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Abstract

Sepsis is a syndrome of shock and dysfunction of multiple vital organs that is caused
by an uncontrolled immune response to infection and has a high mortality rate.

There are [AGtherapies forsepsis, and it has become a global cause for concern.
Advances in patient care and management now mean tha{jilosHpatcHicIuNVERthe
inital hyperinflammatory phase o i but proaress to a later immunosuppressed
liase; wihere: 30% of patients G eUe o SEeondaIV infeetion eficis n tho adaptive
IFAMURE response may play a [Major fOlE in sepsis patient [fGrtality: The @daptive
[FMURE [FESPonse involves a number of cell types including [IEElISIBICEIIS and
[déndfitic €@lls, all with immunoregulatory roles aimed at [liffiting [damage and
[fettrning iMMURE [RGMEBSEESIS after infection or insult. However, [AISERSIS, @daptive
immune cells EXperience (el [death or EXhatstion, meaning that they have defective
EffeCOTENAIMENONESBONSES u timately resulting in an (HEECHNE GTSUPPIESSEd
ifmune defence. [CDZRINIEEIS scem to be the [0S BUSEEBEBIE 1o cell death during
sepsis and have ensuing defective secretory profiles and functions. REgulator Tcells
and [CORtHBUEE to the [IMMUNE SUPpression observed with
sepsis. Preclinical studies have identified a number of new targets for therapy in
sepsis including anti-apoptotic agents and monoclonal antibodies aimed at reducing
cell death, exhaustion and maintaining/restoring adaptive immune cell functions.
While early phase clinical trials have demonstrated safety and encouraging signals for
biologic effect, larger scale clinical trial testing is required to determine whether
these strategies will prove effective in improving outcomes from sepsis.

Keywords: Sepsis, Immune suppression, Immune homeostasis
.

Background

Sepsis i a clinical syndrome defined o< ifEAheaEATREIOREAR AySHaGHoR Causealbya
sregulated hoSEImmUE FeSpORSE o TAFEGHOR] 1) Sepsis is a major health concern

and a leading contributor to mortality and critical illness globally [2, 3]. In 2011, it was
responsible for more than $20 billion in expenses in all US hospitals [4]. In 2017, glo-

Al 86 incidence was estimated at 480 HlioR EiSESand SEpSEassoeited deaths
ek estiated at IO iGHIGASes (3). The BghESE IAGIAGACE has been observed in
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young [childrén and the €lderly, with the main causes being lower Fespiratory tract and

fabdominal infections [3]. The incidence of sepsis is also expected to rise as a result of
an ageing population that has numerous comorbidities and an increasingly impaired
immune system [3, 5, 6]. Multi-drug—resistant bacterial pathogens are another major
challenge meaning that sepsis is becoming increasingly difficult to manage clinically.
Patients who SUEViVe [S€pSis| are often seen to possess [long-term complications including
physical, psychological and cognitive impairments with additional negative healthcare
and social implications [7].

Septic patients frequently present with fevers, cardiovascular shock and respiratory
and/or systemic organ failure [8]. The prototypical clinical features of €arly S€psis result
primarily (but --) from an overwhelming, — immune response
which has led to many drug trials attempting to block these pro-inflammatory effects
[9]. However, strategies attempting to dampen this [oVeractive immune response to in-
fection, by - interleukin - and tumour necrosis factor -)—0( for ex-
ample, ultimately failéd in producing any Survival benefit [10]. Over 100 clinical trials
with different pharmacological agents have taken place, yet i@ single FDA-approved
{therapeutic agent exists that is capable of [Mproving Sufvival in patients with sepsis
[@1] Clinical [out€6mes of patients from the [initial hyper-inflammatory phase have im=
proved over the last decade with aggressive Source [control, earlier @ppropriate anti-
biotic therapy, titrated fluid and pressor therapy, and [bétter [organ Supportive measures,
particularly Ventilator management [12].

Unfortunately, despite these improvements, and despite the fact that [more people are

oW SV el SESBESIOT SEBUENSHOGE and organ dysfunction, sepsis remains
responsible for the most deaths in intensive care units (ICU’s) [12] and_
sty i sl in the region of 40-80% [13]. This is becausc pEEEASATe oW mORENied

Impairments in the adaptive immune response increase the [likelihood of developing
persistent, recuring, secondary and riosocomial infections which often lead to death in

sepsis patients [16]. With increasing numbers of patients developing these immune

complications, more recent research efforts are now focussing on attempting to under-
stand the underlying changes that occur to both innate and adaptive immune cell pop-
ulations and highlighting potential new targets for therapy for this syndrome. In this
review, we will focus solely on the effects that sepsis has on the adaptive immune sys-
tem. We will then focus on how some of the immune cells involved in adaptive im-
munity may be directly targeted to provide potential therapeutic benefit in treating this
syndrome and improving long-term survival.

The innate versus the adaptive immune response

There are two components of the human immune system, and these are the [iifiate and
ladaptivé immune systems. The [iifiat€é immune system is the fitsSEliil€ of defence against
invading pathogens and acts fapidly and [non-specifically to fight infection. The [adap=
{tive immune §ystem, in contrast, is much SIOWEE to respond, but is capable of Fécognis~
ing unique antigens and utilising immunological memory to [enhance the immune
[response following [Subsequent exposures of the same antigens. Both components of

the immune system comprise of a variety of cell types. In the iifiaté system, there are

R (NI eels, ASE cells, EoSinophilS, ASOPIIS and PHAEOGYEE cclls which


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel



Brady et al. Intensive Care Medicine Experimental 2020, 8(Suppl 1):20 Page 3 of 19
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include [macrophages, dendritic cells (DCs) and neutrophils. The @daptive immune sys-
tem relies on [féwer [cell [fypes to carry out its operations, and these are |ymphocytes,
namely [I'¢ells and BICellsl B cells are known to be important producers of [antibodies
and |plasma [Gells necessary for long=term immune protection, while T cells can be clas-

sified further into a number of different SUBCIasses, each with unique functions, and

these includ D (ODSE, (i GEIEIS) and Fegulitor el (TEEES) (Fie. .

/Adaptive immune cell functions
[CD4%"T cell activation results in rapid polarisation [iito €D4+ subsets which are [T/
helper (Th) [T, [Th2 or [Th17 The Th1 class is important for the activation of CD8+ T

cells and for the formation of memory T cells via IL-2 secretion [17, 18]. Th2 cells are

involved in class switching of B lymphocytes via IL-4 and IL-5 secretions [19], and
- cells are effector cells that produce IL-17, IL-22 and TNF-a primarily in -

e CE S S RNBECEIpAUROgERS 20). In =cltion, CDERNEK:els are re-
sponsible for the [clearing of an finfection and for the generation of memory CD8+ T
cells in response to ifféction or Vaccination [21]. Once CD8+ T cells bind their cognate
antigen in the presence of co-stimulatory molecules and cytokines, they undergo rapid

proliferation and expand in number rapidly to gain effector functions [21]. [Effector

fanctions| include eytokine secretions (including interferon (IFN)=y and TNF-a) and the
ability to llyse [cell§l [21].

¥8 T cells are the prototype of unconventional’ T cells. They make up a relatively mi-
nute subset of T cells in the peripheral blood. Unliké the fore common CD4+ helper
and [CD8% cytotoxic T cell populations containing a T cell receptor composed of [classic
l and l chains, these cells possess a receptor composed o_ They are the
imost abundant epithelial lymphocytes in the lung (8-20%) and [intestineé where they
promote fimmune homeostasis [22]. In the lung, they are known to protect against
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CD8+ T cells

Cytotoxic T cells

Cell lysis

Formation of memory
B cells CD8+ T cells Regulatory T cells
Recognise foreign antigen ﬁ ::zf;teceslsI:Y?()lrer:ju?g f:?[lsls

Produce antibodies against

antigen
N2

O

CD4+ T cells
Helper T cells Q
Th1- activate CD8+ T cells
Important for the formation

Disrupt antigen presentation
a by dendritic cells

Normal
Immune Cell
Functions

Dendritic cells
@ Antigen presenting cells

$fr1r2rl§m0r|3/ Tdc'e"sl Gamma Link innate and adaptive
e :?VO V? - n cl:lass delta T cells immunity
switching of B cells Resident epithelial Activate T cells and B cells
Th17- Protect against
lymphocytes

extracellular fungal and

bacterial infections Produce pro-inflammatory

mediators IFN-y and IL-17

Fig. 2 11 normal functional state of adapive immune cell

pneumonia infections [22], and they are considered the |initial line of defence in the
mucosa of the [intestine [23]. Once activated, y§ T cells release pro-inflammatory medi-
ators including IFN-y and IL-17 which aid against infection.

Tregs are another important subset of T cells that generally represent 5-10% of total
CD4+ T cell populations in the peripheral circulation and lymphoid compartments [24].
These cells play a pivotal role in immune homeostasis by not only resolving inflammation
after infection but also suppressing excessive adaptive immune responses [25]. They also

work in order to maintain self-tolerance and avoid autoimmune disease [25]. They function
through the secretion of [suppressive (cytokines including IL-10 and 'TGE-p, but also through
cytolysis, metabolic disruption and through targeting antigen presentation by DCs [25].

It has become clear in recent years that the dichotomy between innate and jadaptive

immunity may indeed be an jover-simplification, as some cell [types are now known to

display functions relating to both arms of immunity. This is particularly true for DCs| DCs = dendritic cells

which play an important role in [linking innate and [adaptive immunity through the
process of antigen presentation [26]. They are responsible for maintaining immuno-
logical tolerance by migrating to draining lymph nodes and presenting self-antigens to
lymphocytes [27]. The presence of mature DCs is also crucial as they promote the mi-
gratory potential, cytokine secretion and activation of T cells and can initiate antigen-
specific antibody responses in naive B cells [28].

Adaptive immune response dysfunction in sepsis

The adaptive immune response as previously mentioned has a number of roles. It
is important for limiting inflammation and tissue damage after an infection and
returning overall host immune homeostasis through a number of mechanisms. In

sepsis, these processes and functions are disrupted or become dysregulated leading
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to an improper defence against infection and/or immune suppression; these are

discussed below (Fig. 3).

Cell death

Apoptosis is an important mechanism of regulating immune homeostasis. It can also

play a |detrimental role in disease [pathology. Apoptosis has been shown to be respon-
sible for causing major depletion of immune cells, including CD4+ and CD8+ T cells, B

cells and DCs in multiple organs from patients who died from sepsis [29-31]. This
process of cell death has been observed to occur in both preclinical models and in hu-
man septic patients [32, 33]. This depletion of cells has been shown to occur across all
age groups and in response to different classes of microorganisms causing infection
[29, 34, 35]. Post-mortem analyses have demonstrated this lelevation of apoptosis in the

spleens of [sepsis patients 90 min post-death compared to non-septic lcontrols [29]. Im-
munohistochemistry analysis in these samples has also confirmed significantly higher
levels of \caspase 3 activity which is indicative of the apoptotic process [29].

Other studies have shown that both CD4+ and CD8+ T cells in the peripheral blood are
also more prone to undergo apoptosis in septic patients when compared to non-septic
controls [36]. T cells when isolated from septic patients have increased levels of caspase 8
and caspase 9, indicating that the death process occurs by both the fintrinsic and extrinsic
pathway [32]. Furthermore, genes encoding pro-apoptotic proteins Bim, Bid and Bak have
been observed to be overexpressed in the peripheral blood of patients with sepsis [37].
This apoptosis of T cells and increased expression of pro-apoptotic proteins contributes
to the chronic state of immune suppression in these patients and provides an explanation

for the enhanced susceptibility to secondary [infections and latent viral reactivation|

T cell exhaustion
T| |cell exhaustion is a state of [T cell dysfunction that was first described in mice that
suffered from chronic viral infections and has since been indicated with septic patients

CD4+ T cells Regqulatory T cells
+ Cell exhaustion CD8+ T cells » Resistance to apoptosis
« Increased apoptosis + Cell exhaustion + Increased suppressive activity

Decreased proliferation * Increased apoptosis — Immunosuppression
— Decreased cytokine secretion + Decreased proliferation
— Decreased defence against infection ~ — Decreased cytotoxic activity

— Latent viral reactivation

O - -
— DR - ==
- Blood vessel 2’ _

— S
-— — — —_—
-— - — —
0 — - - - _
-— - - -
Dendritic cells

B cells * Increased apoptosis
Gamma delta T cells +  Cell exhaustion _’ Ig;i?:fsreZyg:\ktlianre;:::ntation
o leiezecd epepiiesn L Geseseiecopicots — Decreased T cell proliferation
— Decreased cytokine secretion — Decreased antibody production | mmunosuppressign
— Decreased defence against infection — Immunosuppression

Fig. 3
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and patients with other immunocompromised diseases such as HIV| and €ancer [38]. In
sepsis, the [sustained antigen load with extremely elevated levels of both pro- and anti-
inflammatory cytokines constitutes an ideal environment for the development of T cell
exhaustion [39].

One study, in which the SpI€ens of sepsis patients were isolated following death, dem-
onstrated substantial evidence to support the concept of sepsissinduced T cell exhaus=
- There was an evident - of inflammatory - - and -—0(

production [from [T [¢ell§ following stimulation, an increase in the expression of PD1 on
CD4+ T cells and a drop in the levels of CD127 on T cells which is characteristic of

exhausted T cells [14]. Macrophages were also shown to possess [elévated levels of pro=
igrammed cell death ligand 1 (PD-L1) [14]. Other studies identified that an elevated

level of PD1 on circulating T cells from individuals with sepsis is associated with a re-

duction of the proliferative capacity of T cells and an increase in the susceptibility to
secondary infections, and this is correlated with mortality [40]. Inhibiting the inter-
action of PD1 and PDLI in a variety of clinically relevant animal models of sepsis has
been shown to improve survival rates and highlights the crucial involvement of this
pathway with poor disease outcome [41-43].

Overall, it appears that [CD4% T cells are the subset which are [most affected in sepsis
patients [32, 44, 45] (Fig. 3). [GIDAS cells undergo the MOSt significant amount of pros
jgrammed cell death, and SHINAVOIS of the disease demonstrate PEOIOTHECANTCANCHONNTN
[ERISIPOPUIREGRIGHEEIS (14, 30]. Studies have observed a [décrease in the production [IE4
_ populations in sepsis patients [46—48], and

these cells persist in displaying significant reductions in their secretory profiles in sepsis

survivors [49]. The [protective effect of Th17 cells is also diminished following the onset
of sepsis [50] as is their cytokine response [51]. This feduced effector capacity of [Thl7
cells may negatively impact outcome in sepsis by [increasing the susceptibility of pa-
tients to pacterial and fungal infections (20, 52].

CD8+ T cells
Studies have highlighted that the Feactivation of [atent Viruses is known to be associated

with immunocompromised individuals with S€psiS [53, 54]. In a study looking at the ac-
tivity of T cells in severe sepsis patients with human cytomegalovirus (HCMYV), it was
observed that there was impaired poly-functionality of CD8+ T cells [54]. Furthermore,
the relative frequency of CD8+ T cells was significantly reduced in patients who had
HCMV reactivation [54]. These patients also showed enhanced PD1 expression on their
T cells compared to patients without the virus reactivation [54], which is another ex-
ample of T cell exhaustion. The expression of PD1 was inversely proportional to the
number of poly-functional CD8+ T cells [54].

Y8 T cells
Depletion of Y8 T cells is associated with higher mortality rates in critically ill §epsis pa-

tients [23]. As mentioned previously, these cells are [féquired for protection against -
fections in the Jung [22]. The reduction of this cell population within the gut mucosal
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layer may also in fact result in previously non-threatening bacteria in the mucosa be-
lcoming more invasive and entering the blood system to then cause further infections in
sepsis patients [55]. Along with Feduction in [cell number, there has been an observed

phenotypic - and _ in patients with - [56]. Liao

et al. noted that in comparison with control patients, y§ T cells in septic patients had
increased expression of the early activation marker CD69, decreased expression of the
recognition receptor NKG2D and increases in both pro-inflammatory and anti-
inflammatory mediators [56]. Interestingly, they noted that following antigen stimula-
tion, there was a _- in CD69 and - expression [56]. This profile
was more evident in [HOR-SUEVIVOTS than in survivors and led the authors to conclude
that Tower expression of IEN-y expression upon stimulation is a strong indicator in pa-
tient 28-day survival rates [56]

Tregs

In sepsis, JEGR con [OVBAHAESERFAURS SUBFGSSOH by further ERIGAG other BHEGHDE
[T cell'numbers and functions. Unlikeé other effector T cells which are more likely to
undergo apoptosis [57], [Tfegs have [increased expression of the @nti-apoptotic protein

Bcl-2 [58] and can [évade cell'death (Fig. 3). The increase in Treg number and function
has been demonstrated in both clinical [59, 60] and experimental studies [61, 62]. This

increase has been observed [€arly after the onset of S€psis and is [persistent in those whol
[died'as'a result [63]. Furthermore, there is an [increase in heat shock proteins and Jhis
{fones"in sepsis which are known to be strong inducers of Tregs [64]. The increased
proportion of [I¥eg§ in sepsis has a fegative effect on formal T cell proliferation and
ffunction and contributes to Worse outcome [58], most likely because they can prevent
the already weakened immuneé systém from mounting an @ppropriate immune response
against secondary infections,

The development and function of Tregs is regulated by FOXP3, considered to be the
control gene of these cells. Along with evidence to support [ificréased levels of Tregs in
Sepsis patients, there is also evidence to support that expression levels of FOXP3 is en-
hanced in these patients [65]. In a CLP model of sepsis, it was shown that adenosine is
largely responsible for the high expression of FOXP3 [66]. TLR4 has also been impli-
cated to affect the activity of Tregs [67]. Cao et al. showed that Tregs from wild-type
mice exhibited enhanced secretion of anti-inflammatory cytokines, whereas this effect
was attenuated in TLR4™~ mice [67]. The results from this study indicate that TLR4
deficiency can improve immune paralysis by attenuating Treg activity and by restoring
a pro-inflammatory cytokine balance. Modulating the activity of TLR4 may be a useful
tool in preventing immune suppression in sepsis patients. However, it is important to
highlight that although Tregs can contribute to immune suppression in sepsis, Treg de-
[pletion does not improve mortality rates. In fact, one study observed the mice [deficient
in [Tregs could ot fight the [initial sepsis [infection [68]. Hence, it is clear that a [delicate
balance of Tregs is required to maintain immune homeostasis in sepsis.

Beells
Bicells play a W8I role in combating a6iEH FAfe6ionS, but BCEySnCHoNTS
NER/EVdERIIRGEpSS 69]. In one study, the percentage of EUANSIEA CD2TH BIGEIS
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was [significantly higher in patients with acute §€psi§ in comparison to Realthy donors
[70]. IgM in the serum of patients [oVer the [ag€| of 65 was also negatively correlated with

health _ [70]. Conversely, stimulating B cells from septic patient’s ex vivo re-
sulted in significant reduction of IgM levels in the supernatant [70]. This is an interest-
ing finding as [elderly patients with decreased IgM production are likely to be [more
[proneé to infection with gram-negative bacteria and [fungi [70]. The likelihood of con-
tracting §écondary infections associated with sepsis patients has been linked to Feduced

immunocompetent B cells [70]

Other reports have observed further alterations in B cells derived from patients with

septic shock versus age-matched healthy controls [71]. In an ICU study, a low percent-
age of CD23+, the receptor for IgE, and a higher percentage of CD80+ and CD95+
(indicative of apoptosis) on the surface of B cells was associated with higher levels of

mortality in patients with sepsis [71]. A study by Shankar et al. showed that [ymphope=
i was associated with Significantly lower absolute B cell counts and a selective deple”
{tion"of ‘memory B cells [72]. This depletion of memory B cells contributes to the
Suppressed immune state experienced by septic patients [72]. Finding methods to re-

verse this depletion may be beneficial in improving survival outcome for these patients.

[Impairment in normal D€ ffunction appears to occur in S€psis patients and may be im-
plicated in Sépsis-associated immune suppression. The number of DCs is indeed re-
duced in patients with sepsis; however, the [différentiation of monocytes into DCs is
_ [31, 73], and it has been demonstrated that _ are able to
lsuppress the activation of [T cells and [cause T cell @nergy [74]. DCs derived from sepsis
patients display an irregular secretory profile that further facilitates the development of

immune tolerance [75]. DC§ from [§€pti€ patients have been shown to have a ldécreased

podiicHve capacity OF pro-AAMMATor GEORINES and intracellular cytokine staining

following LPS stimulation [76] while IEHI0 secretions were shown to be [éfihanced [76].
Additionally, HLA-DR expression was reduced on all monocyte and DC subsets indica-
tive of immune paralysis, and this observation was long-lasting [76]. Finally, @poptosis
lof 'DCs'like other cells types has been seen in both human and in animal models of
iSepsis| [77, 78]. Recently, it was shown that overexpression of BCL-2 could prevent de-
pletion of DCs [79], and preventing DC death in mice was shown to offer resistance to

endotoxin-induced sepsis [80].

Long-term immune suppression in sepsis patients

Though it is understood that Sepsis survivors are burdened with [increased mortality
and |morbidity several years [after developing sepsis, the precise folé of sepsis-induced
immuné suppression in mediating these poor outcomes is 6t well Uinderstood. An @ni-
Imal study investigating the quantitative and qualitative recovery of T cells 3.5 months
after sepsis found that despite a rapid recovery of T-lymphocytes, long-lasting impair=
e AP TGRS RIS . Speciiclly, SRPREEHERS of [ Gl e
sponses [against a fungal antigen was noted [I'month'after sepsis, and this was thought

to be directly due to the reduced number of antigen-specific Th cells [81].
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Another 5-10-month follow-up study in sepsis patients showed an increased fre-
quency of circulating FOXP3+ T cells, along with higher concentrations of IL-33 and
IL-10 in their serum when compared to healthy controls [82]. It has been observed that
mice deficient in the receptor for IL-33 show improved survival post sepsis compared
to naive wild-type mice [82]. IL-33 release is involved in the polarisation of anti-
inflammatory M2 macrophages that significantly release IL-10 that in turn aids in the
expansion of Tregs and ultimately contributes to the immune suppressed phase of sep-
sis [82]. Targeting IL-33 could be another potential mechanism to treat sepsis-induced

immune suppression.

Preclinical studies of interventions to reverse immune [deficits in sepsis
Multiple laboratory strategies targeting different aspects of adaptive immunity have
demonstrated therapeutic potential in overcoming immunosuppression in preclinical
sepsis models (Table 1). Strategies including the use of transgenic and knockout jmice
along with the use of lanti-apoptotic agents have demonstrated that by preventing
lymphocyte apoptosis, there is an improvement in survival rates [83, 86, 90, 91]. Trans-
genic mice with T cell overexpression of Bcl-2, a potent anti-apoptotic protein, were
protected against sepsis-induced T cell apoptosis in the thymus and spleen and had
greater levels of systemic inflammatory cytokines and higher survival [83]. Another
study examining selective [inhibition of caspase-3 prevented lymphocyte apoptosis and
improved overall survival of septic mice [84]. Polycaspase inhibition produced similar
results highlighting the importance of caspase-3 activity [84].

Another mechanism to prevent lymphocyte apoptosis in preclinical models of sepsis
that produced exciting results was the inhibition of PD-L1 [43]. PD-1 is a co-inhibitory

receptor that can be expressed primarily on activated CD4+ and [CD8+ T cells. Its lig-
and, PD-L1, is expressed broadly on immune cells. Together, this pathway plays an im-
portant role in the regulation of autoimmunity. It has been found that expression of
PD-1 is upregulated on T cells, B cells and monocytes following sepsis and that block-
ing this pathway using an anti-PD-L1 antibody significantly improved survival in CLP
mice [43]. Additionally, sepsis-induced lymphocyte depletion was ameliorated, levels of
circulating pro-inflammatory cytokines TNF-a and IL-6 were increased, anti-
inflammatory IL-10 levels were decreased and bacterial clearance was enhanced [43].
Similar studies investigating PD-1 deficiency [41] or anti-PD-1 antibodies [42] also
demonstrated survival benefits in murine models of the syndrome. Another antibody
approach involved the blockade of cytotoxic T-lymphocyte antigen-4 (CTLA-4) in a
similar concept to blocking the PD-1-PD-L1 pathway [85]. CTLA-4 acts to oppose
CD28 which is a critical regulator of early T cell activation and proliferation, and
CTLA-4 is found to be upregulated on CD4+, CD8+ and Tregs following sepsis [85].
Here, an anti-CTLA4 antibody showed no effect on inflammatory cytokines but animal
survival was increased with low doses [85].

Certain cytokines have also been trialled in these animal models to reverse sepsis-
induced immunosuppression and lymphocyte apoptosis. One group reported positive
results by selectively targeting thymocyte apoptosis using an adenovirus overexpressing
IL-10 [86]. This was found to reduce blood bacteraemia and fimprove [survival due to an
increase in Bcl-2 expression and reduction in caspase-3 activity [86]. Of note, systemic
administration had no effect on survival. Another study investigating recombinant
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Table 1/ Preclinical evidence that suggests |preventing immune cell apoptosis or improving immune (cell survival has a positive impact on sepsis mortality rates

Model

Intervention

Effect on immune system

Effect in model

Cecal ligation and puncture (CLP)

in C3H-HeJ Mice [83]

CLP in ND4 mice [84]

CLP in C57BL/6 [43]

CLP in mice [41]

CLP in CD1 mice [42]

CLP in CD-1 or C57/BL6
mice [85]

CLP in C57BL/6 mice [86]

CLP or Pseudomonas
aeruginosa pneumonia
in CD-1 mice [87]

Overexpression of Bcl-2
on T-lymphocytes

Selective caspase-3
inhibition or polycaspase
inhibition via small
molecule inhibitor

Anti-PD-L1 antibody

Knockout of PD-1

Anti-PD-L1 antibody

Anti-CTLA4 antibody

Intra-thymic injections of
recombinant adenovirus
construct expressing
human IL-10

Recombinant IL-15

-Protected from sepsis-induced

T-lymphocyte apoptosis in
thymus and spleen

-Decreased splenic B cell apoptosis

-Prevented lymphocyte apoptosis

-Prevented sepsis-induced
lymphocyte apoptosis
-Increased TNF-a and IL-6
production

-Decreased IL-10 production

-Resistance to sepsis-induced
cellular dysfunction
-Suppressed inflammatory
cytokine response

-Prevented sepsis-induced
immune-depletion of
lymphocytes and DCs by
blocking apoptosis

-Reduced sepsis-induced
apoptosis

Reduced thymocyte apoptosis

-Blocked sepsis-induced
apoptosis of NK cells, DCs
and CD8+ T cells

-Increased circulating NK cell
production of IFN-y

-Improved animal survival
-Decreased bacterial burden

-Decreased bacteraemia
-Improved survival

-Enhanced bacterial clearance
-Improved survival

-Decreased bacterial burden
-Improved survival

-Increased Bcl-XL
-Improved survival

-Improved survival at low doses

-Increased Bcl-2 expression
-Reduced caspase-3 activity
-Reduced bacteraemia
-Increased survival

-Increased anti-apoptotic Bcl-2
-Decreased pro-apoptotic Bim
and PUMA

-Increased survival

0z:(1L 19ddns)8 ‘0z0T [pauaWLIadXT dUIIPaly 240 aAIsualU| b 13 Apelg
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Table 1 Preclinical evidence that suggests preventing immune cell apoptosis or improving immune cell survival has a positive impact on sepsis mortality rates (Continued)

Model

Intervention

Effect on immune system

Effect in model

CLP in C57BL6 or CD1 mice [88]

CLP in C57BL6 or CD1 mice [89]

Recombinant human IL-7

Recombinant human IL-7

-Improved the delayed type
hypersensitivity response
-Increased absolute splenic
counts, proliferation and
activation of CD4 and CD8

T cells

-Increased expression of the
adhesion molecule leukocyte
function-associated antigen-1
-Reversed T cell defect in
cytokine production

-Blocked apoptosis of CD4
and CD8 T cells

-Restored IFN-y production
-Improved effector cell
recruitment to infected site
-Prevented loss of delayed
hypersensitivity

-Increased expression of
leukocyte adhesion molecules
LFA-1 and VLA-4

-Improved survival
-Decreased tissue fungal
colony counts in liver

-Increased Bcl-2
-Improved survival
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mouse IL-15 (a pluripotent cytokine that signals cells of both the innate and adaptive
immune systems) showed that it inhibited the apoptosis of NK cells, DCs and CD8+ T
cells and improved survival in two different models of sepsis [87]. IL-7 has also been in-
vestigated due to its potent Bcl-2-inducing anti-apoptotic abilities necessary for
lymphocyte survival and expansion. In these studies, it was found that IL-7 treatment
protected against lymphocyte apoptosis, restored T cell function and improved survival
in animal models of sepsis [88, 89].

Clinical studies targeting the adaptive immune response

Early phase clinical studies using monoclonal antibodies (mAbs), recombinant interleu-
kins and IFN therapies, aimed at targeting adaptive immune responses, have potential
for sepsis therapy (Fig. 4). MADS targeting the PDIFPD-L1 pathway have already been
licenced for therapeutic use in |cancer| and have shown their effectiveness in reducing

tumour burden [92]. As mentioned previously, this pathway is also upregulated in sep-
sis and sepsis does indeed immunologically bear many similarties to cancer [93] anc s
such this pathway could be targeted to improve outcome. Additionally, blocking this
pathway in preclinical sepsis studies [42, 43, 94] as well as ex vivo human sepsis studies
[94] has built a solid case for clinical investigation.

A recently completed phase 1b trial looking at immune checkpoint inhibition in pa-
tients with |sepsis, organ |dysfunction and absolute lymphocyte counts (ALCs) < 1100
cells/pl has demonstrated promising results [95]. BMS-936559, an anti-PD-L1 human
immunoglobulin G4 mAb which has already been used in patients with HIV [96] and
cancer [97], was given to adults with sepsis-associated immunosuppression. The pri-
mary objective was to assess safety and tolerability over 90 days following a single-dose
administration. BMS-936559 was well tolerated, and there was no observed induction
of any ‘cytokine storms’ which is a theoretical risk of any agent that inhibits immune
checkpoint pathways [95]. Biological efficacy was also examined, and the investigators
found that monocyte deactivation was reduced at the highest doses of treatment, as
demonstrated by an increase in monocyte human leukocyte antigen-DR (HLA-DR) ex-
pression which was shown to persist past 28 days [95].

The IRIS-7 randomised clinical trial by the same group adopted a different approach
to restore immune function [98]. This trial used a recombinant human IL-7 (CYT107)
in septic patients in hopes of reversing the profound lymphopenia that is commonly

/ ecreasm j—

[ lymphocyte \
apoptosis ,“/Regulate ‘
\\ / [ cytokine |

- production /
Anti-PD-L1 \ /
Recc‘:?’z)ig«:ﬂtlLJ [—————————3 Immune Homeostasis
-B-1a o
IFN-y T cell \

activation & |

proliferation // 7
\\ Increased DC\
Bcell ~ | maturation ‘
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Fig. 4 Promising targets for sepsis therapies
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observed [99]. [LZ7 treatments have previously been shown to be safe and effective

at [50BSiAEICD#¥ 5 CDBETIEE counts in GAEOISHE and [FHPHOBERIE patients

[100-102]. In this trial, it was shown that IL-7 treatment was well tolerated in sep-
tic patients and increased absolute lymphocyte counts'(by 3 to 4 fold) and CD4¥
and CD8+ T cells, and persistently so, 4 weeks after administration [98]. This data
along with the multiple preclinical studies that have demonstrated improved sur-
vival following IL-7 administration in septic rats is highly encouraging and calls for
next phase clinical testing.

_ - may be _ for - In the presence of _
T e
land B cell résponses, and at the same time, [DC§ can [imit inflammatory cytoKine
secretion [from €D4+ T cells thus ensuring a state of immune homeostasis [103,
104]. A - - open-label - to examine the _ in acute re-
spiratory distress syndrome (ARDS) patients showed Enhanced 28-day Burvival
[105], but unfortunately, the recently completed phase I stage of this IFN-B-la
study showed 1@ clinical bénefit [106]. Similar to the €arly phase of Sepsis, ARDS
is"characterised by hyper-inflammation, and these two syndromes are [closely ¢on-

[nected in certain clinical scenarios [107]. As such, it would be of interest to inves-

tigate whether IFN-B-la has therapeutic potential instead, for sepsis patients,
considering reduced IFNs are implicated in the pathogenesis of the syndrome, par-
ticularly in the late immunosuppressed phase.

- which is a_ and cytokine that aids in fighting infection, is low-
ered in sepsis patients. IFN-y was recently used as an adjunctive therapy and observed
to improve clinical outcome and restore immune responses in a case series of 18 im-
munosuppressed sepsis patients [108]. The sepsis patients were selected based on the
fulfilment of a number of criteria indicative of immune suppression, namely the num-
ber of days following the onset of sepsis, monocytic HLA-DR expression, lymphocyte
profiles, IL-6 and IL-10 levels, bacterial cultures and clinical scores [108]. Further, lar-
ger studies are warranted to verify the therapeutic potential of IFN-y therapy in im-
munosuppressed sepsis patients.

[Future directions: challenges and opportunities

[Récent research advances have highlighted that SEpSiSSdUCEANTIMUNEISUPPIeSsIOn
contributes to the high mortaliy rates observed in sepsis patients, ke defects o
the [adaptive immune response are seen as [S€psis progresses, including Apoptosis
onc EEHINEEE (- ECEE PSS BRCRTERE) - EERIEETSEER, '~ [
_ also allows - _ to survive and - which
can lead to an increasing Susceptibility of patients to the contraction of sécondary

[Ageing and the @daptive immune response

[[mmunosenescence refers to the gradual deterioration of the immune system with ad-
vancing age and is true for both'arms of immunity but in particular for the adaptive
immune response [109]. In older people, there is a Shift towards memory over naive T
icell populations [109]. [Meémory T cells are functionally différent to naive T cells and
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have a limited proliferative capacity, express féwer co-stimulatory molecules and have
an [altered [cytoking profile [110]. B cells are also [altered in the elderly and despite Bicell
number |décreasing with age, immunoglobulin levels [fis€ [109, 111]. These immuno-
globulins are derived from Bl cells [Father than B2 cells and have a low affinity for anti-

jgens [111]. B1 cells are also associated with increases in IL-6 [111]. Finally, DCs are
implicated in age-related adaptive immune dysfunction as they limit the secretion of
IFNs, generate an irregular immune response towards self-antigens and lose their abil-

ity to activate T cell responses [112]. A< OORINAIRSF e patients Admitied o the
KU are (Ve 56101165, g benescencd poses a huge challenge for treating

those older patients with sepsis [113].

Sepsis heterogeneity

Sepsis heterogeneity remains one of the |biggest barriers to finding an effective [therapy.
[Transcriptome analysis of leukocytes in the peripheral blood of S€psiS patients has
identified 2 phenotypes in Sepsis patients, assigned as Sepsis response signatures (SRS)1
or SRS2 [114]. Patients with the SRS phenotype were immunosuppressed with indica-
tions of [T cell'exhaustion and low leukocyte HEA'DR expression, had low immune tol-
erance and also exhibited |Righer, €arly mortality than the SRS2 phenotype [114]. The

study identified §éven |genes that were able to predict the classification of patients as

SRS1 or SRS2 [114]. Other biomarkers that can indicate the [immune state in sepsis pa-
tients include [Apoptosis markers (Bim, Bid and Bac), caspases, leukocyte markers
(HLA-DR, PD-1, FOXP3, CD127) and cytokines (IL-2, IL-6, IL-12, IL-17, IL-22, IL-33,

TNEF-a, IFN-y, IL-10 and TGF-p). Identifying subsets of sepsis patients most likely

benefit from targeted and novel immunotherapies could be Key to discovering effective

therapies for this syndrome.

[Pathogen [identification in sepsis patients may also help predict the ensuing sepsis
[fésponseé and provide a better course for management with supportive care.
S -/~ S SSRGS - [ i scvvis [ENRRNEY o
the [SOUrCE of pathogen, i.e. whether it is bacterial, fungal or Viral, and [regardless
of the [Bité of infection [107, 115]. [Bacterial and fuangal sepsis generally results in
the activation of pathogen recognition eceptors (PRRS) by pathogen associated
imolecular patterns (PAMPS). Intracellular signalling proceeds to [initiate pro-
inflammatory [cytokineé production and [additional inflammatory Icell recruitment
[20, 115, 116]. Interestingly, studies have shown that [cytokine profiles can differ
and are [dépendent on whether the SOUECE of infection is caused by Gram-positive
or Gram-negative bacteria [117]. In relation to Viral fnsults, the host [MMmMUNE re-
sponse is [initiated by the activation of Type I @/BIENS and IENZy, which then
finitiate pro-inflammatory cytokine and chemokine signalling [118, 119]. A num-
ber of Viruses however can downregulate the activation of IENS and initiate SEpsis
in a [Similaf manner to non-viral pathogens [120], such as the [influénza virus for
lexample, which leads to an inflammatory state through the Upregulation of cyto-
Kines [120].
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Conclusion
From the initial failed studies of strategies to suppress an assumed foveractive sepsis

immune response, to findings of lymphocyte depletion and lexhaustion even in |earlier
phase [$€pSiS, it is now clear that in order to successfully [ifiPEOVE sepsis [Bllicome and

improve long-term survival rates, [ENENROTEOSREGISNONEERENErIEA) |

light of our growing understanding of the pathogenesis of sepsis, relatively new therap-
ies that involve immunomodulating strategies (e.g. mesenchymal stem cells [121]) are
showing great potential in early phase studies and may be promising contenders for
treatment of this devastating syndrome if later phase trials prove successful.
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