis-induced immune
alterations. This metabolic shutdown might be similar
to the cellular hibernation described in sepsis-induced
organ failure®'. Exploration of the immunometabolic
pathways in sepsis thus represents an important area of
research for the identification of novel targets to restore
immune homeostasis after sepsis.

Epigenetic regulation

Epigenetic regulation is a key mechanism in the tran-
scriptional reprogramming that occurs in a vast num-
ber of genes after sepsis®*’, among which are genes
that are involved in the development of immune alter-
ations™. Epigenetic regulation of transcription can
occur through numerous mechanisms, but in general
involves the regulated organization of gene loci into
transcriptionally active or transcriptionally silent states.
The major mechanisms of epigenetic change involve
post-translational modifications to histone proteins in
chromatin, such as methylation, acetylation, ubiquity-
lation and phosphorylation. Interestingly, epigenetic
modifications can be passed from parent cells to daugh-
ter cells and thus have a central role in the potential
long-term transmission of any shifted transcription pro-
file across cell generations. Profound changes in histone
methylation and acetylation as well as in DNA methy-
lation have been described after sepsis®*°. In models
of endotoxin tolerance, epigenetic modification of pro-
inflammatory gene loci plays a prominent part in the
regulation of their transcription®**’. Similar results were
observed both in vitro in LPS tolerance experiments
with human monocytic cell lines and in vivo in mono-
cytes from patients with sepsis®. Thus, the ‘cytokine
storm of sepsis’ may direct the loss of specific activat-
ing epigenetic marks at promoters of pro-inflammatory
genes in monocytes and/or macrophages. Similarly,
studies in lung-resident dendritic cells from mice after
sepsis indicated that decreased methylation of his-
tone H3 Lys4 (H3K4; a transcription-permissive mark)
and increased methylation of H3K27 (a transcription-
repressive mark) at the promoter region of the Il12 gene
correlated with decreased IL-12 production in response
to Toll-like receptor (TLR) stimuli (that is, tripalmitoyl-
S-glyceryl cysteine (Pam3Cys), LPS and CpG-DNA)*.
In the adaptive immune response, increased H3K27
methylation after sepsis occurs in CD4* T cells at
the promoter region of the gene encoding IFNy in
T helper 1 (Ty1) cells and the gene encoding GATA-
binding factor 3 (GATA3) in T};2 cells®. Similarly, an
increase in transcription-permissive histone modifi-
cation of the Foxp3 locus might skew T cell differ-
entiation towards the regulatory T (T ) cell lineage
after sepsis®'.

reg.

These results are particularly important in light of the
persistent nature of immunosuppression after sepsis, as
these epigenetic modulations seem to remain long after
sepsis has apparently resolved. Thus, these modifications
might play an important part in shaping the immune
response at time points long after recovery. It should
be noted that other mechanisms of regulation, such as
translational regulation, have been proposed to partici-
pate in the induction of immune alterations; for exam-
ple, microRNAs and long non-coding RNAs have been
implicated as players in additional post-transcriptional
mechanisms that are involved in imparting LPS
tolerance to cells**%

Interplay between suppression mechanisms

Numerous interactions between epigenetic, metabolic and
transcriptional alterations have been observed in immune
cells after sepsis®®. One major example involves the
deacetylase enzyme NAD-dependent protein deacetylase
sirtuin 1 (SIRT1) — a metabolic sensor that is recruited to
the promoters of inflammatory genes at late time points
during the response to LPS®. During endotoxin tolerance,
increased levels of SIRT1 accumulate at the promoters of
the Tnfand I11b genes, which is dependent on the SIRT1
cofactor NAD*. This accumulation of SIRT1 leads to
deacetylation of the transcription factor p65 (also known
as RELA) at Lys310, which limits NF-kB-dependent
transcription of these pro-inflammatory cytokine genes.
In addition, sustained SIRT'1 binding to promoters leads
to recruitment of de novo-induced RELB, which directs
assembly of the mature transcription repressor complex
that further sustains endotoxin tolerance®. Therefore,
the redox sensor SIRT1 coordinates an epigenetic,
NEF-kB-dependent RELA and RELB feedforward loop
that regulates gene-selective changes during endotoxin
tolerance. Of note, pharmacological SIRT1 activators can
reduce inflammatory cytokine production in mice with
early acute hyper-inflammatory sepsis, whereas SIRT1
inhibition during the post-acute hypo-inflammatory
phase of sepsis reverses endotoxin tolerance and improves
immunity®>®. Furthermore, beyond these interconnected
mechanisms, it is important to note that sepsis occurs
with very heterogeneous clinical presentations that are
linked to the characteristics of each patient (genetic back-
ground, comorbidities, age and so on) or pathogen (type
and site of infection, virulence), to the extent of cellular
injury (release of damage-associated molecular patterns
(DAMPs; also known as alarmins)) and to the effects of
administered treatments (antibiotic therapy, blood trans-
fusion, vasopressors or steroids; all of which are known
to modulate immune functions). Thus, subtle combi-
nations of these parameters probably have a role in the
development of a stress-induced immune response (FIC. 1).
Although the impact of each of these parameters in the
development of the immune response during sepsis has
been studied, thus far, no comprehensive systematic ana-
lysis has been undertaken to investigate the complex and
intricate interplay between these parameters. This type
of analysis is probably required to identify more efficient
therapeutic targets that will lead to complete restoration
of immune homeostasis in patients with sepsis.
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Patient attributes

* Age

e Comorbidities

e CMV* serology

¢ Genetic background
* Microbiota

e Central nervous system regulation

¢ Apoptotic regulation

e Epigenetic and/or transcriptional regulation
¢ Immunometabolic impairment

* Endotoxin tolerance

!

Immune homeostasis

Treatment
* Antibiotics
e Catecholamines

Injury

¢ Exacerbated inflammation Pro- ¢ Blood transfusion
¢ Pathogens (PAMPS) inflammatory e Steroids
¢ Cellular damage (DAMPS) e Nutrition

[ )

Systemic inflammation

Immunosuppression Long-lasting immune disturbances

1

Nosocomial infections

¢ Low-grade inflammation
¢ Decreased immune surveillance

Organ failure Viral reactivation Infections, cardiovascular diseases, cancer?
\/
Early mortality Delayed mortality Long-term mortality
50-70%
) 20-40%
Cumulative o
mortality 10%
Hours Days Weeks or months
Time

Figure 1| Sepsis-induced immunosuppression mechanisms. Sepsis initiates a complex immune response that varies
over time, with the concomitant occurrence of both pro-inflammatory and anti-inflammatory mechanisms. Mechanisms
that regulate immune homeostasis during sepsis include central nervous system, apoptotic, epigenetic and/or
transcriptional regulation in addition to immunometabolic impairment and endotoxin tolerance. Beyond these
interconnected mechanisms, a subtle combination of parameters that is specific to each case of sepsis (including
patient-specific and pathogen-specific characteristics, the extent of cellular injury and the types of treatment
administered) also affects the regulation of immune homeostasis after sepsis. Altered immune regulation in patients
with sepsis can lead to an exaggerated pro-inflammatory response, immunosuppression and/or long-lasting immune
disturbances. Such dysregulated immune homeostasis has deleterious clinical consequences, such as organ failure,
increased susceptibility to nosocomial and/or secondary infections, viral reactivations and/or increased mortality.

CMV, cytomegalovirus; DAMPs, damage-associated molecular patterns; PAMPs, pathogen-associated molecular patterns.

Altered immune functions

Sepsis affects the innate immune system, including neu-
trophils, monocytes, dendritic cells and myeloid-derived
suppressor cells (MDSCs) (FIC. 2).

Immature neutrophils

An increased proportion of immature neutrophils, which
were identified phenotypically by their low expression of
CD10 and CD16 and their immunosuppressive func-
tions, is associated with increased early mortality after
sepsis®. Consistent with this observation, the existence of
a subset of neutrophils (CD16", CD62L"") that are able
to suppress T lymphocyte proliferation was proposed®’.
In general, profound alterations in the characteristics
and functions of neutrophils were observed in patients
during the first week after sepsis, including decreased
chemotaxis, decreased oxidative burst and low lactoferrin
content®®. Again, an increased number of immature

granulocytes (that is, CD10°*CD16"" cells) is associ-
ated with an increased risk of death in these patients®.
A similar association was also observed in patients with
burns®. In patients with trauma, altered functional
responses of neutrophils (after N-formyl-methionyl-
leucyl-phenylalanine (fMLP) challenge) was observed
in patients who subsequently developed septic shock’™.
Accordingly, in a mouse model of sepsis, accumulation
of high-mobility group protein B1 (HMGB]1) in the late
phase of sepsis participates in neutrophil defects (loss of
oxidative burst) and thus might contribute to increased
susceptibility to secondary infections”. In addition, in
both patients and animals with sepsis, neutrophil over-
expression of PDL1 (a ligand of the inhibitory co-receptor
PD1 on T cells) is associated with deleterious outcomes”.
These results in immature or immunosuppressive neu-
trophils are consistent with the expanding description of
MDSC:s after sepsis.
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Myeloid cells
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Figure 2 | Altered innate immune functions after sepsis. The innate immune response is altered after sepsis in patients
and in mice. These immune alterations occur not only in the blood but also in the bone marrow and in organs that are
distant from the initial site of infection. These alterations include increased release of immature neutrophils and
myeloid-derived suppressor cells (MDSCs) from the bone marrow, which is also accompanied by alterations in the
functions of mature neutrophils. The phenotype and functions of monocytes and/or macrophages and dendritic cells
are also altered and include decreased effector functions, increased production of anti-inflammatory mediators and
increased expression of immune checkpoint inhibitors. These alterations are deleterious for the host, as they resultin a
diminished first-line response against infection and decreased inflammation as well as altered T cell functions. HLA-DR,
HLA class Il histocompatibility DR; PD1, programmed cell death protein 1; PDL1, programmed cell death 1 ligand 1;
PGE2, prostaglandin E2; TGFp, transforming growth factor-f; TNF, tumour necrosis factor.

Myeloid-derived suppressor cells

MDSCs constitute a heterogeneous population of imma-
ture myeloid cells that includes progenitors or precursors
of monocytes, neutrophils and dendritic cells”. They are
characterized mainly by their suppressive properties (on
both innate and adaptive immunity) and are released
following various inflammatory and/or infectious sig-
nals™. In experimental models of sepsis, the population
of these cells is massively expanded’”®. Their increased
abundance correlates with an increased abundance of
T, cells”. In mice, different molecular mechanisms are
proposed to direct a switch from differentiation of the
usual neutrophil lineage to the generation of suppres-
sor cells in the bone marrow”®”°. MDSCs acquire their
phenotype in the bone marrow and then migrate to
lymph nodes to block lymphocyte proliferation in LPS-
immunosuppressed mice®. Expansion of the MDSC
population in mice with sepsis is under the control of
TLR-dependent signalling®. The first results from studies
of MDSCs in patients with sepsis are now available:
increased numbers of MDSCs with documented suppres-
sion of lymphocyte proliferation were detected in patients
with chronic immune suppression after severe sepsis or
septic shock®>®. An association between an increased

number of MDSCs in blood and future occurrence of
nosocomial infections after sepsis has been described®.
Unfortunately, a consensus on the definition of human
MDSCs based on phenotypic characterization is cur-
rently lacking, and published results have been obtained
using various phenotypic definitions, either from whole
blood or from an MDSC-enriched fraction from Ficoll
gradients®. Thus, further clinical investigation will
require better standardization of these cells.

Collectively, a strong rationale exists to reinvestigate
the role of immature neutrophils and MDSCs in sepsis
pathophysiology, especially in sepsis-induced immuno-
suppression. In particular, to date, no clinical studies have
included sufficient numbers of patients to robustly assess
the association between the response of immature neutro-
phils or MDSCs and deleterious outcomes (such as mor-
tality, nosocomial infection rate and viral reactivation).
Further studies are required in this regard.

Monocytes

The diminished capacity of innate immune cells (mainly
monocytes) from patients with sepsis to release pro-
inflammatory cytokines in response to LPS, TLR ago-
nists or various bacterial compounds is probably the most
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prominent feature of sepsis-induced immunosuppression
and illustrates the phenomenon of endotoxin tolerance
(see earlier discussion). Many characteristics of human
tolerant monocytes are recapitulated in the immuno-
suppressive M2 macrophage cell type. In the clinic, the
magnitude and the persistence of this refractory state
(mainly measured by decreased HLA-DR expression by
monocytes as a surrogate marker) are largely associated
with increased mortality and nosocomial infections (>150
published articles)®-%. Of note, PDL1 overexpression dur-
ing monocyte anergy in sepsis has gained interest. As early
as 2011, several groups reported an increase in the expres-
sion of a PD1-related molecule by leukocytes in patients
with sepsis®®. In addition, a multivariate analysis found
that increased PDL1 expression by monocytes is an inde-
pendent predictor of mortality after sepsis®. This analy-
sis highlighted the importance of monocytes in the PD1
immunoregulatory system in sepsis-induced immune
alterations. As is the case for neutrophils, subsets of
monocytes belong to the heterogeneous group of MDSCs.
Indeed, monocytic MDSCs (also known as mononuclear
MDSCs) are defined as CD14*CD15-HLA-DRcells
and by their suppressive effects on T cell responses®*2.
An increased percentage of monocytic MDSCs has been
observed in patients with sepsis®. In acute-on-chronic
liver failure (a clinical condition with immune dysfunc-
tions similar to sepsis), the population of these cells is mas-
sively expanded and is associated with increased mortality
and secondary infections”. As for MDSCs, no consensus
exists for the phenotyping of monocytic MDSCs. In addi-
tion, data from studies of monocytic MDSCs confirm that
the widely reported reduction in HLA-DR expression by
monocytes is a pivotal feature of monocyte anergy and is a
reliable biomarker of sepsis-induced immunosuppression.

Dendritic cells

Decreased numbers of dendritic cells (in the spleen and
blood) and reduced dendritic cell function have been
widely reported in sepsis, in association with alterations
of immune responses®”. Both plasmacytoid and myeloid
subsets of dendritic cells are substantially reduced by
sepsis-induced apoptosis®***. This cellular loss was more
extensive in patients with sepsis who died than in those
who survived® or who developed secondary infections®.
Importantly, normal dendritic cell counts recovered only
weeks after sepsis in patients”. Accordingly, reduced den-
dritic cell function is still observed 6 weeks after sepsis in
mice; this long-term effect is attributed to epigenetic alter-
ations™*. Altered functions of dendritic cells after sepsis
are responsible for the inability of animals to mount an
antigen-dependent response, owing to an absence of naive
T cell activation. In these animals, treatment with FMS-
related tyrosine kinase 3 ligand (FLT3L; a growth factor for
dendritic cells) restored dendritic cell functions and num-
bers”. In addition, blockade of sepsis-induced dendritic
cell overexpression of CD155 (which is known to inhibit
T cell functions through interaction with T cell immuno-
receptor with immunoglobulin and ITIM domains
(TIGIT)) protected mice from sepsis-induced mortality®.
Thus, as key players in orchestrating immune responses,
dendritic cells have a pivotal role in the development
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of sepsis-induced immunosuppression®***. This role is
confirmed by the observation that, after pneumonia, the
cellular and cytokine environment in the lung induced
a shift in dendritic cells towards a tolerogenic profile
that predisposed animals to secondary infections in the
long term, a phenomenon that is driven by transforming
growth factor-p (TGFP) and T,,,, cell induction'™.

Lymphocytes

In addition to its effects on cells of the innate immune
system, sepsis also alters the function and composition
of cells involved in acquired immunity (FIG. 3). A major
characteristic of the adaptive immune response after
sepsis is the tremendous lymphopaenia that occurs in
patients with sepsis'®. This apoptotic process affects
every lymphocyte subpopulation, is present at patient
admission and persists at least until the end of the first
week after admission'*"'2, Retrospective studies have
shown that persistent lymphopaenia is associated with
an increased risk of death and nosocomial infections in
patients with sepsis'®%.

Innate-type lymphocytes. In addition to their roles
in the initial inflammatory response and in combat-
ing infection, innate-type lymphocytes, such as nat-
ural killer (NK) cells, innate lymphoid cells (ILCs),
natural killer T (NKT) cells or mucosal-associated
invariant T (MAIT) cells, are also affected by sepsis and
may participate in immunosuppression. In particular,
a phenomenon similar to endotoxin tolerance affects
NK cells after sepsis'®. NK cell immunosuppression was
also observed in patients with brain injuries'””. Besides
reduced cytokine production, NK cell cytotoxic activ-
ity is also reduced in patients with sepsis'®. In mice,
NK cell tolerance to pathogen-associated molecular pat-
terns (PAMPs) was reversed by depletion of T, cells'®.
A dynamic inverse correlation between increased T cell
immunoglobulin mucin receptor 3 (TIM3; also known
as HAVCR?2) expression and reduced IFNy production
in NK cells was shown in mice with sepsis'®, whereas
TIM3 blockade improved the IFNy production capa-
city of NK cells. Similarly, expression of PD1 and PDL1
was markedly increased in NK and NKT cells in mice
with sepsis, whereas inhibition of PD1 or PDLI signal-
ling caused a twofold increase in survival of mice with
sepsis''’. This immunosuppressed NK cell response is
deleterious to the host, as impaired NK cell function
precedes the occurrence of cytomegalovirus (CMV)
reactivation in critically ill patients'". Only a few studies
have evaluated the responses of ILCs, NKT cells or
MAIT cells in sepsis-induced immunosuppression.
Hepatic immature NKT cells have a role in injury-
induced immunosuppression through central regulation
with noradrenergic innervation'?. Interestingly, rhIL-7
immunotherapy ameliorates sepsis-induced loss of lung
ILCs in mice'”. Finally, in patients with severe bacterial
infections, similarly to NKT cell and y§ T cell num-
ber, MAIT cell number is substantially decreased, and
persistent diminution of MAIT cell number is associ-
ated with increased incidence of intensive care unit
(ICU)-acquired infections".
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Figure 3 | Altered adaptive immune functions after sepsis. The adaptive immune response is altered after sepsis in
patients and in mice. Sepsis affects the effector functions and phenotypes of T cells, B cells and innate-type lymphocytes,
such as natural killer (NK) cells. Cytotoxicity in NK cells, IFNy production in T lymphocytes and cellular proliferation in

B lymphocytes are reduced, whereas the expression of immune checkpoint inhibitors is increased in NK cells and

T lymphocytes. The proportions of exhausted and regulatory T cells and B cells are elevated after sepsis, when these cell
types play a major part in regulating effector lymphocyte functions. CTLA4, cytotoxic T lymphocyte protein 4; HLA-DR,
HLA class Il histocompatibility DR; Ig, immunoglobulin; GM-CSF, granulocyte-macrophage colony-stimulating factor;
LAG3, lymphocyte activation gene 3 protein; NKT, natural killer T; PD1, programmed cell death protein 1; PDL1,
programmed cell death 1 ligand 1; TCR, T cell receptor; TGFp, transforming growth factor-p; TIM3, T cellimmunoglobulin

mucin receptor 3.

B lymphocytes. B lymphocytes carry out multiple func-
tions in sepsis. In patients and in mice, B cells first play
a part in the major pro-inflammatory immune response
that occurs after infection'". Indeed, induction of sep-
sis in B cell-deficient mice leads to increased mortality,
whereas treatment of V(D)] recombination-activating
protein 1 (RAG1)-deficient mice with B cells markedly
improves survival during sepsis''*'"’. Subpopulations of
B cells might have specific roles in this context. For exam-
ple, innate response activator (IRA) B cells are induced
after sepsis in mice, their activity is dependent on pattern

recognition receptors, and they initiate an antimicro-
bial response through the production of GM-CSF'"".
In addition, IL-3-producing IRA B cells induce emer-
gency myelopoiesis and potentiate septic shock in mice
as well as in patients with sepsis'*®. Innate functions for
Bla type B cells after sepsis have also been described'”.
Conversely, the phenotype and function of B cells during
the immunosuppressive phase of sepsis has scarcely been
studied, although subpopulations of B cells with regula-
tory properties have been described in other contexts'.
In patients and in mice, several studies found a marked
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decrease in B cell number owing to increased apoptosis'®'.

Changes in the proportions of B cell subsets have been
observed in patients with sepsis, with higher apoptosis in
memory B cells than in other types of B cells and a poten-
tially important role for extracellular signal-regulated
kinase (ERK)-activation-associated B cell death in sep-
sis'?'. Sepsis also triggers a prolonged reduction in the
number of naive B cells and increases B cell exhaustion in
the periphery in patients with sepsis'*. These effects are
associated with an impairment in the capacity of B cells to
produce IgM but not IgG, as described previously'?. The
percentage of CD19"CD24"$"CD38"¢" B cells was ele-
vated in neonatal patients with sepsis compared with that
in healthy individuals'*. Through the study of the expres-
sion of several surface markers on B cells (HLA-DR, mat-
uration marker and a CD95"CD21"" phenotype) and the
assessment of B cell functionality (activation response,
proliferation and IL-10 production), we recently pro-
vided several arguments suggesting that, as observed pre-
viously for T lymphocytes, the B cell response is altered
during sepsis-induced immunosuppression and is ori-
ented towards an immunoregulatory or exhausted pro-
file (C.-A. Gustave, M. Gossez, ]. Demaret, T. Rimmelé,
A. Lepape, C. Malcus, E Poitevin-Later, L. Jallades,
J. Textoris, G.M. and EV., unpublished observations).
Exhausted B cells may thus represent a complemen-
tary pathway of immune regulation after septic shock,
although further studies are necessary to demonstrate
this aspect.

T lymphocytes. CD4* T cells and CD8* T cells that do
not undergo apoptosis after sepsis display an aner-
gic or exhausted profile, with major defects in cell
phenotype and functions. This profile includes a shift
towards decreased IL-2 and IFNy production capacity
and decreased T cell proliferation®'*-'?. Both intrin-
sic mechanisms, which directly affect T cells, and
indirect mechanisms, which work through altered
antigen-presenting cell or immature neutrophil func-
tions, might participate in the pathophysiology of T cell
alterations. T cell-intrinsic defects are probably induced
by initial massive activation after sepsis, as increased
expression of activation markers such as glucose trans-
porter type 1, erythrocyte/brain (GLUT1; also known
as SLC2A1), basal signal transducer and activator of
transcription 5 (STAT5) phosphorylation or CD69 on
circulating T cells after sepsis has been observed*>'?*!29,
Epigenetic reprogramming of T cells has also been
described in mice with sepsis, with histone methylation
and chromatin remodelling observed within the pro-
moter regions of the genes encoding T-box protein 21
(TBX21; also known as TBET) and GATA3, thereby
contributing to lymphocyte anergy®. In patients with
sepsis, miR-31, a regulator of the transcription factors
HIFla and NF-kB, is a post-transcriptional regulator
of sepsis-associated T cell alterations'®. In addition,
increased expression of co-inhibitory receptors such as
PD1, cytotoxic T lymphocyte antigen 4 (CTLA4), TIM3,
lymphocyte activation gene 3 protein (LAG3), TNF-
related apoptosis-inducing ligand (TRAIL; also known
as TNFSF10) or B and T lymphocyte attenuator (BTLA)
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has been repeatedly described in T cells in both mice and
patients with sepsis®**1#"125131 This increased expres-
sion participates in T cell alterations, as co-inhibitory
receptor blockade improves T cell functions after sepsis
(see below). T cell receptor (TCR) diversity is markedly
reduced after septic shock in patients in association with
increased risk of nosocomial infections'2. Metabolic
reprogramming also participates in CD4* T cell dysfunc-
tion after sepsis. We recently showed that basal metabolic
content was altered in T lymphocytes from patients with
sepsis in association with a decreased concentration of
ATP and with inhibition of the OXPHOS and glycolysis
pathways. Upon ex vivo stimulation, T lymphocytes from
patients with sepsis failed to induce glycolysis, OXPHOS,
ATP production, GLUT1 expression, glucose entry into
cells and T cell proliferation to levels similar to those
in healthy individuals. This phenotype was associated
with decreased activation of mTOR (but not of AKT or
HIFla) and only a minor decrease in the phosphorylation
of 5'-AMP-activated protein kinase catalytic subunit-a
(AMPKa), which could be restored by rhIL-7 (REF. 49).

Regulatory T cells. The proportion of
CD4*CD25"CD127°*FOXP3*(CD39") T,,, cells is ele-
vated after sepsis in mice and in patients'**"*, which
might participate in decreasing T cell proliferation'®.
After recovery from severe sepsis, mice have persistently
increased T, cell activity, which impairs the antitumour
response that is mediated by CD8* T cells and thus favours
tumour growth®'. In addition, endogenous IL-33, which is
released in response to severe tissue damage, has an essen-
tial function in the expansion of T,,, cells after sepsis and
in the development of long-term immunosuppression.
IL-33 activates group 2 innate lymphoid cells (ILC2s),
which produce IL-4 and IL-13; these cytokines drive M2
polarization of macrophages, resulting in the expansion

of T, cells via IL-10 production'”.

Immunosuppression in lymphoid organs. Pioneering
autopsy studies of adults who died of sepsis showed sub-
stantial apoptosis-induced loss of cells of the adaptive
immune system in the spleen, blood and gut-associated
lymphoid tissues'>'**. Similar results were observed in
children with sepsis-induced multiple organ failure'®.
The ubiquity of apoptosis in the blood, lungs, spleen
and bone marrow during sepsis was demonstrated in
murine models of sepsis'. In 2011, a convincing post-
mortem study of patients who died of sepsis reported
that most phenotypic and functional alterations in the
blood of patients (which were previously described by
several groups) were also present in organs distant from
the initial infection'”. In a few studies, patients with ini-
tial extrapulmonary infections showed an association
between decreased monocyte HLA-DR expression and
elevated IL-10 levels in bronchoalveolar lavage fluid
and secondary pulmonary infections**'*!. In addition,
decreased monocyte HLA-DR expression was detected
in the bone marrow of patients with sepsis'*%. This result
is consistent with studies of humanized mice showing
the expansion of the primitive haematopoietic stem
and progenitor cell (HSPC) population in the bone
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marrow, with a concomitant decrease in the population
of the more committed progenitor cells'®. This effect was
dependent on Notch signalling and STAT3 (which has
an established role in emergency granulopoiesis under
GM-CSF control) and required TLR engagement. These
researchers hypothesize that the activation of Notch in
HSPCs serves as a protective mechanism against exhaus-
tion during severe infections but consequently might also
alter the maturation of HSPCs into differentiated pro-
genitors with efficient functions'**'*%. This hypothesis
is consistent with the observations of immature neutro-
phils and MDSCs discussed earlier. Early T cell lineage
progenitor differentiation is consistently inhibited in the
bone marrow after sepsis'* in association with a loss of
thymocytes due to apoptosis'*. Thymic atrophy in mice
with sepsis has been described"**'¥” together with altered
expression of chemokine receptors, which leads to ineffi-
cient homing capacity of T cells'*. Thus, the altered T cell
maturation after sepsis occurs in both the bone marrow
and the thymus.

Collectively, these data show that, in addition to
circulating cells, systemic immunosuppression affects
both primary and secondary lymphoid organs after
sepsis and, as such, immunosuppression can be consid-
ered an additional example of long-lasting organ failure
in sepsis.

Clinical consequences

Infections and long-term mortality

Increasing clinical evidence suggests that patients with
sepsis are incapable of fighting primary bacterial infec-
tions and secondary infections by weakly virulent patho-
gens. For example, a postmortem study showed that
approximately 80% of patients with sepsis still presented
with unresolved septic foci at the time of death, despite
appropriate antibiotic therapy'*. Secondary infections
due to microorganisms that are usually only pathogenic
in immunocompromised hosts (Acinetobacter baumannii,
Pseudomonas aeruginosa and Enterococcus spp.) are fre-
quently observed in patients with sepsis'*~"*'. In addition,
systemic fungal infections (candidiasis, aspergillosis and
mucormycosis) have become a prominent cause of com-
plications in patients with severe injuries'>>'*. The reacti-
vation of dormant viruses (for example, torque teno virus
and herpes simplex virus) in patients in the ICU is also
gaining much attention'>*'*>'*, A large body of literature
exists describing the reactivation of CMV in patients as
a consequence of a dampened immune defence. Indeed,
frequent reactivation of CMV occurs in patients with
sepsis in association with a marked increase in mortal-
ity'™1%°. Of note, CMV seroprevalence, by itself, is a risk
factor of poor outcome in patients in the ICU'. The
importance of CMV reactivation has been demonstrated
by its considerable confounding effect in clinical trials of
patients with sepsis'®.

The increased susceptibility of patients with sepsis to
secondary infections is consistent with data on hospital
readmission rates and long-term mortality after sepsis.
Several studies have reported that approximately 25% of
patients who survive sepsis are readmitted to the hospital
within 30 days after their first hospital discharge's*'%.

In these patients, infection was the leading cause of addi-
tional hospitalization'®'**. In addition, this higher sus-
ceptibility to recurrent infections in patients with sepsis
can persist for an entire year following the first episode
of sepsis, and increased long-term mortality (in the
10 years following the initial episode) has been described
in patients who survived sepsis''**!7, Although clini-
cal demonstration is still lacking, these data suggest that
patients with sepsis have persistent immune defects on
along-term basis after sepsis, which might contribute to
their increased susceptibility to subsequent infections.

PICS

Many researchers have proposed that, in addition to
long-lasting immunosuppression, persistent low-grade
inflammation (maintained by the release of DAMPs,
such as HMGBL1 or S100A8 and S100A9) may be pres-
ent in patients with sepsis after hospital discharge and
could contribute to a compensatory anti-inflammatory
or immunosuppressive mechanism in which MDSCs
might play a pivotal part'”>*72 This persistent inflamma-
tion is associated with long-term catabolism and mal-
nutrition, which are also frequently observed in chronic
inflammatory diseases'”"'”. This chronic illness has been
termed persistent inflammation, immunosuppression
and catabolism syndrome (PICS) and is associated with
impaired wound healing and increased risk of subse-
quent infections. This hypothesis is consistent with the
increased risk of infections and subsequent mortality in
survivors of sepsis and with the description of persistent
signs of immune alterations and low-grade inflammation
in hospitalized patients with sepsis or at ICU discharge.
These alterations include increased MDSC abundance®,
lack of recovery of monocyte HLA-DR expression'* and
increased IL-6 concentration'””. However, as mentioned
previously, almost no data are available regarding the
immune status of patients with sepsis upon hospital dis-
charge, and when available, such data (based on small
cohorts) indicate the absence of persistent immune alter-
ations or inflammation in these patients'’*'7*'”’. Thus, at
present, the PICS concept mostly applies to patients with
long hospital stays, and long-term immune status after
sepsis remains to be evaluated.

Sepsis accelerates inmunosenescence

The immune characteristics of PICS (that is, increased
C-reactive protein (CRP) levels and lymphopaenia)
closely resemble the features of immunosenescence.
Indeed, immunosenescence is associated with a shift
towards increased differentiation of myeloid progen-
itors with MDSC characteristics in the bone marrow
(at the expense of lymphoid progenitors), lymphopaenia
(with a decreased proportion of naive T cells), decreased
T cell repertoire, thymic involution, chronic low-grade
inflammation and telomere attrition'”*'”. Sepsis-induced
immune alterations could thus be considered accelerated
immunosenescence, suggesting that survivors of sepsis
have a reduced functional immune response in sub-
sequent years. In this sense, rapidly restoring immune
homeostasis after sepsis might provide long-term pro-
tective effects that are the result of a fully functional
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immune system. Thymus regeneration is the subject of
intense research in elderly patients or in those who have
undergone bone marrow transplantation. Some candi-
date molecules for thymus regeneration are already in
use (for example, IL-7) or will be tested for the treatment
of sepsis in the near future'”>'*.

As discussed earlier, further investigation of the long-
term immune alterations that occur after sepsis is highly
desirable. Indeed, it is unclear whether lingering inflam-
mation after sepsis is a reflection of inadequate initial con-
trol of an infection (a hypothesis supported by a study of
postmortem biopsy samples'*), which leads to prolonged
DAMP release or to an inability of the host to control
the initial inflammatory response due to, for example,
sustained CNS stimulation®’.

Therapeutic promise of immunostimulation

The future for anti-inflammatory strategies

Despite the failure of numerous clinical trials, some
promise likely still exists in using anti-inflammatory
treatment strategies in the early hours after the onset of
sepsis. Indeed, retrospective studies showed that sub-
groups of patients with sepsis might benefit from anti-
inflammatory treatment strategies such as IL-1 receptor
blockade'' or anti-TNF treatments'®’. A meta-regression
analysis of >20 randomized controlled trials that tested
various anti-inflammatory molecules for the treatment
of sepsis indicated that these approaches are probably
more effective in patients with the most severe sepsis'®,
whereas these approaches are potentially deleterious in
patients with lower risk of death (that is, in patients with
less severe sepsis). Thus, a major challenge is to iden-
tify patients who could benefit from anti-inflammatory
treatments. In addition, to avoid potentially deleterious
effects, anti-inflammatory treatments should be adminis-
tered for a short period of time after admission (for exam-
ple, for less than 2 days) or halted upon catecholamine
vasopressor withdrawal in patients with septic shock.
To aid in formulating treatments, adaptable randomized
controlled trial designs could be envisaged. For exam-
ple, anti-inflammatory treatments in the first hours after
sepsis could be combined with immunostimulation after
72h if the presence of immunosuppression is confirmed
by immune monitoring. Avoiding use of the 28-day
mortality’ statistic in randomized controlled trials is also
desirable, as long-term outcomes as well as nosocomial
infection rate, numbers of ventilation-free days, hospi-
talization duration or medico-economic aspects should
be considered.

Preclinical models

The goal of immunostimulation is to revitalize the
immune system to allow clearance of initial infectious
foci or to fight secondary infections. The preclinical two-
hit model of sepsis suitably recapitulates this clinical con-
dition of consecutive infections. In this model, animals
undergo low-severity CLP and then receive antibiotics,
analgesics and fluid resuscitation, and for the most part,
they survive this initial infectious challenge (as do most
patients in the ICU). Nevertheless, after a few days, these
mice present with features of immunosuppression and
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are unable to control a second infectious challenge (for
example, P. aeruginosa, Aspergillus spp., Staphylococcus
aureus and Candida albicans) that mimics nosocomial
infections in patients''>*+'%> This second hit kills the
majority of animals with sepsis in a few days, whereas
sham-CLP animals easily eradicate such infections, with
almost no mortality. In this model, prophylactic use of
immunostimulant molecules (IL-7, FLT3L, anti-PD1
or anti-PDL1 antibodies) administered to mice before
the second hit improves survival and the ability to fight
secondary infections. Similar effects were obtained by
injecting immunocompetent cells from healthy animals
into mice with sepsis'®‘. Of note, inoculation of mice
with malignant tumour cells is also used as a second
challenge. In immunosuppressed mice subjected to
CLP, tumour cells grow rapidly, whereas their growth is
controlled in sham-CLP animals®"®'.

Similarities with cancer

Cancer and sepsis induce a similar weakening of the
immune system, and many observations made in sepsis
can be transferred to cancer and vice versa'**'¥”. Indeed,
the development of cancer and chronic infections (for
example, from HIV or hepatitis C virus) are favoured by
a variety of immune subversion mechanisms, such as the
production of anti-inflammatory cytokines, induction of
T, cell and MDSC differentiation and overexpression
of inhibitory co-receptors — all characteristics seen in
sepsis (TABLE 1). Considering the medical revolution of
immunotherapies in treating cancer, it is possible that
the treatment of sepsis-induced immunosuppression
may benefit from progress in cancer immunotherapy
in the forthcoming years. The transfer of anti-PD1
antibodies from cancer to sepsis is an illustrative exam-
ple (see below). In line with this proposal, an obvious
next therapeutic option lies in the field of pattern rec-
ognition receptors, which constitute immunoadju-
vant treatments to improve cancer immunotherapy'®.
Currently, >40 clinical trials are assessing the efficacy of
several TLR agonists in the treatment of cancer'®. This
approach has already shown success in two-hit models of
injury-induced immunosuppression (from trauma and
S. aureus infection or CLP and P. aeruginosa infection)
in which activation of TLRs improved mortality'®*!%.
Of note, also in line with cancer therapy, it should be
remembered that intrapulmonary Tnf gene expression
locally reversed sepsis-induced immunosuppression and
improved survival in mice subjected to CLP™".

Current immunostimulation trials

As persistent sepsis-induced immunosuppression is
associated with deleterious outcomes, immunostimu-
lation seems a reasonable therapeutic option, especially
because our capacity to treat patients aggressively with
supportive therapy (in parallel with therapy to control
the infection source) during the very first hours of shock
has improved. To date, most patients now survive this
critical stage (that is, early mortality has decreased) but
eventually die later during a state of immunosuppression.
Various immunostimulant strategies have already been
evaluated in sepsis. Thymosin al seems promising'*?, and
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a randomized controlled trial is underway in China'®.

In addition, other immunoadjuvant therapies are under
investigation (IL-15, IL-3, FLT3L, anti-LAG3 antibodies,
anti-TIM3 antibodies, anti-CTLA4 antibodies, adren-
ergic blockers and anti-IL-10 antibodies)®”84356172194,
although none of them have been as well studied as the
four molecules discussed below.

IFNy. IFNYy is a prototypical cytokine produced by
T,,1 cells and is a major activator of monocytes, increas-
ing their antigen-presentation capacity and phagocytic
properties; IFNy primes monocytes for the LPS-induced
release of inflammatory cytokines. The beneficial effect
of IFNy on monocyte deactivation in patients with sep-
sis was first described in a limited open-label study in
1997 (REF. 15). A study in 2002 confirmed these results
in patients with trauma by showing that inhaled IFNy
treatment led to recovery of HLA-DR expression in alve-
olar macrophages and decreased incidence of ventilator-
associated pneumonia'®. Following these two seminal
studies, the use of IFNy in patients with severe infection
has only been reported in clinical cases'**'?’. These case
reports systematically found an association between this
immune-adjuvant treatment and improved immune
functions, including increased HLA-DR expression.
IFNYy therapy was even proposed to improve outcomes
and immune dysfunctions in invasive fungal infections'*®.
Interestingly, a case report of a woman with fungal sepsis
(mucormycosis) who was unresponsive to conventional
therapy showed the effectiveness of IFNy therapy in
combination with nivolumab (an anti-PD1 antibody)
in restoring immune functions and clearing the invasive
infection'®. Despite these promising preliminary data, no
randomized controlled trials have tested IFNy therapy

Table 1| Sepsis and cancer: common immunosuppressive mechanisms

Immune Alterations Immunoadjuvant
source therapies
Myeloid cells « TImmature neutrophils * GM-CSF
* TMDSCs * TLR agonists*
» L mHLA-DR expression o FLT3L*
« T Tolerogenic dendritic cells ° TNF*
Lymphoid « | Cytokine production in Tlymphocytes ¢ Anti-PD1 antibodies
cells (IL-2, IFNYy) * Anti-PDL1 antibodies
¢ Altered metabolism * Anti-CTLA4, anti-TIM3
« | Proliferation and anti-LAG3 antibodies*
* Exhausted phenotype with increased e rhiL-7, IL-15*
expression of immune checkpoint e Thymosin al

inhibitors (PD1, TIM3, LAG3)
e Altered NKT cells
» T Proportion of T, cellsand B, cells
* CD155 overexpression

Systemic « TIL-10 * GM-CSF
cytokine « TPGE2 * TLR agonists*
release « TTGFp o FLT3L*

< TNF*

B cells, regulatory B cells; CTLA4, cytotoxic T lymphocyte protein 4; FLT3L, FMS-related
tyrosine kinase 3 ligand; GM-CSF, granulocyte-macrophage colony-stimulating factor;

LAG3, lymphocyte activation gene 3 protein; MDSCs, myeloid-derived suppressor cells;
mHLA-DR, monocytic HLA class Il histocompatibility DR; NKT, natural killer T; PD1, programmed
cell death protein 1; PDL1, programmed cell death 1 ligand 1; PGE2, prostaglandin E2; rhiL-7,
recombinant human IL-7; TGFp, transforming growth factor-B; TIM3, T cellimmunoglobulin
mucin receptor 3; TLR, Toll-like receptor; TNF, tumour necrosis factor; T, cells, regulatory

T cells. *Only tested in experimental models of sepsis.

in patients in the ICU. Of note, expert recommendations
propose IFNYy as a therapeutic alternative for treating
non-resolving fungal infections in immunosuppressed
patients with haematological cancers®®.

Granulocyte-macrophage colony-stimulating factor.
GM-CSF is a haematopoietic growth factor that stimu-
lates the production of neutrophils and monocytes by the
bone marrow. This cytokine also potently stimulates the
activation and survival of monocytes. In an open-label
randomized controlled trial of children without neutro-
penia who were admitted to a paediatric ICU with
immunoparalysis (that is, reduced ex vivo TNF produc-
tion), GM-CSF therapy facilitated recovery of the TNF
response and completely prevented nosocomial infec-
tions®'. In a case report of four patients, GM-CSF ther-
apy was associated with reversal of negative skin testing
and with a substantial decrease in recurrent infections in
otherwise immunologically healthy children with recur-
rent infections®®. Finally, in 56 neonates with sepsis,
GM-CSF treatment resulted in an earlier increase in the
number of monocytes expressing HLA-DR following
the onset of sepsis®”. In adults, in a case of non-resolving
life-threatening legionellosis, GM-CSF administration
improved monocyte function, accelerated bacterial
clearance and probably contributed to recovery, with
no adverse effects®. The most convincing results were
observed in a randomized controlled trial of 39 patients
with sepsis who had immune dysfunctions (on the
basis of decreased monocyte expression of HLA-DR):
biomarker-guided GM-CSF therapy in these patients was
safe and effectively restored the immunocompetence of
monocytes®. In addition, GM-CSF treatment shortened
the time of mechanical ventilation and the duration of
hospital or ICU stay*®. Overall, although no evidence
of short-term survival benefit from GM-CSF treatment
exists, studies of biomarker-guided selection of patients
suggests GM-CSF therapy markedly improves clinical
end points (faster recovery, decreased duration of hos-
pital stay, earlier ventilator weaning and decreased med-
ical costs) without deleterious adverse effects*®. GM-CSF
thus represents a promising immunoadjuvant therapy in
patients with sepsis, although larger randomized con-
trolled trials are now warranted to confirm these initial
results. The GRID trial is a French multicentre aca-
demic clinical trial evaluating this therapeutic approach
in patients with septic shock®”, the results of which are
expected to be published in 2018.

IL-7.1L-7 is produced by bone marrow and thymus cells
and is a cytokine that is indispensable for the growth,
differentiation and effector functions of T cells, whereas
IL-7 negatively regulates T, cells'*?**?, rhIL-7 has
been proposed for the treatment of patients with lym-
phopaenia and lymphopaenia-driven diseases®*®. This
cytokine is also currently undergoing clinical testing as
an immune-enhancing agent in patients with cancer or
progressive multifocal leukoencephalopathy due to John
Cunningham (JC) virus infection after allogeneic bone
marrow transplantation, and is hypothesized to rejuve-
nate immune functions in elderly individuals'7*!8208.209,
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As patients with sepsis present with severe lympho-
cyte alterations that are associated with increased mortal-
ity, rhIL-7 therapy is reccommended for these patients and
is even considered by experts to be one of the most prom-
ising potential adjuvant treatments for sepsis-induced
immunosuppression’. Indeed, results from preclinical
studies, both in vivo in mice and ex vivo in cells from
patients with sepsis, seem quite compelling. In a murine
two-hit model of sepsis, rhIL-7 treatment reduced apop-
tosis of T cells, restored IFNy production, improved
leukocyte migration to sites of infection, facilitated patho-
gen clearance (bacterial or fungal) and improved the
survival of mice with sepsis®'®. Interestingly, restoring
IL-7 production by osteoblast stimulation ameliorated
immune defects in mice subjected to CLP, as osteoblast
ablation during sepsis is believed to cause lymphopaenia
(owing to a lack of IL-7 production and thus decreased
generation of lymphoid progenitors)’.

In ex vivo experiments using cells from patients with
sepsis, rhIL-7 treatment substantially increased T lym-
phocyte functions (that is, an increase in proliferation,
IFNy production and STAT5 phosphorylation and
induction of BCL-2 protein production)®". In a simi-
lar approach, rhIL-7 has been demonstrated to restore
immunometabolic failure in lymphocytes from patients
with sepsis by ameliorating changes in mTOR activation,
whereas downstream TCR signalling was maintained®.
In addition, IL-7 treatment also had positive effects in
the treatment of cancer by enhancing the immune
response in combination with anti-PD1 antibodies®".
This result suggests that combining immunostimulatory
therapies in patients with sepsis represents an effective
therapeutic option®?'?, as illustrated in a clinical case
of mucormycosis'**'3214,

On the basis of these convincing preclinical results,
a phase II multicentre randomized controlled trial assess-
ing rhIL-7 treatment in patients with septic shock was
designed and was conducted in parallel in the USA*"* and
in France*®. The primary aim of this study was to con-
firm that rhIL-7 is safe and is able to increase the absolute
lymphocyte count in immunosuppressed patients with
sepsis. This clinical trial has ended, and the results are
expected to be published in 2018.

Immune checkpoint inhibitors. The PD1 receptor sys-
tem constitutes a potent immunoregulatory pathway that
negatively controls immune responses. This system com-
prises PD1 and its two ligands, PDL1 and PDL2. Immune
checkpoint inhibitors are antibodies that target this key
signalling pathway, and they are revolutionizing the treat-
ment of cancer and, potentially, the treatment of chronic
infectious diseases'®**'. In patients with sepsis, several
observational studies described an association between
increased expression of PD1-related molecules in cir-
culating immune cells and immune dysfunctions (such
as lymphocyte proliferation) and deleterious outcomes
(such as nosocomial infections or mortality). In addition,
ex vivo studies in cells from patients with sepsis showed
that PD1 or PDL1 pathway blockade decreased sepsis-
induced immune dysfunctions'®?"”. In mice with sep-
sis, administration of anti-PD1 or anti-PDL1 antibodies
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increased bacterial clearance, reduced organ dysfunction,
restored protective immune responses and improved
survival''®8-220_ That said, the efficacy of anti-PD1 anti-
bodies versus anti-PDL1 antibodies remains to be clearly
delineated. To date, no randomized controlled trials
evaluating immune checkpoint inhibitors in patients
with sepsis have been published. A single case report
described the use of a single dose of nivolumab in com-
bination with repeated IFNy treatment in a 30-year old
woman with invasive mucormycosis that was unrespon-
sive to conventional therapy and who presented with
immunosuppression'”. Following treatment with this
combination therapy, the patient improved slowly, did
not show persistent signs of immunosuppression or
residual infection and was finally discharged from the
ICU on day 80. Two clinical safety studies (phase Ib
and phase IIa) with either nivolumab*' or BMS-936559
(an anti-PDL1 monoclonal antibody)** have been com-
pleted in the treatment of patients with sepsis or septic
shock, but have not yet been published. Considering
these preliminary results and the large amounts of data
obtained from cancer treatment regarding the safety
and toxicity profile of anti-PD1 monoclonal antibodies,
alarge, international, multicentre randomized controlled
trial of nivolumab is planned to start soon.

Biomarkers and immunostimulation

The international expert consensus is that the hetero-
geneity of patients with sepsis might be in part respon-
sible for the failure of clinical trials of treatments for
patients with sepsis******. This heterogeneity includes
not only characteristics of the infection (type and viru-
lence of the microorganism and the site of infection) and
patient-specific parameters (such as age, comorbidities
and genetic background) but also the immune status
of each patient at a given moment, especially consid-
ering the rapidly evolving immune or inflammatory
response after sepsis, which involves switching from a
robust inflammatory response to profound immuno-
suppression. The need for biomarker stratification of
patients thus seems a prerequisite for clinical trials to
evaluate immunostimulation therapies in patients with
sepsis, as it is unwise to further increase the immune
response in patients who continue to suffer from a hyper-
inflammatory response?*?** (extensively reviewed else-
where®*$22%) To date, absolute lymphocyte count and
decreased expression of HLA-DR by monocytes seem to
be the most robust markers for patient stratification in
multicentre clinical trials. Both measurements are stand-
ardized, and their variations are associated with altered
functions and deleterious outcomes (either nosocomial
infection occurrence or mortality). Of note, alternative
methods have been developed to evaluate HLA-DR
expression owing to pre-analytical requirements and
because flow cytometers are usually not available at all
times in hospitals. For example, quantitative reverse tran-
scription PCR (qRT-PCR) evaluation of the expression of
major histocompatibility complex (MHC) class II-related
genes represents a promising approach®, especially con-
sidering the current development of automated qRT-PCR
systems. Technical specifications, such as standardization
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of results (interlaboratory assessment, use of reference
genes), analytical specifications (reproducibility and
coefficients of variation) and validation in large multi-
centre cohorts of patients in the ICU, are now expected.
Another alternative lies in recent fully automated flow
cytometers that offer dedicated applications, such as
quantification of absolute CD4* T lymphocyte num-
bers or evaluation of CD64 (also known as FCGR1A)
expression in neutrophils®”’, which may be extended to
measurements of monocyte HLA-DR expression’?®. In
addition, in light of findings discussed in this Review,
monitoring of MDSCs (or immature neutrophils) and
potential stratification markers for anti-PD1 antibody
treatments (for example, soluble PDLI is already used
in the treatment of cancer) seem more than desirable.

Another important challenge is to improve the effec-
tiveness of therapies. Functional testing seems to be the
gold standard because it directly measures ex vivo the
capacity of a cell population to respond to an immune
challenge. This testing might indicate whether a given
therapy is truly effective in restoring immune functions
in patients. Nevertheless, until recently, this testing was
not feasible on a routine basis in the clinical setting
owing to a lack of standardization. That said, among
immune functional assays, measurement of intracellular
cytokine production by flow cytometry seems promis-
ing, especially as new whole blood protocols have been
developed. These rapid and robust techniques, which are
potentially usable for patients with sepsis in clinics, pro-
vide substantial information regarding TNF production
in monocytes* or IL-2 and IFNY production by CD4*
cells and CD8* cells in patients™’.

Hotchkiss, R. S. et al. Rapid onset of intestinal 24,

Conclusions and perspectives

Although the description of sepsis-induced immune
dysfunctions has improved over the past 10 years,
numerous questions remain, and some aspects deserve
further investigation. For example, evaluation of the role
of immature myeloid cells in sepsis-induced immuno-
suppression will probably provide crucial information
about the pathophysiology of sepsis, as these cells could
represent the missing link between immunosenescence
and sepsis. In line with this approach, long-term monitor-
ing of immune status in patients after hospital discharge
needs to be assessed with appropriate biomarkers. A pre-
cise description of the similarities between cancer and
sepsis-induced immune dysfunctions, including meta-
bolic aspects, would be worthwhile, as this analysis could
establish a field of immunotherapy in the treatment of
sepsis-induced immunosuppression. Most importantly,
the forthcoming results of randomized controlled trials
evaluating IL-7, GM-CSF and anti-PD1 antibodies for
the treatment of sepsis will be informative for the design
of experiments to unravel the molecular mechanisms of
sepsis-induced immunosuppression. Finally, increasing
data show that immune alterations similar to those in
sepsis also occur after other severe non-infectious inju-
ries, such as trauma, burns or surgery, which result in
increased susceptibility to nosocomial infections®.
Immunomonitoring approaches developed in the treat-
ment of patients with sepsis may thus help to identify
patients in the ICU for whom pre-emptive actions could
be taken to decrease the risk of secondary infections. This
approach may provide a novel way to treat and prevent
nosocomial infections in patients in the ICU.
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