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Abstract

Introduction: Sepsis carries a significant burden to health care. Almost a third of
ICU patients have sepsis on admission or develop it during their admission.
Sepsis carries a high mortality and affects all age groups but becomes more
common with a rising mortality in the ageing population. Sepsis accounts for up
to 63% of acute medical admissions to ICU for the age group of >60. Current
treatment remains limited to antibiotics and good supportive care, as the
pathophysiology of sepsis remains somewhat of a conundrum, and outcomes
remain largely unchanged over the last few decades. Thus an improved
understanding of the pathophysiology of sepsis is a prerequisite to the adoption
of novel treatments into clinical practice. This study sought to examine the Tyl
and Ty17 response in adaptive and innate immunity in patients with sepsis. Tyl
response to produce interferon-y (IFN-y) is classically stimulated by IL-12 and
facilitated by the transcription factor T-Bet. Th17 response to produce IL-17A is

classically stimulated by IL-23 and facilitated by the transcription factor RORyt.

Methods: A prospective observational study of T cell immunophenotypes,
followed by cell stimulation to assess the function of these cells (expression of
transcription factors T-Bet and RORyt, and expression of IFN-y and IL-17A) was
performed. Flow cytometry was used extensively. The study compared 30
controls, 30 patients with infection but not sepsis, and 42 patients with sepsis.
The patients with infection were sampled over 2 time points a week apart, and
patients with sepsis were sampled on 4 time points a week apart to assess
changes over time. Cell differentiation status was also examined. Patients who

were immunocompromised were excluded.

Results for adaptive T cell immunity: Circulating CD4* T cells from patients with
infection  predominantly expressed effector-memory or terminally
differentiated phenotypes, while CD4* T cells from patients with severe sepsis
predominantly expressed naive phenotypes (p<0.0001). CD4* T cells expressing
IL-23 receptor were less frequently found in patients with sepsis compared to
patients with infection alone (p=0.007). RORyt expression by CD4" T cells was

less frequent in patients with sepsis (p<0.001), whereas T-Bet expressing CD8* T



cells, that did not express RORyt, were less frequent in the sepsis patients. HLA-
DR expression by monocytes was lower in patients with sepsis. In septic patients

fewer monocytes expressed [L-23.

Results for innate T cell immunity: Mucosal-associated invariant T (MAIT) cell
counts were lower in the septic group (p = 0.002) and the infection group (p <
0.001) than in the control group. MAIT cell T-Bet expression in the infection
group was greater than in the septic group (p = 0.012). MAIT RORyt expression
in the septic group was lower than in the control group (p = 0.003). The natural
killer (NK) cell counts differed in the three groups (p < 0.001), with lower NK cell
counts in the septic group (p < 0.001) and in the infection group (p = 0.001) than
in the control group. The NK cell counts increased in the septic group in the 3

weeks following the onset of sepsis (p = 0.028).

In lymphocyte stimulation experiments, fewer NK cells expressed T-Bet in the
septic group thanin the infection group (p =0.002), and fewer NK cells expressed

IFN-y in the septic group than in the control group (p = 0.002).

Natural killer T (NKT) cell counts were lower in the septic group than both the
control group (p = 0.05) and the infection group (p = 0.04). Fewer NKT cells
expressed T-Bet in the septic group than in the infection group (p = 0.004). Fewer
NKT cells expressed RORyt in the septic group than in the control group (p =
0.003). Fewer NKT cells expressed IFN-y in the septic group than in both the
control group (p = 0.002) and the infection group (p = 0.036).

Conclusion: Persistent failure of adaptive T cell activation was observed in
patients with sepsis. Sepsis was associated with attenuated CD8* Tyl and CD4*
Tul7 based lymphocyte response. In sepsis failure of T lymphocyte activation

may in turn be related to maladaptive responses in antigen presenting cells.

The clinical presentation of infection and or sepsis in patients is linked with a

mosaic of changes in the innate lymphocyte Tyl and Tul7 phenotypes.

The manipulation of the T lymphocyte phenotype offers a potential avenue for

immune modulation in patients with sepsis and warrants further studies.
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Chapter 1

1 Introduction



1.1 Sepsis

Sepsis is defined as life-threatening organ dysfunction caused by a
dysregulated host response to infection [1]. Organ dysfunction is measured
using the Sequential Organ Failure Assessment (SOFA) score and is present when
the SOFA score rises by 2 points or more (Table 1.1). Septic shock is a subdivision
of sepsis which carries a high hospital mortality of more than 39%, and is present
in 10.4% of patients admitted to Intensive Care Units (ICU) [2]. Septic shock is
present when the mean arterial blood pressure requires support by
vasopressors to maintain a mean arterial blood pressure greater than 65mmHg
in the absence of hypovolaemic shock and when the arterial lactate is equal to

or greater than 2 [1].

Sepsis remains a significant burden of medical care for hospital medicine
and accounts for more hospital admissions than stroke or myocardial infarction
[3]. Globally 29.5% of ICU patients have sepsis on admission or develop it during
their admission [4]. Despite improvements in recognition and timely treatment,
sepsis is frequently lethal; sepsis has a mortality of 25.8% in ICU [4], and a
hospital mortality of 17% [5]. With improved supportive care, sepsis mortality
rates in Australia decreased overtime from 35% in 2000 to 18.5% in 2012 [6].
Subsequently sepsis mortality rates have not decreased any further and the Irish
in-hospital mortality rate in 2018 for sepsis was 20.3%, and the in-hospital crude
mortality rate for septic shock was 41.6% [7]. Given the global incidence of

sepsis, this represents a significant societal burden.



Sepsis affects all age groups but becomes more common in the ageing
population. Sepsis accounts for up to 63% of acute medical admissions to ICU
for the age group of >60 [8]. Sepsis is more common in the elderly and mortality
rises with age [9]. In the past 40 years the world population of over 60 year olds
has more than doubled from 382 million in 1980 to 962 million in 2017 and is
predicted to double again in the next 30 years, when it is predicted to reach
nearly 2.1 billion by 2050 [10]. Clearly the burden of sepsis continue to increase
in hospitals and ICUs around the world. In order to reduce this burden novel

sepsis therapies must evolve; therapies based upon an increased understanding

of the pathophysiology of sepsis that may lead to improved outcomes.

Table 1-1 Sequential Organ Failure Assessment (SOFA) score.

SOFA Score
0 1 2 3 4
<200 with <100 with
>400 <400 <300 respiratory respiratory
support support
>150 <150 <100 <50 <20
20-
<20 3 33-101 102-204 >204
. b : Epinephrine or  Epinephrine or
- M7Ag eluzimiliz norepinephrine  norepinephrine
> < se
. <0.1pg/kg/min  >0.1g/kg/min
13-
15 14 10-12 6-9 <6
<110 1117% 171-299 300-440 >440

MAP = Mean Arterial Blood Pressure, GCS = Glasgow Coma Scale



1.1.1 Sepsis Treatment

There have been very few advancements in the treatment of sepsis. The
only current therapy to show improved survival is early administration of
antibiotics [11] and advances in supportive care. It has been shown that the
mortality rate rises for every hour delay in the administration of appropriate
antibiotics in patients with septic shock [12, 13]. Protein C [14], early goal-
directed therapy [15], and low dose steroids [16]; once thought to be beneficial,
have more recently proved to be worthless [17-20]. Trials of different vasoactive
medications [21-23], antithrombin Il therapy [24], intensive insulin therapy [25,
26], and recombinant tissue factor pathway inhibitors [27] have not improved
mortality. Some treatments have been associated with harm such as the use of
starch containing fluid [26, 28]. The use of steroids, although not having an
effect on mortality, has been shown to reduce vasopressor requirements in
patients with septic shock [29]. For now the mainstay treatment of sepsis is early
appropriate antibiotics, correction of hypovolaemia, source control, and organ

support.

The pathophysiological events during sepsis in humans is poorly
understood. Sepsis is alternatively hypothesised as a hyperinflammatory state
or animmune suppressed state, or that the heterogenous presentation of sepsis
is due to a combination of both the aforementioned. As the pathophysiology is
becoming better understood molecules are being developed to affect different
mediators of sepsis. These include cytokines, cell receptors, transcription

factors, coagulation factors, and apoptosis pathways. Therapies to reduce

4



inflammation and therapies that stimulate innate and adaptive immune

responses are currently being studied and being developed.

1.1.2 Sepsis Pathophysiology

When a pathogen invades the human host it displays pathogen-associated
molecular patterns (PAMPs), which include endotoxins, lipids (e.g.
lipopolysaccharide), bacterial DNA, viral RNA, proteins (e.g. flagellin), and
peptidoglycans. These PAMPs bind to receptors on cells of the immune system,
particularly monocytes and macrophages. These receptors are called the
Pattern-Recognition Receptors (PRRs) which includes a family of receptors called

the Toll-Like Receptors (TLRs).

There are 10 members of the TLR family and these receptors are found on
innate cells (macrophages, dendritic cells, and natural killer cells), adaptive
immune cells (some T cells and B cells), and on non-immune cells such as

endothelial cells.

PRRs also bind with Danger-Associated Molecular Patterns (DAMPs) which
are produced by the host from cells which are damaged or under stress such as

heat-shock proteins, high-mobility group box 1 (HMGB1), and S100 proteins.

These PAMPs and DAMPs bind to the PRRs and stimulate the innate
immune response. These herald an inflammatory response which is mediated

by the secretion of pro-inflammatory cytokines, particularly Tissue Necrosis



Factor a (TNF-au), Interleukin (IL)-1, IL-2, IL-6, IL-8, and Interferon y (IFN-y). There
are anti-inflammatory cytokines released as well including 1L-10. Conventional
wisdom holds that there is an initial pro-inflammatory phase closely followed by
an anti-inflammatory phase particularly orchestrated by the adaptive immune
cells. However these phases often coincide, and it is thought that sepsis is a
result of under or overexpression of one of these phases. Septic shock is thought
to be related to pro-inflammatory cytokines such as TNF-a. and IL-1 causing
vasodilation. However there are also theories that vasodilation may be due to
endothelial nitric oxide (NO) expression and that multiorgan failure may be a
consequence of dysregulation of the NO synthesis inhibitor asymmetrical
dimethyl arginine (ADMA) and NO metabolite dimethylarginine
dimethylaminohydrolase Il (DDAH Il). The dysregulation causing loss of the
protective properties of NO and loss of organ vascular autoregulation, leading
to impaired blood flow with endothelial and visceral damage. ADMA levels have
been shown to correlate with sepsis severity and mortality [30, 31]. NO also
regulates immune function and is expressed by macrophages and affects
adaptive immune response. Therefore NO inhibition or interference with its
synthesis could cause immune dysregulation and increase sepsis mortality [32,
33]. In sepsis, patients tend to become oedematous secondary to capillary leak
of fluid from the intravascular space to the extravascular space which also
contributes to hypotension. This is due to endothelial dysfunction and damage
to the glycocalyx [34]. Angiopoietin-2 is a vasoactive cytokine which is thought

to play an important role in the increased permeability of the endothelium [35].



1.2 Human Immune System

The human immune system comprises the innate and adaptive systems.
The innate is the early immune response to infection and the adaptive is later.
The innate immune system is the first line of defence. The adaptive response
requires exposure to a presented antigen to develop an immune response
overtime. This response typically takes approximately one week on the first
exposure to reach maximal response and three days on the second exposure to

reach maximal response.

The innate cells include epithelial and endothelial cells as a barrier,
phagocytes (neutrophils and monocytes/macrophages), antigen presenting cells
(macrophages, dendritic cells), natural killer (NK) cells, eosinophils, mast cells,
innate lymphoid cells, complement, and other immune proteins such as C
reactive protein (CRP). Once a pathogen gets through the first line of barriers
the main line of defence is through the phagocytic cells. Antigen presenting cells
(APCs) produce cytokines and chemokines to initiate inflammation at the site of

bacterial infection.

In the case of viral infection NK Cells kill the viral infected cells. NK Cells
produce IFN-y which in turn activates macrophages. NK cells can be identified by
surface expression of CD56 in the absence of CD3, with most NK cells also
expressing CD16. CD16 is a low affinity receptor for the Fc portion of IgG and
thus is involved in antibody mediated cytotoxicity of cells. If the pathogen then

reaches the blood stream it encounters the complement system circulating in



blood. The complement system then opsonizes the pathogen for phagocytosis,

but can also lyse pathogens.

The adaptive immune response is more specific and develops in response
to exposure to antigens and then responds to subsequent re-exposures with the
same antigens with a quicker more efficient response thanks to the formation
of memory cells. There are two types of adaptive immunity and those are
humoral immunity and cell-mediated immunity. Humoral immunity involves B
lymphocytes producing antibodies primarily to extracellular microbes and
toxins. Antibodies have a very diverse effector mechanism and very diverse
antigen receptors. Cell-mediated immunity involves T lymphocytes. T cells
primarily deal with intracellular infections but are also involved in dealing with
extracellular pathogens by recruiting leukocytes and interacting with B cells in
production of antibodies. T cells recognise foreign peptides bound to cell surface
proteins called major histocompatibility complex (MHC). T cells only react to
antigens bound to MHC molecules on antigen presenting cells (APCs) and not to
antigens in free fluid or on pathogens. T cells either help phagocytosis or induce

cell death of an infected cell. T cell receptors are specific for MHC molecules.

There are two classes of MHC molecules on human cells. Class | MHCs are
expressed on all cells with a nucleus and comprise three isotypes HLA-A, HLA-B
and HLA-C. MHC molecules are highly polymorphic and every cell can express
six different class | MHCs. Class || MHCs are expressed mainly on the antigen
presenting dendritic and macrophage cells and on B cells. Humans inherit three
or four alleles from their parents and thus these cells can express more than 8

class Il MHC isotypes. These are DPA and DPB, DQA and DQB, DRA and DRB. Thus
8



these cells express MHC complexes named HLA-DP, HLA-DQ, and HLA-DR
respectively. Cytotoxic (CD8*) T cells are class I-restricted and thus kill cells that
present pathogen antigens or tumour antigens on their cell surfaces via MHC
class | molecules. Helper (CD4*) T Cells are class ll-restricted and thus interact
with few types of cells. When they interact with dendritic cells, acting as antigen
presenting cells, the naive T cells differentiate into mature helper T cells. Then
these mature helper T cells interact with macrophages inducing their function
to increase phagocytosis and elimination of extracellular pathogen. The mature
helper T cells can also interact with the class I MHC molecules on B cells to
promote antibody production and to help eliminate extracellular pathogens.
MHC class | expression is upregulated by cytokines such as IFN-a., IFN-, and IFN-
y. These cytokines are produced during the early innate immune response
priming infected nucleated cells to be recognised by cytotoxic T cells. IFN-y also

upregulates class Il MHCs in antigen presenting cells.

1.3 T Cells

T cells are produced in the bone marrow and then mature in the thymus.
T cells can be identified for immunophenotyping by the cluster of differentiation
(CD) 3 molecule present on its cell surface. Thus T cells are identified as CD3*
cells. There are two main types of T lymphocytes. There are adaptive T cells and
innate T cells. Adaptive T cells mainly consist of helper T cells and the cytotoxic
T cells. Helper T cells secrete cytokines in response to being stimulated.

Cytotoxic T cells destroy cells that present viral or tumour antigens on the cell



surface. Further subsets of helper T cells exist which include Tyl, Tu2, Tul7,

regulatory T cells (Treg), and follicular helper T cells (Ten).

Innate T cells include natural killer T cells, invariant natural killer T cells,
gamma-delta T cells, and mucosal-associated invariant T (MAIT) cells. While
adaptive T cells recognise peptide antigens presented by MHC molecules, innate
T cells recognise non-peptide antigens; such as lipids, phosphates and other
metabolites; presented by other antigen-presenting molecules such as CD1,

Butrophilin 3A1, and MR-1.

Antigen presenting cells present antigens to the T cells to initiate the
adaptive response, in particular dendritic cells and macrophages do so. A
dendritic cell can influences a helper T cell to become an IFN-y producing cell

(Tul) or an IL-17 producing cell (Th17) via the selective secretion of cytokines.

1.3.1 HelperT Cells

Helper T cells can be identified for immunophenotyping by the CD4
molecule present on its cell surface. Thus helper T cells are identified as
CD3*CDA4* cells. They express antigen receptors called a3 T cell receptors (TCRs).
When CD4* T cells are activated they produce IL-2 which stimulates clonal
expansion of T Cells specific to that antigen. These naive T cells then become
effector cells. Effector cells can secrete other cytokines and migrate to the sites
of infection. Some CD4* T cells recruit leukocytes and aid in phagocytosis and

others help B cells produce immunoglobulin (Ig) E to activate eosinophils.
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1.3.1.1 TulCells

Thl cells are a subset of CD4* effector cells. These cells produce IFN-y, IL-
2, and TNF-o.. The main transcription factor in these cells is T-Box expressed in T
cells (T-Bet). Its primary role is to activate macrophages to increase phagocytosis
activity. They also promote the cytotoxic activities of CD8" T cells and NK cells.
They are found at the site of infection, to which they migrate due to the
chemokine receptors CCR5 and CXCR3. These chemokines are produced by
innate immune cells. Endothelial cells at the site of inflammation express E-
selectin and P-selectin for which Tu1 cells express ligands which assist movement
of the cells into areas of inflammation. IFN-y itself amplifies differentiation into
Tul cells and inhibits differentiation into Tu2 or Ty17 cells subtypes. Tul cells are
particularly effective against intracellular pathogens. Innate immune reactions
to intracellular infection causes IL-12, IL-18, and IFN-y to be produced which
stimulates helper T cell differentiation into the Tul subtype. T-Bet is the
transcription factor that directs the production of IFN-y, but also IFN-y has a

positive feedback to increase T-Bet activity.
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1.3.1.2 Tu2Cells

Tu2 cells are a subset of CD4* effector cells. These cells produce IL-4, IL-5,
and IL-13. The main transcription factor in these cells is GATA binding protein 3
(GATA-3). The main role of these cells is in response to parasite infection, and
they play a role in B cell differentiation and antibody production. Tu2 cells
express the chemokine receptors CCR3, CCR4, and CCR8. These chemokines are
usually found at high levels at sites of helminth infections or allergic reactions. It
is thought that IL-4 is produced by mast cells and other innate cells to stimulate
differentiation towards the Tuy2 subset. IL-4 then produced by Ty2 cells has a
positive feedback and amplifies differentiation of Helper T cells into this subtype,
while suppressing Tyl and Ty17 differentiation. Tu2 cells induce IgE, mast cell,

and eosinophil mediated immunity.

1.3.1.3 Tul7 Cells

Tul7 cells are a subset of CD4* effector cells. These cells produce IL-17, IL-
21, and IL-22. The main transcription factor in these cells is retinoic acid-related
orphan receptor yt (RORyt). Th17 cells express the chemokine receptors CCR6.
CCR®6 binds to the chemokine CCL20, which is produced by macrophages and
some tissue cells. IL-21 produced by Ty17 cells exerts a positive feedback and

amplifies differentiation of Helper T cells into this subtype. This Ty subset has a
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role in attracting leukocytes and inducing inflammation in response to
extracellular bacteria (such as Klebsiella and Citrobacter) and fungi (such as
Candida). It also plays a role in autoimmunity and it has a role in anti-
inflammation. Dendritic cells produce IL-1 and IL-6 which are inflammatory
cytokines and directs differentiation of helper T cells to the Ty17 subset. The
dendritic cells produce IL-23, this is important in proliferation and maintenance
of the Tyl7 population[36]. Transforming growth factor B (TGF-B), an anti-
inflammatory cytokine, promotes Tyl7 differentiation. TGF-B, IL-6, and IL-1
activate the transcription factors RORyt and STAT3 which in turn are responsible

for the effects of this cellular subtype.

[L-17 is a family of 6 cytokines. Ty17 cells produce IL-17A through to IL-17F
of which [L-17A is thought to be the more important cytokine in immunity. IL-17
receptors are found on many cell types but their effects are largely unknown.
Tul7 are the most important helper T cells in recruiting neutrophils to the site
of tissue infections. IL-17 stimulates the production of chemokines and cytokines
to mobilise neutrophils and monocytes to the area of inflammation where
neutrophils phagocytose bacteria and fungi. IL-17 stimulates production of
defensins which are antimicrobial peptides belonging to the innate immune
system. IL-22, produced by Tyl7 lymphocytes, is a cytokine which maintains
endothelial integrity and production of antimicrobial peptides. It is important in
the first line of defence of the innate immune system which is the barrier
defence of the epithelium. IL-22 can also induce inflammation by stimulating

production of chemokines by epithelial cells.
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1.3.1.4 Regulatory T Cells (Treg)

Treg cells are CD4*. They also express afp TCRs. The main transcription
factor in these cells is Forkhead Box P3 (FOXP3). The immune response is
inhibited by T.g cells. Helper T cell and cytotoxic T cell activity are
downregulated by producing transforming growth Factor B (TGF-B) and IL-10. It
is thought that Treg cells may suppress dendritic cell and B cell activity also. Treg
cells may also exhibit immune suppression by cytolysis with perforin or
granzymes. Treg Cells may also consume IL-2 and hence deprive immune cells of

[L-2 stimulation [37].

1.3.1.5 Follicular Helper T Cells (Ten)

Follicular helper T cells are a specialised subset of helper T cells. They
migrate to the germinal centres of lymph node follicles where they interact with
B cells. The main transcription factor in these cells is B cell ymphoma-6 (BCL-6).
They produce IL-21 to support production and differentiation of B cells into

antibody-producing plasma cells. They also aid in class-switching of B cells.
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1.3.2 Cytotoxic T Cells

Cytotoxic T Ilymphocytes (CTLs) can be identified as CD3*CD8&*
lymphocytes. Activated CD8* T Cells cause cell death of infected cells. They

express oy TCRs.

Naive CTLs can interact with antigens but need to differentiate and
proliferate to be able to display activity. Specialised dendritic cells internalise
viruses and cross-present the antigens via MHC class | to the naive CTL. Helper T
cells may be needed in where innate immune response is weak such as in latent
infections. Helper T cells can stimulate CTL differentiation via the secretion of
cytokines IL-2, IL-12, IFN-y, IL-15, and IL-21. Differentiated CTLs have lysosomes
containing proteins such as perforin, granzymes, and cytokines. These
lysosomes release their contents and destroy targeted cells. Differentiation
relies on the transcription factors T-Bet and eomesodermin to produce these

lysosomes.

CD8" effector T cells can produce IFN-y similar to Tyl cells. CD8" T cells can
also produce cytokines that are typically associated with Tul, Tu2, and Tu17 cells;
and have been termed Tc1, Tc2 and Tc17 cells. CD8* T cells can also differentiate

into memory cells.
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1.3.3 T Cell Differentiation

Dendritic cells express foreign peptides via the MHC molecules on their
cell surfaces. They present them to T cells in lymphoid tissue (lymph nodes and
spleen) where naive T cells are circulating through. APCs also produce other
molecules on their cell surface in response to a foreign antigen called co-
stimulators. Only once the MHC complex presenting a foreign peptide is present
with a co-stimulator on the APC cell surface will a naive T cell respond. Thus
there must be intact APC function to stimulate T cell differentiation.
Macrophages and B cells also present antigens to T cells. Macrophages present
antigens to helper T cells at the site of infection which in turn further activates

the macrophage to enhance pathogen eradication.

A naive T cell is a mature T cell that has yet to be stimulated by its antigen.
Naive T cells express IL-7 receptors as IL-7 promotes their survival. Naive cells
express a protein called CD45RA, whereas effector and memory cells express
CD45RO0. Naive T cells also have a high amount of the chemokine receptor CCR7
(or CD197) which homes the naive T cell to lymph nodes via chemokines in the
high endothelial venules, just as it does for dendritic cells. Once a naive T cell is
activated to differentiate into an effector T cell, it can then mediate pathogen
elimination. MHC and antigen recognition is required for the naive T cell to
mature and differentiate along with a co-stimulator as previously mentioned.
This ensures that the differentiated T cells will only recognise MHCs bound with
an antigen. These differentiated T cells will only recognise the specific antigen

with that MHC complex type and results in what is called MHC restriction. IL-2 is
16



produced when the naive helper T cell is activated. IL-2 stimulates proliferation
and differentiation of the naive T cell. IL-2 also stimulates Treg cells and thus also
suppresses immune response. Naive T cells then proliferate into effector and
memory T cells. The expanding population of effector and memory T cells are

antigen-specific. This process is called clonal expansion.

Effector helper T cells can then produce a wide array of cytokines. Effector
cytotoxic T cells develop cytoplasmic granules to be able to destroy infected
cells. Most effector T cells have a short life span and they do not have IL-7
receptors. Effector cell expression of CCR7 is much reduced so that the T cell
remains in the circulation and a change in chemokine receptor expression

attracts it to chemokines expressed at infected sites.

Memory T cells are T cells which may survive for long periods of time and
express high levels of IL-7 receptors. In humans effector and memory T cells can
be hard to distinguish. There are two subsets of memory cells: central memory
and effector memory T cells. Central memory T cells express high levels of CCR7
which homes them back to lymphatic tissue providing a longer term response
whereas effector memory T cells produce low levels of CCR7 but they do have
other chemokine receptors which tend to home them to peripheral tissue where
they can produce cytokines in response to antigen stimulation. Central memory
T cells have limited effector functions but proliferate quickly in response to
repeat exposure to an antigen. Effector memory T cells produce cytokines or
become cytotoxic in response to repeat antigen exposure. They have limited

proliferation capacity.
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The function of the differentiated cells is determined by gene expression
and transcription factors. Effector helper T cells can express IFN-y, IL-4 and IL-17

which depends on their transcription factors T-Bet, GATA-3, and ROR

respectively. These effector helper T cells are Tul, Tu2, and Twyl7
respectively. These subsets of helper T cells have different function and cytokine

production in response to different pathogens.

1.3.4 Innate T Cells

Innate T cells are not MHC-restricted and recognise antigens by MHC-like
antigen-presenting molecules, such as CD1 and MR1. Innate T cells include
natural killer T cells, gamma-delta T cells, and mucosal-associated invariant T
(MAIT) cells. These cells can undergo expansion without prior antigen exposure

[38].

1.3.4.1 Natural Killer T Cells

Natural killer T (NKT) cells are a group of cells that express ap or y& TCRs
and NK cell markers such as CD56 and CD161. Some NKT cells express CD4 or
CD8 while others express neither (CD4°CD8"). NKT cells can be activated through

their TCR or through cytokine receptors. They are cytotoxic T cells that can be
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rapidly activated without the need for prior antigen priming. They are also rapid
and potent producers of cytokines that are usually produced by Tul, Tu2, Tul7,
and Teg cells; and therefore play important roles in polarising adaptive immune
responses. Two classes of NKT cells are studied in the present investigation. The
firstis a subset of T cells that express an invariant TCR a-chain (Va24Ja18) which
recognises glycolipid antigens presented by the MHC class I-like antigen
presenting molecule CD1d. These cells are termed ‘invariant NKT (iNKT) cells’ in
this thesis. iNKT cells generally account for 0.01-1% of peripheral T cells but are
enriched in tissues, such as the liver and adipose tissue. They play important
roles in anti-tumour immunity and protection against infectious and
autoimmune disease and are under investigation as cellular therapies for cancer.
The second group of NKT cells express diverse TCRs and include MHC-restricted
and CD1d-restricted T cells, including some iNKT cells. These cells are defined
by the co-expression of CD3 and CD56, and account for about 5% of circulating
T cells but are enriched in the liver. In this thesis NKT cells are defined as CD56*

T Cells and iNKT cells are defined as Va24Jal18* T cells.

1.3.4.2 Mucosal-Associated Invariant T Cells

MAIT cells are specific for microbial riboflavin-derivative antigens
presented by the MHC class I-like protein MR1. MR1 binds to metabolites of
Vitamin B and thus reacts to pathogens that metabolise Vitamin B including a

wide range of bacteria and yeast. MAIT cells have limited TCR variability but they
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can be activated by TCR and non-TCR pathways. MAIT cells react rapidly, similar
to the other cells of the innate immune system. With TCR activation MAIT cells
proliferate and produce cytokines and develop a cytotoxic effector function.
Most MAIT cells produce TNF and IFN-y but some of the population can produce
IL-17A and IL-22. MAIT cells can co-express RORyt and T-Bet transcription
factors. MAIT cells express cytokine receptors for [L-1, IL7, IL-12, IL-15, IL-18, and
IL-23. These cytokines can stimulate MAIT cells. Different combinations of
cytokine stimulation induces the MAIT cell to produce different cytokines [39].
Most interpretation of MAIT function in infection is derived from studying mice.

There are very few studies of MAIT cell response in infection in humans.

1.3.4.3 Gamma Delta T Cells

Gamma delta T (yOT) cells express y& TCRS and normally account for
approximately 5% of circulating T cells. They can recognise non-protein antigens
without the involvement of class | or class Il MHC molecules. y&T cells recognise
antigens in the form of lipids and a number of metabolites. The function of y&T
cells is poorly understood, they produce perforin, granzymes, TNF-related
apoptosis-inducing ligand (TRAIL) and a number of cytokines such as IFN-y, TNF-
a, and IL-17 [40]. There is great variation in the distribution of y&T cells in
different species. y8T cells are subdivided based on their TCR V region. The
subdivisions include V61, V62, and V83 T cells. V62 cells make up the majority of

circulating yoT cells in humans. The other two subsets are found at low
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frequencies in circulating blood in humans but they make up a large proportion
of the lymphocytes found in epithelial regions in the skin, respiratory, and
gastrointestinal tracts[41]. The V81 T cell receptor can recognise the MHC class
| chain-related proteins A and B (MICA and MICB) expressed by virus-infected
and tumour cells; and can recognise CD1c and CD1d molecules presenting lipid
antigens. The V62 T cell receptors recognise (E)-4-Hydroxy-3-methyl-but-2-enyl
pyrophosphate (HMB-PP), an intermediate in the non-mevalonate pathway of
isoprenoid synthesis found in some bacteria and protists. The antigens
recognised by V63 T cells are poorly described, but one study has shown that
some recognised lipid antigens presented by CD1d [42]. yO T cells produce
cytokines and induce cytotoxicity in an infected cell [43]. V&1 and V&2 secrete
chemokines and cytokines which stimulate antigen presenting cells, phagocytic
cells, B cells, and other T cells. Little is known of V63 cells but they have been

shown to induce maturation of dendritic cells and B cells.

1.4 B Cells

B cells respond to foreign protein antigens once signalled to do so by
helper T cells. These B cells differentiate mainly into IgM antibody-secreting
plasma cells, which can then class-switch with the action of helper T cells to
produce 1gG, IgA, and IgE. Helper T cells are also involved in affinity maturation
of antibodies to improve the humoral immune response. Immunoglobulins can
bind to pathogens to stop them infecting cells, can bind to pathogens and

present them to macrophages, neutrophils, mast cells, eosinophils and NK cells,
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and can activate the complement system. Memory B cells are produced and
enhance reaction to subsequent infections from the same pathogens in the

future.

1.5 Cytokines

Cytokines are signalling proteins secreted by cells that induce or inhibit
activity of the cells of the innate and adaptive immune system. Cytokines
influence the cell once bound to the receptor for that cytokine. Chemokines are

a subset of cytokines that encourage migration of immune cells.

1.5.1 Cytokines in Sepsis

As part of the innate response macrophages and dendritic cells produce
TNF, IL-1, and IL-6. These cytokines act locally and cause inflammation. TNF is
produced in response to PAMPs and DAMPs. Septic shock is thought to be
mediated by a combination of cytokines but in particular TNF-ou [44]. If TNF is
produced in large enough quantities it is thought to be responsible for some of
the clinical findings in septic shock. It can inhibit myocardial contractility leading
to a septic cardiomyopathy; It can cause a disseminated intravascular
coagulopathy by stimulating endothelial cell expression of tissue factor.

Endotoxins leading to TNF production via TLRs as well as other cytokine

22



production such as IL-1, IFN-y, IL-12 can lead to septic shock. However, TNF-a
also plays a protective role in sepsis and is involved in limiting the spread of
infection. There has been interest in the use of the use of anti-TNF-a treatments
in septic shock with mixed results and has not lead to the use of these therapies
in septic shock, although further exploration of TNF-a blockade with monoclonal

antibodies is likely to be undertaken [45].

IL-1 is produced by many cells including macrophages, neutrophils,
epithelial and endothelial cells. IL-6 production from monocytes and endothelial
cells is stimulated by PAMPs, IL-1, and TNF. TNF and IL-1 cause pyrexia by acting
at the hypothalamus. IL-1 and IL-6 act at the liver to produce acute phase
proteins such as CRP. While IL-6 has pro-inflammatory properties is also has anti-
inflammatory properties by inhibiting release of IL-1 and TNF-a.. IL-12 is
produced by dendritic cells and phagocytes. [L-12 stimulates Tyl cellular
differentiation and natural killer cells to produce IFN-y. The role of IL-12 in sepsis
is not fully understood. IFN-y is an important cytokine in the response to intra-
cellular infection and macrophage function. While IFN-y is detectable in sepsis
IFN-y has been shown to improve macrophage function in sepsis in murine

models [46].

In 1996 the production of inflammatory cytokines in response to infection
as a cause of sepsis was called a cytokine storm [47]. This term was abandoned
when it was subsequently shown that anti-inflammatory cytokines are produced
in tandem to counteract the effects of pro-inflammatory cytokines and may be

responsible for development of sepsis through immunosuppression. These anti-
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inflammatory cytokines include IL-10, TNF receptor antagonists, IL-1 receptor

antagonists, IL-4, and transforming growth factor  [48].

The role of IL-17 in human sepsis is unknown. It has been studied in murine
models of sepsis and found to be important in prevention of infection but some
have hypothesised that it is raised in sepsis. IL-17 stimulates release of
chemokines to attract neutrophils, it aids neutrophils in phagocytosis, and it is
important in mucosal endothelial function. It is important in bacterial, viral,

fungal, and parasitic infections [49].

1.6 Hypothesis

The working hypothesis for the research presented in this thesis is that in
sepsis the Tyl and Twl7 immune response is that of an underactive immune
response rather than an overactive immune response as hypothesised in other
works. Specifically the Tyl7 response has been suggested as being a cause of
sepsis in murine models [50] however we know that murine models of immunity
often do not translate to human immunity. For example mice do not have V62
cells and so it is difficult to compare innate immunity. IL-17A has been shown to
be higher in bronchoalveolar lavages of patients with ARDS and associated with
higher sepsis scores [51]. Crucially no work has been done to compare the
human response to infection in patients who do not develop sepsis to those who
do develop sepsis and the hypothesis was that the response to infection may

have an increased Tyl and Tul7 when compared to the response in sepsis. We
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hypothesised that there may be a problem with T cell differentiation whether it
be a problem with antigen presentation or an inherent issue with the T cells

themselves.

1.7 Objectives

The objective is to examine the role of Tyl and Thl7 lymphocyte responses

in human infection and sepsis of elderly patients.

The method to meet this objective is to compare adaptive and innate Tul
and Tul7 responses in controls, patients with infection but not sepsis, and

patients with sepsis using flow cytometry. This is examined in the following ways:

1) To compare IL-12 and IL-23 production.

2) To compare monocyte HLA-DR expression to examine antigen presentation

to T cells.

3) To compare frequency and numbers of T cell subsets.

4) To compare IL-12 receptor and IL-23 receptor expression on these T cells.

5) To compare differentiation status of these T cells.

6) To compare transcription factor expression of T-Bet and RORyt in these T cells

to infer potential to produce IFN-y and IL-17A respectively.
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7) To stimulate T cells to assess their actual production and potential production

of IFN-y and IL-17A.

Ultimately the overall objective is to assess if there is a problem with Tyl and
Tul7 responses in sepsis to see if further studies are warranted to consider this

immune response as a potential target for immunotherapy in sepsis.
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Chapter 2

2 Materials and Methods
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2.1 Materials

Several types of equipment, consumables, reagents, and fluorochrome-
conjugated monoclonal antibodies were used for the experiments as part of this
thesis. Equipment used in these experiments are listed in Table 2-1.
Consumables used in these experiments are listed in table 2-2. Reagents used in
these experiments are listed in table 2-3. The fluorochrome-conjugated

monoclonal antibodies used in these experiments are listed in table 2-4.
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Table 2-1 Equipment and software used

Balance

Centrifuge

Haemocytometer

CO2 Incubator

Flow Cytometer

Flow Jo

GraphPad Prism

Laminar air flow Class Il
safety Cabinet
Laminar air flow Class Il

safety Cabinet

Microscope

Multichannel pipette

Pipettes p20, p100,
p1000

Vortex

Vortex

Water bath

Adventurer Pro
Eppendorf 5810 and
5415D

Kova Slides

Heracell 150i

FACSCanto™ Il +
FACS Diva Software

v10.2

v6

CleanAir MSC BSS6-2

MSC 1.2

Inverted: IX51

Finnpipette F1

Labmate pro

Vortex Genie

IKA vortex Genius 3

Grant
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Ohaus, NJ, USA
Eppendorf, Hamburg,

Germany

Hycor Biomedical, IN,

USA

Thermo Fisher Scientific,
MA, USA

Becton Dickinson,
Oxford

Treestar Incorporated,
NJ, USA

GraphPad Software
Incorporated, CA, USA
Thermo Fisher Scientific,
MA, USA

Thermo Electron LED
Gmbh, Germany
Olympus Corporation,
Japan

ThermoFisher Scientific,
USA

HTL lab solutions,
Poland

Scientific Industries, NY,
USA

Sigma-Aldrich, UK

Fisher Scientific, PA, USA



Table 2-2 Consumables

Biohazard bin liners

Flow cytometry tubes — FACS

Canto

FACS Clean Solution

FACS Flow Sheath Fluid

FACS Shutdown Solution

Nitrile Gloves, large
Maxisorp ELISA plates
P10 pipettor tips
P200 pipettor tips
P1000 pipettor tips
Plastic pipettes, 3ml

Plastic pipettes, 5ml

Sharps bins

Tubes, 0.5ml
Tubes, 2ml
Tubes, 5ml
Tubes, 15ml
Tubes, 50ml

Tissue Paper

Waterbath Treatment

Fisher Scientific

Fisher Scientific

BD Biosciences, Oxford,
UK

BD Biosciences, Oxford,
UK

BD Biosciences, Oxford,
UK

Fisher Scientific
Thermo-Scientific Nunc
Sarstedt

Sarstedt

Fisher Scientific
Sarstedt

Corning

Fisher Scientific

Sarstedt
Sarstedt
Sarstedt
Sarstedt

Sarstedt

Fisher Scientific

Sigma-Aldrich
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11-889-5

12650366

340345

342003

334224

19041171D
442404
70.1130
70.760.002
FB78084
86.1171.010
PNSEL
SAT-641-
060M
72.730.006
72.694.006
62.558.201
62.554.502
62.547.254
CMC-716-
021F

$5525



Table 2-3 Reagents

Acridine Orange

BD FACS™ lysing solution

Bovine Serum Albumin

Brefeldin A

Cytometer setup and tracking
research beads

Ethanol 95%

Ethidium Bromide

Foetal Bovine Serum, Hyclone
FoxP3 Staining Buffer Set

Hepes

lonomycin

Lightning-Link® Fluorescein Labelling
Kit

Lipopolysaccharide

Live/Dead Fixable Aqua Dead Cell
Stain

Live/Dead Fixable Near Infrared Dead
Cell Stain

Lymphoprep™

OneComp beads
Paraformaldehyde 4% in PBS
Penicillin/Streptomycin
Phosphate Buffered Saline, sterile
Phorbol 12-myristate 13-acetate
(PMA)

RPMI medium 1640 (1x) +
Glutamax™:-|

Saponin

Sodium Azide

Sigma-Aldrich
BD Biosciences
Fisher Scientific
eBioscience

BD Biosciences

Sigma-Aldrich
Alfa Aesar
Thermo Scientific
Miltenyi Biotec
Gibco
Sigma-Aldrich

Innova Biosciences

Ltd
Sigma-Aldrich

Thermofisher

Thermofisher

Biosciences
eBioscience
Sata Cruz, USA
Gibco

Gibco

Sigma-Aldrich

Gibco

Sigma-Aldrich
Sigma-Aldrich
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A6014
349202
BPE-9703-100
00-4506-51

655050

1239-45-8
SH3 071.03
130-093-142
15630056
10634

707-0030

L34957

L34976

1114547
01-1111-42
Sc-281692
15140122
14190094

P1535

61870010

S7900
S8032



Table 2-4 Fluorochrome-conjugated monoclonal antibodies

Miltenyi Biotec CD4-Viobright FITC Human REA623
Surrey, UK CD197 PerCP-Vio700 Human REA546
CD56-Viobright FITC Human AF12-7H3
CD19-APC-Viobright Human LT19
CD45RA-PE-Vio770 Human REA562
IL-12R 32-APC Human REA333
CD3-APC-Vio770 Human REA613
CD27-VioBright FITC Human M-T271
CD27-FITC Human REA499
TCR-V61-PerCP-Vio 700 | Human REA173
TCR-V62-VioBlue Human 123R3
TCR-V62-VioBlue Human REA771
CD161-VioBright FITC Human REA631
CD161-FITC Human 191B8
CD8 (BW135/80)-APC- Human BW 135/80
Vio770
CD3-VioGreen Human REA613
TCR-V a7.2-VioBlue Human REA179
CD3-VioBlue Human BW264/56
iNKT-PE-Vio770 Human 6B11
CD14-FITC Human TUK4
CD14-FITC Human REA599
CD25-VioBright FITC Human 4E3
CD4-PerCP-Vio700 Human REA623
CD127-PE-Vio770 Human REA614
IFN-y-PE Human REA600
ROR vy (t)-PE Human REA278
HLA-DR-PerCP-Vio700 Human REA805
CD56-PerCP-Vio700 Human REA196
CD16-PE-Vio770 Human REA423
CD8-PE-Vio770 Human REA734
IL-12(p35/p70)-APC Human REA121
IL-17A-APC Human Cz8-23G1
T-BET-APC Human REA102
CD19-VioBlue Human LT19
R&D Systems IL-23R PE Human 218213
Minnesota, US  IL-23 p19 PE Human 727753
Beckman V&3 FITC Polyclonal,
Coulter, High conjugated
Wycombe, UK in house
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2.2 Methods

2.2.1 Ethical Approval

This research was carried out in accordance with the Declaration of
Helsinki ethical guidelines for medical research involving human subjects. Ethical
approval was granted by the St James’s Hospital and Adelaide, Meath and
National Children’s Hospitals Research Ethics Committee (SJH/AMNCH). The REC
reference is “2015-03 Chairman’s Actions (9).” All specimens were collected
after patient information leaflets were distributed and with prior informed
written consent, from patients attending St James’s Hospital, or from healthy
age- and sex-matched donors. Where patients did not have capacity to consent,
assent was provided by the next of kin and patients were subsequently

consented when they regained capacity.

2.2.2 Stages of this Study

The study was comprised of two stages. The first stage was an
immunophenotyping study to examine the phenotype of the T cells circulating
in blood in the different groups of patients and controls. The first stage
concentrated the state of differentiation of the cells and on the presence of IL-
23 receptor and IL-12 receptor. The second stage of the study used in vitro

stimulation of PBMCs to examine the response of these cells to stimulation. This
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primarily focused on expression of cytokines IL-23 and IL-12 by antigen
presenting cells which stimulate the Tw17 and Tyl responses respectively. T cell
expression of cytokines IFN-y and IL-17A and T cell expression of transcription
factors RORyt and T-Bet was examined. The study was performed over a two-

year period from 2016 to 2018.

2.2.3 Subjects

Demographic data and clinical information were collected from the
subjects (Table 3-1). For the purposes of this study we examined three groups
of patients. The first group of interest were patients with sepsis. The second
group of patients were patients with infection but not sepsis. The third group
were controls. It was of particular interest to see if there was a difference in
immune response between the patients with infection on the wards and the

patients with sepsis in intensive care.

In the first stage of the study, immunophenotyping, a total of 42 septic
patients, 30 patients with infection but not sepsis, and 30 controls were
recruited. The patients in the sepsis group were recruited from the general
intensive care unit (ICU) in St James’s Hospital, according to the Sepsis 3 clinical
criteria [1]. Blood samples were taken within 72 hours of admission and weekly
thereafter for a further 3 samples or until death or discharge from hospital.
Mortality was defined as mortality while in ICU but was also recorded as

mortality in that hospital admission. The occurrence of secondary infections was
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recorded. The patients in the infection group were recruited from the general
hospital wards in collaboration with the clinical microbiology service. Blood
samples were taken within 72 hours of positive cultures and a second blood
sample was taken a week later unless the patient died or was discharged from
hospital. The healthy control group was recruited from the community and the
subjects did not have any current or recent infections. One blood sample was

taken for each control subject.

In the second stage of the study, cell stimulation, blood samples were
taken at one time point within a median of 5 days of onset of illness in the septic
group, within 3 days of confirmation of infection in the infection group, and

without infection in the control group.

Exclusion criteria in both parts of the study for all three groups were
applied which included pre-existing immunodeficiency, immuno-modulating
medications including steroids, chronic infection, malignancy, pre-existing liver

disease, and any haematological disease.

2.2.4 Immunophenotyping Study

3mls of blood was collected in an EDTA Vacutainer™ tube for each patient.
Samples were brought to the laboratory and processed immediately.
Fluorochrome-conjugated monoclonal antibodies (mAb) specific for human cell-
surface receptors, transcription factors and cytokines and their sources are
listed in Table 2-4. Cocktails of up to 8 mAbs for flow cytometry were made up
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in 50ul PBA buffer (Phosphate Buffered Saline with 1.5% Bovine Serum Albumin
and 0.02% sodium azide). 100 uls of fresh whole blood was added to a flow
cytometry tube per antibody panel. 50ul of LIVE/DEAD Fixable Aqua Dead Cell
Stain (Molecular Probes) diluted in PBS (Phosphate Buffered Saline) was added
to the blood, vortexed, and incubated in the dark for 15 minutes at room
temperature. The antibody cocktail of interest was then added to the sample,
vortexed, and incubated for 15 minutes in the dark at room temperature. Red
cells were then lysed by adding 1ml of BD FACS™ Lysing Solution to each tube,
vortexing the tube, and incubating in the dark for 15 minutes at room
temperature. Cells were washed with 1ml of PBA, the sample was centrifuged at
1500rpm for 7 minutes. The supernatant was discarded. The samples were then
washed with 2mls PBA per tube, vortexed, and centrifuged at 1500 rpm for 7
minutes. The supernatants were discarded and the samples were resuspended
with a small amount of PBA, vortexed, and then acquired immediately with a BD
FACSCanto™ |l flow cytometer. The samples were kept cool and acquisition was
completed within 2 hours. One patient sample in the infection group was not
possible to analyse most likely due to a very high bilirubin level causing
autofluorescence. Absolute cell counts were determined from cell frequencies

and whole blood counts obtained at the time of blood sample collection.
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2.2.5 ExVivo Cell Stimulation Study

15mls of blood was collected in EDTA Vacutainers™ for each patient.
Samples were brought to the laboratory and processed immediately. They were
processed under sterile conditions in a biosafety cabinet with sterile materials.
Peripheral blood mononuclear cells (PBMCs) were prepared (see section

2.2.5.1). PBMC cell count was then performed (see section 2.2.5.2).

Wells intended for stimulating cells with CD3/CD28 were prepared in a 96
well flat bottomed microtiter plate >24 hours prior to the experiment. 0.05 pl
of pure functional grade CD3 mAb (clone OKT3; Miltenyi Biotec) and 0.05 pl of
pure functional grade CD28 mAb (clone 15E8; Miltenyi Biotec) in 100 pl of
phosphate buffered saline were added to each well and incubated at 37°C and
5% CO,. These wells were then aspirated and washed once with 100 ul PBS and

aspirated prior to adding the cells for stimulation.

0.5 million cells were added to each well of the 96 well flat bottomed
microtiter plate in 200ul of RPMI. Wells intended for stimulation with Phorbol
Myristate Acetate (PMA) and lonomycin had 50ng/ml PMA and 1 ug/ml
lonomycin added to them. Wells intended for lipopolysaccharide (LPS)

stimulation had 10 ng/ml LPS added to them.

Wells intended for intracellular staining for [L-23, IL-12, IL-17A, and IFN-y
had 10 pg/ml Brefeldin A added to them to prevent cytokine release from the
cells.

The cells were then stimulated for 5 hours at 37°C and 5% CO2.
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Antibody panels were prepared for extracellular staining and made up to
50 uls with PBA per sample. Antibody panels were prepared for intracellular
staining and made up to 50 pl with 0.2% saponin (in PBA buffer) for IL-12, I1L-23,
IL-17A, and IFN-y per sample. Antibody panels for intracellular staining of RORyt
and T-Bet were made up to 50 ul with Permeabilization Buffer (Miltenyi FoxP3

Staining Buffer Set).

Cells from the wells were transferred to flow cytometry tubes. 1ml
phosphate buffered saline was added to the tubes and they were centrifuged at
1500rpm for 5 minutes. The supernatant was discarded and they were
resuspended in 100ul of Thermofisher LIVE/Dead Fixable Near IR Dead Cell Stain,
vortexed, and incubated for 15 minutes in the dark at room temperature. 1ml
PBA was added and centrifuged for 5 mins at 1500 rpm. The supernatant was
discarded and the cells were resuspended in the 50 ul extracellular antibody
panels, vortexed, and incubated for 15 minutes in the dark at room temperature.
1 ml PBA was added to the tubes and centrifuged at 1500rpm for 5 minutes. The

supernatant was discarded.

For intracellular staining of RORyt and T-Bet the Miltenyi FoxP3 Staining
Buffer Set and protocol was used. The cells were fixed by resuspending in 1 ml
of Fixation/Permeabilisation solution, vortexing and incubating for 30 minutes.
1ml PBA was added and centrifuged for 5 minutes at 1500rpm. 1ml of
Permeabilisation Buffer, diluted 1/10 in water was added, vortexed, and then
centrifuged at 1500rpm. The supernatant was discarded and the T-Bet and
RORyt antibodies were added, vortexed, and incubated at 4°C for 30 minutes in

the dark. 1ml cold permeabilisation buffer was added and centrifuged at
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1500rpm for 5 minutes. The supernatant was discarded and the cells were fixed
by resuspending in 1% paraformaldehyde (PFA) for 10 minutes in the dark. 1ml
of PBA was then added and centrifuged, the supernatant was discarded, and the
cells were resuspended in a small amount of PBA. The samples were kept cold

and acquired immediately with a BD FACSCanto™ Il flow cytometer.

For intracellular staining of IL-12, IL-23, IL-17A, and IFN-y the cells were
fixed by resuspending in 0.5mls 4% PFA and incubating in the dark for 10
minutes. 1ml of PBA was added and the samples then centrifuged for 5 minutes
at 1500rpm. The supernatant was discarded and the samples were resuspended
in 0.2% Saponin and incubated in the dark for 10 minutes to permeabilise the
cells. These samples were then centrifuged at 1500rpm for 5 minutes. The
supernatant was discarded. The intracellular cytokine monoclonal antibody
panels were added, vortexed, and incubated in the dark for 20 minutes. 1 ml
PBA was then added and centrifuged for 5 minutes at 1500rpm. The supernatant
was then discarded and the cells were resuspended in 0.5mls 1% PFA for 10
minutes. Iml PBA was added and the samples were then centrifuged for 5
minutes at 1500rpm. The supernatant was discarded and the cells were
resuspended in a small amount of PBA. The samples were kept cold and acquired

immediately with a BD FACSCanto™ Il flow cytometer.
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2.2.5.1 Peripheral Blood Mononuclear Preparation

PBMCs were prepared by standard density gradient centrifugation over
Lymphoprep™. 15 ml of blood was diluted 1:1 with 1% Foetal Calf Serum
(Phosphate buffered saline with 1% foetal calf serum). This was then layered on
top of 10 ml Lymphoprep™. The sample was then centrifuged at 400g for 25
minutes with the brake off. The buffy coat was collected with sterile pastettes
and topped up to 10mls with PBS containing 1% Foetal Calf Serum (FCS). This
was centrifuged for 8 minutes at 1500 rpm. The supernatant was discarded. The
sample was topped up again with 10mls 1% FCS and centrifuged for 8 minutes
at 1500 rpm. The supernatant was discarded. The cells were resuspended in 3-
4mls of complete RPMI medium (RPMI 1640 containing GlutaMAX, 10% HyClone
FBS, 50mg/mL streptomycin, 50U/mL penicillin, 2.5ug/ml amphotericin B -

fungizone, and 25mM HEPES.

2.2.5.2 Counting Of Viable Cells

The final cell suspension was counted on a haemocytometer. The cells to
be counted were diluted by a factor of 20 as follows: 10 ul of the solution was
stained with 190 ul ethidium bromide/acridine orange (EB/AQ) solution to
detect dead and live cells respectively. This was then applied to a Glasstic slide
and viewed through a UV microscope. Under UV light live cells stain green with
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the acridine orange and dead cells stain orange from the ethidium bromide.
EB/AQ solution is made up of 10 ug/mL ethidium bromide and 30 pg/mL acridine
orange in PBS. The average number of live cells were counted in 2 large squares,
then multiplied by the dilution factor, and then by a factor of 10* to give the cell

count/ml of the final cell suspension.

2.2.6 Principles of Flow Cytometry

A flow cytometer is an apparatus that passes a single cell through a
chamber crossing a laser beam. As the cell passes through the laser beam the
light will scatter in different directions. By labelling cells with fluorescent
antibodies one can expose the cell to a particular laser wavelength to excite that
particular fluorescent antibody, and if present on the cell light will be emitted by
the fluorochrome and detected by the flow cytometer. Multiple laser
wavelengths can be used for the detection of multiple fluorescent antibodies on
a cell and detected by emission filters. Therefore a single cell can be interrogated

to find out more about its functional and physical characteristics.

Fluid called sheath fluid is run through the flow cytometer. It runs in a
laminar flow. Cells are aspirated from the sample tubes and injected under
pressure into the centre of the laminar fluid. Hydrodynamic focusing causes the
cells to travel in single file in the direction of the sheath fluid. This is how cells

are passed individually through a chamber for analysis.
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Multiple lasers are passed through the chamber. The BD FACSCanto™ Il
flow cytometer was used for these experiments. It uses 3 lasers to excite
fluorochromes. It uses an argon (blue) laser at 488nm, a HeNe (red) laser at
633nm, and a violet laser at 405nm. It has 8 fluorescence channels and thus
allows up to 8 attributes to be examined per cell passing through the chamber.
The argon laser allows for excitation and detection of green fluorescence (FITC),
yellow fluorescence (PE), red fluorescence (PerCP or PerCP-Cy5.5), and infra-red
fluorescence (PE-C7). The HeNe laser allows for excitation and detection of red
fluorescence (APC) and Infra-Red fluorescence (APC-Cy7). The Violet laser allows
for excitation and detection of blue fluorescence (Pacific Blue), and Cyan
fluorescence (AmCyan). The BD FACSCanto™ Il flow cytometer can detect up to

10,000 events per second.

There are three types of detectors in the chamber. There is one detector
placed in directly in front of the laser source (forward scatter channel or FSC),
there is one detector placed 90 degrees to the side of the laser source (side
scatter channel or SCC), and the third type of detector is the fluorescence
detectors. When a cell passes through a laser it will scatter light in multiple
directions. The FSC will give information about the size of the cell passing
through the chamber. The SCC will give information about the shape and the
complexity of the cell. Thus when combining FSC and SCC properties of cells it is
possible to see different populations of cells based on their size and
complexities. The fluorescence detectors will detect the light emitted by the
fluorescent-labelled antibodies or dead cell stains. Emission filters allow for

detection of multiple fluorochromes at once from a cell with multiple labels on

42



it. These detectors can also quantify the amount of the fluorescence emitted

from the stimulated fluorochrome also.

The fluorescent signal is then converted to a digital form and presented

graphically by software on a computer and allows for analysis of the cells.
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2.2.7 Fluorochrome Conjugated Antibodies used for

Immunophenotyping

For this experiment 6 panels were devised to immunophenotype T cells in
whole blood. See Table 2-4 for full details of antibodies used. The first panel
(Table 2-5) examined T cells as CD3", helper T cells as CD3*CD4", and cytotoxic T
cells as CD3*CD8&*. It was possible to examine the differentiation state of these
cells with CD197 (also known as CCR7) and CD45RA. Differentiation status was
defined as: naive (CD45RA*, CD197%), central memory (CD45RA-, CD197%),
effector memory (CD45RA-, CD1977), or terminally differentiated (CD45RA",
CD1977). It was then possible to look at [L-23 receptor and IL-12 receptor on

these cells.

Table 2-5 Panel 1

530/30 FL1  Viobright FITC CD4

585/45 FL2 PE IL-23R
670-735 FL3 PerCP-Vio700 CD197
780/60 FL4 | PEVio770 CD45RA
660/20 FL5  APC IL-12R
780/60 FL6  APCVio770 CD8
450/50 FL7  Vioblue CD3

510/50 FL8 Amcyan/Viogreen = Dead Cell Stain
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The second panel (Table 2-6) examined CD56" T cells as CD3*CD56%,
which as mentioned previously defined NKT cells in this thesis. It also examined
B Cells as CD3°'CD19" and natural killer cells as CD3°CD56". This allowed for
enumerating cells as total lymphocyte counts were known. B cells, T cells, and
NK cells make up more than 98% of circulating lymphocytes allowing for
approximation of the total count of these cells. Again, differentiation status and

IL-23 receptor and IL-12 receptor could be examined.

Table 2-6 Panel 2

530/30 FL1  Viobright FITC CD56

585/45 FL2 PE IL-23R
670-735 FL3 PerCP-Vio700 CD197
780/60 FL4  PEVio770 CD45RA
660/20 FL5  APC IL-12R
780/60 FL6  APCVio770 CD19
450/50 FL7  Vioblue CD3

510/50 FL8 Amcyan/Viogreen @ Dead Cell Stain
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The third panel (Table 2-7) examined y&T cells, specifically subdivisions
include V61 (CD3* V&1*), V62 (CD3*VE2*). It looked at the differentiation status
of these cells. Differentiation status was determined as naive (CD45RA*, CD27%),
central memory (CD45RA", CD277%), effector memory (CD45RA-, CD277), or
terminally differentiated (CD45RA*, CD277). It was then possible to examine the

IL-23 receptor and IL-12 receptor status of these cells.

Table 2-7 Panel 3

530/30 FL1  Viobright FITC Cbh27
585/45 FL2 PE IL-23R

670-735 FL3 PerCP-Vio700 TCR Vdeltal

780/60 FL4 PEVio770 CD45RA
660/20 FLS APC IL-12R
780/60 FL6 APC Vio770 CD3
450/50 FL7  Vioblue TCR Vdelta2

510/50 FL8 Amcyan/Viogreen @ Dead Cell Stain
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The fourth panel (Table 2-8) examined MAIT cells (CD3*Va7.2*CD1617).
It allowed to look at a subpopulation for MAIT CD8" T cells. It allowed
examination of differentiation of these cells and IL-23 receptor and IL-12
receptor status. Due to constraints of 8 colour detectors dead cell stain was
omitted from this panel. All other panels confirmed negligible dead cells due to

all samples being processed immediately upon drawing of fresh blood.

Table 2-8 Panel 4

530/30 FL1  Viobright FITC CDh1le1

585/45 FL2 PE IL-23R
670-735 FL3 PerCP-Vio700 CD197
780/60 FL4  PEVio770 CD45RA
660/20 FL5  APC IL-12R
780/60 FL6  APCVio770 CD8
450/50 FL7  Vioblue TCRVa7.2

510/50 FL8  Amcyan/Viogreen CD3
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The fifth panel (Table 2-9) intended to examine iNKT cells and Vdelta 3
cells. Anti-Vdelta 3 antibody was made in FITC fluorochrome using a Lightning-
Link Rapid Conjugation System by Innova Biosciences as per company protocol.
There were minimal iNKT cells and minimal V&3 Cells in circulating blood of
septic patients, patients with infection, and controls. This panel was omitted
from publications as there were insufficient/minimal cells to analyse. It was
confirmed that the iNKT antibodies worked on a separate iNKT cell line outside
of the remit of this experiment to ensure that it was not an issue with the

antibodies.

Table 2-9 Panel 5

530/30 FL1  Viobright FITC Vdelta3
585/45 FL2 PE IL-23R
670-735 FL3 PerCP-Vio700

780/60 FL4 PEVio770 iINKT
660/20 FLS APC IL-12R
780/60 FL6 APC Vio770

450/50 FL7 Vioblue CD3

510/50 FL8 Amcyan/Viogreen = Dead Cell Stain
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The sixth panel (Table 2-10) examined Treg cells (CD3*CD4*CD25*CD127")

and the status of IL-23 receptors and IL-12 receptors on these cells.

Table 2-10 Panel 6

530/30
585/45
670-735
780/60
660/20
780/60
450/50

510/50

FL1

FL2

FL3

FL4

FLS

FLE

FL7

FL8

Viobright FITC
PE
PerCP-Vio700
PEVio770
APC

APC Vio770
Vioblue

Amcyan/Viogreen

CD25

IL-23R

CDh4

CD127

IL-12R

CD3

Dead Cell Stain

Flow cytometry data was analysed using FlowJo software. Single stains

were used for compensation controls and fluorescence minus one (FMO)

controls were used to help set gates.
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2.2.8 Fluorochrome Conjugated Antibodies used for Cell Stimulation

The first panel (Table 2-11) was designed to look at B cells and monocytes
(CD14"). Specifically looking at production of IL-23 and IL 12, and to compare

monocyte HLA-DR presence between the different groups.

Table 2-11 Panel A

530/30 FL1  Viobright FITC CDh14

585/45 FL2 PE IL-23

670-735 FL3 PerCP-Vio700 HLA-DR
780/60 FL4 PEVio770 CD16

660/20 FLS APC IL-12

780/60 FL6 | APCVio770 Dead Cell Stain
450/50 FL7 Vioblue CD19

510/50 FL8 | Amcyan/Viogreen CD3

50



The second and fourth panels (table 2-12) were to examine V&1 and V62

cell production of cytokines IL-17A and IFN-y and presence of transcription

factors RORyt and T-Bet.

Table 2-12 Panels B and D

530/30 FL1 Viobright FITC CD4 CD4

585/45 FL2  PE IFN-y RORyt
670-735 FL3 PerCP-Vio700 V61 V&1l

780/60 FL4 PEVio770 CD8 CD8

660/20 FLS APC IL-17A T-Bet

780/60 FL6 APC Vio770 Dead Cell Stain | Dead Cell Stain
450/50 FL7  Vioblue V&2 V&2

510/50 FL8  Amcyan/Viogreen CD3 CD3
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The third and fifth panels (table 2-13) were to examine MAIT cell and NKT
cell production of cytokines IL-17A and IFN-y and presence of transcription

factors RORyt and T-Bet.

Table 2-13 Panels C and E

530/30 FL1  Viobright FITC CD161 CD161
585/45 FL2  PE IFN-y RORyt
670-735  FL3  PerCP-Vio700 CD56 CD56

780/60 FL4 | PEVio770

660/20 FLS APC IL-17A T-Bet

780/60 FL6 APC Vio770 Dead Cell Stain | Dead Cell Stain
450/50 FL7  Vioblue Va7.2 Va7.2

510/50 FL8 | Amcyan/Viogreen CD3 CD3

52



The sixth Panel (Table 2-14) was designed to look at the differentiation
status of V&1 and V62 cells and to examine the cytokine expression of IFN-y and

IL-17A in each group.

Table 2-14 Panel F

530/30 FL1  Viobright FITC Cbh27
585/45 FL2 PE IFN-y

670-735 FL3 PerCP-Vio700 Vo1l

780/60 FL4 PEVio770 CD45RA
660/20 FLS APC IL-17A

780/60 FL6 | APC Vio770 Dead Cell Stain
450/50 FL7  Vioblue V62

510/50 FL8  Amcyan/Viogreen CD3
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The seventh panel (Table 2-15) was designed to examine the
differentiation status of MAIT cells and their expression of transcription factors

RORyt and T-Bet.

Table 2-15 Panel G

530/30 FL1  Viobright FITC CDh1le1

585/45 FL2 | PE RORyt
670-735 FL3 PerCP-Vio700 CD197

780/60 FL4 PEVio770 CD45RA
660/20 FLS APC T-Bet

780/60 FL6 | APCVio770 Dead Cell Stain
450/50 FL7  Vioblue Va7.2

510/50 FL8 | Amcyan/Viogreen CD3

Flow cytometry data was analysed using FlowJo software. Single stains
were used for compensation controls and fluorescence minus one (FMO)

controls were used to help set gates.
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2.2.9 Antibody Optimisation

Prior to commencement of patient recruitment the quantity of antibody
needed per sample was titrated and optimized in a series of experiments on
healthy volunteers. The quantity of antibody in each cocktail that gave optimal

staining was used to avoid under-staining and over-staining of samples.

In the immunophenotyping study in 100ul whole blood samples, the
Miltenyi antibodies in table 2-4 were titrated in a series of experiments using
10ul, 5ul, 2.5ul, and 1pul. It was found that 2.5ul gave optimal staining except for
the anti-CD197 antibody which required 10ul. The R&D Systems antibody for IL-
23R was found to need the recommended 10ul. The V83 antibody conjugated in

house was found to need 5ul for optimal staining.

In the cell stimulation study in PBMCs 0.5 million cells were added per well.
Fluorochrome conjugated antibodies were titrated for optimal staining of these
cells. The antibodies in table 2-4 were titrated in a series of experiments using
10ul, 5ul, 2ul, and 1ul per 0.5 million PBMCs. The antibodies were found to need
5ul per well with the exception of HLA-DR antibody which required 1ul and CD8
antibody in PeVio770 which required 2ul. Miltenyi changed the concentration of
antibodies per vial supplied for CD14, CD4, CD8, and V62 during the course of
the recruitment for the stimulation experiment; antibody quantities needed fort

these were 1l rather than 5ul.
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2.2.10 Gating Strategy for Flow Cytometry

The flow cytometer was maintained in accordance with manufacturer
recommendations. For each experiment compensation beads were run with the
appropriate fluorochromes and fluorescence minus one (FMO) controls were
done to determine gating positions. FSC threshold was set at 50k to exclude
debris. Samples were acquired and analysed with FlowJo software. Initially FSC
was plotted against SSC to determine the population of interest which was
lymphocytes for the majority of these experiments except for the monocyte
population for Panel A of the stimulation experiment. Next doublets were
excluded by plotting FSC-Area against FSC-Height, followed by exclusion of dead
cells by gating on live cells. Populations of cells such as CD3* cells could then be
gated on and examined. Figure 2-1 A-G shows an example of a gating strategy.
A shows gating on the lymphocyte population with FSC plotted against SSC. B
shows exclusion of doublets. C shows gating on live cells. D shows CD3 plotted
against CD56 and split into quadrants. Upper left quadrant shows CD3'CD56*
cells which are natural killer cells. Lower left quadrant shows cells that are CD3"
CD56". Lower right quadrant shows CD3*CD56" cells which are all T cells that do
not express CD56 on the cell surface. Upper right quadrant shows CD3*CD56*
cells which are CD56* T Cells. E shows gating on the natural killer cell quadrant.
These cells can be subdivided into dim and bright natural killer cells depending
on their surface density expression of CD56. F shows the expression of IFN-y in

unstimulated dim NK cells. G shows the expression of IFN-y in stimulated dim NK
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cells when stimulated with phorbol 12-myristate 13-acetate and ionomycin.

Other examples of gating strategies can be seen in Chapter 3 and Chapter 4.
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Figure 2-1 Gating Strategy

A; Gating on the lymphocyte population with FSC plotted against SSC. B; Exclusion of doublets. C;
Gating on live cells. D; CD3 plotted against CD56 and split into quadrants. E; Gating on dim and
bright natural killer cells. F; Expression of IFN-y in unstimulated dim NK cells. G; Expression of IFN-
y in stimulated dim NK cells when stimulated with phorbol 12-myristate 13-acetate and

ionomycin.
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2.2.11 Statistical Analysis

The JMP® (SAS, North Carolina, USA) and SPSS® Statistical Software (IBM
Corp, NY, USA) programs were used for the analysis of the statistics.
Wilcoxon/Kruskal Wallis testing was employed to compare the differences
between the three patient groups (represented by a capped line in the figures
in Chapter 3 and 4). The p values for subsequent comparisons between the
individual groups were Bonferoni adjusted for multiple comparisons
(represented as a n-zigzag line in the figures in Chapter 3 and 4). Chi Square

testing was employed to compare the categorical variables.

A mixed effects general linear regression model was employed to analyse
repeated measurements. Where a significant change in a repeated
measurement was detected, the repeated assays were compared with the initial

assay values with Bonferoni adjusted p values for multiple comparisons.

Throughout the analysis, a p value of less than 0.05 was considered

significant.
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3.4 Abstract

3.4.1 Objective.

The role of Tul and Ty17 lymphocyte responses in human infection and sepsis of

elderly patients has yet to be clarified.

3.4.2 Design.

A prospective observational study of patients with sepsis, infection only and

healthy controls.

3.4.3 Setting.

The acute medical wards and intensive care units in a 1000 bed university

hospital.
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3.4.4 Patients.

32 patients with sepsis, 20 patients with infection, and 20 healthy controls.
Patients and controls were older than 65 years of age. Patients with recognised

underlying immune compromise were excluded.

3.4.5 Methods.

Phenotype, differentiation status and cytokine production by T lymphocytes

were determined by flow cytometry.

3.4.6 Measurements.

The differentiation states of circulating CD3*, CD4*, and CD8" T cells were
characterised as naive (CD45RA*, CD197%), central memory (CD45RA", CD197%),
effector memory (CD45RA", CD197), or terminally differentated (CD45RA",
CD197°). Expression of IL-12 and IL-23 receptors, and the transcription factors T-
Bet and RORyt, was analysed in circulating T lymphocytes. Expression of

interferon-y and IL-17A were analysed following stimulation in vitro.

63



3.4.7 Results.

CD4* T cells from patients with infection predominantly expressed effector-
memory or terminally differentiated phenotypes but CD4* T cells from patients
with severe sepsis predominantly expressed naive phenotypes (p<0.0001). CD4*
T cells expressing IL-23 receptor were lower in patients with sepsis compared to
patients with infection alone (p=0.007). RORyt expression by CD4" T cells was
less frequent in patients with sepsis (p<0.001), whereas T-Bet expressing CD8* T

cells that do not express RORyt was lower in the sepsis patients.

HLA-DR expression by monocytes was lower in patients with sepsis. In septic

patients fewer monocytes expressed IL-23.

3.4.8 Conclusion.

Persistent failure of T cell activation was observed in patients with sepsis. Sepsis
was associated with attenuated CD8* Tyl and CD4* Tyl7 based lymphocyte

response.
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3.5 Introduction

Sepsis is a common disease worldwide, accounting for more fatalities
than many common cancers[9], however elderly patients experience particularly
high mortality rates[52]. Sepsis has been regarded as the clinical manifestation
of a cytokine storm. However the animal models supporting this hypothesis do
not accurately reflect human sepsis pathophysiology[53]. Recently the role of
immunosuppression in the pathophysiology of sepsis in patients has been
highlighted[54]. Septic patients exhibit a failure of both innate and adaptive
immunity[55, 56] with increased apoptosis, impaired pathogen killing and
decreased production of proinflammatory cytokines by a range of lymphocytes
[57-59] [60-62]. Decreased antigen presentation by antigen presenting cells is
associated with expression of inhibitory receptors on T cells and expansion of T

regulatory (Treg) cells [59, 63, 64].

Adaptive immune responses against microbial infections are controlled
by CD4* T cells, which differentiate into distinct types of effector T cells. Tyl
cells are induced by IL-12 and are characterised by the expression of the
transcription factor T-Bet and the cytokines interferon-y (IFN-y) and tumour
necrosis factor-a (TNF-a), promoting macrophage and cytotoxic T cell activation
and immunity against viruses and intracellular bacteria. Tul7 cells are induced
by IL-1B, IL-6, transforming growth factor-B (TGF-B) and express the
transcription factor RORyt and release IL-17A, IL-17F and IL-22. These cytokines
promote immunity against extracellular bacteria and fungi by inducing

neutrophil recruitment, antimicrobial peptide release, and the maintainence of
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intestinal barrier function [65, 66]. CD8* T cells also show distinct phenotypes

with some producing IFN-y and others producing IL-17.

Previous studies have demonstrated that patients with sepsis show
skewed CD4* T cells responses, polarised towards T2 and Treg responses with
depletion and impairment of Tyl cells [63]. In our study, we used in vitro
stimulation and flow cytometry to examine Tyl and Tp17 pathway activation in
circulating naive, central memory, effector memory and terminally
differentiated CD4* and CD8* T cells from sepsis patients and control subjects.
By quantifying IL-12 and IL-23 production by monocytes and IL-12 and IL-23
receptors, T-Bet and RORyt, and IFN-y and IL-17A expression by CD4* and CD8&*
T cells, we identified defects in both Tyl and Ty17 responses in septic patients.
Furthermore, to discern sepsis specific molecular mechanisms from those
associated with the occurrence of infection, we included an additional patient
group with infection but without sepsis. Given adverse outcome in elderly
patients with sepsis, and the occurrence of immune senescence in the elderly

[67], this study was performed in elderly hospitalised patients-
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3.6 Methods and Materials

3.6.1 Study Population

The St. James’s hospital Research and Ethics Committee granted ethical
approval for this study. Patients gave written informed consent, or when not
possible, the next of kin assented to the study as per guidelines of National
Consent Advisory group[68]. Blood samples, demographic data and clinically
relevant information were collected from 42 patients in a septic group (32 for
immune-phenotyping, and 10 for cell stimulation), 30 patients for the infection
group (20 for immune-phenotyping, and 10 for cell stimulation), and 30 patients
for the control group (20 for immune-phenotyping and 10 for cell stimulation).
The study was performed from 2016 to 2018. Patients admitted to the intensive
care unit (ICU) in St James’s Hospital with septic shock, according to the Sepsis
3 definitions, were screened for inclusion in the study. Blood samples were
taken within 72 hours of admission and weekly thereafter for a further 3 samples
until death or discharge from hospital. Patients with infection were recruited
from hospital wards in collaboration with the clinical microbiology service. In
the infection group blood samples were taken within 72 hours of positive culture
and a second blood sample was taken a week later unless the patient was
discharged from hospital. One patient in the infection group was removed due
to a very high bilirubin causing the flow cytometry to be uninterpretable, and so

reducing the patient number to 19. The healthy control group was recruited
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from the community; these subjects were attending a hospital phlebotomy
service for community-based family practice and did not have any current or

recent infections. Patient demographics are shown in Table 3-1.

Exclusion criteria included pre-existing immunodeficiency, immune
modulating medications including steroids, chronic infection, malignancy, pre-

existing liver disease, and any haematological disease.
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Table 3-1 Demographic and Clinical Data

Control | Infection Septic Control = Infection Septic
n 20 19 32 10 10 10
Age 73 81.5 73.5 72 85 57.5
[69- [70.25- [68.75- [67- [68.75- [53.75-
78.25] 87.25] 79.25] 74.5] 87.5] 69.25]
Male Gender 6 11 20 5 6 4
(30%) (58%) (62.5%) (50%) (60%) (40%)
APACHE score N/A 12.5 19 N/A 14 21.5
[8-16.5] [16-24.5] [10-14] [16.25-
p<0.0001 24.5]
SAPS score N/A N/A 48 N/A N/A 49
[37.75- [38.25-
54.5] 55.75]
SOFA score N/A 3 7 N/A 2 10
on admission [1.75-4] [5.75-10] [0-3] [7.5-
p<0.0001 11.75]
SOFA score on day N/A 1 7 N/A 1 8
of first sample [0.75- [5-8.25] [0-1] [4.5-9.75]
1.25]
Time to 1% sample N/A 2.5 1.5 N/A 3 5
from admission [2-3] [0.75-2] [2.5-4.5] [4-6]
(days)
ICU duration (days) N/A N/A 14.5 N/A N/A 17.5
[8.75- [9.25-26]
33.25]
Mortality in ICU N/A N/A 11 N/A N/A 1
(34.4%) (10%)
Mortality in N/A 0 13 N/A 1 3
Hospital (40.6%) (10%) (30%)
Inotropic Support N/A 0 30 N/A 0 10
(93.75%) (100%)
Days on inotropes N/A 0 7 N/A 0 7.5
[3-13] [6-10.5]
Invasive ventilation N/A N/A 28 N/A N/A 9
(87.5%) (90%)
Days on invasive N/A N/A 14.5 N/A N/A 8.5
ventilation [5-29.25] [6.25-
14.5]
P/F ratio (mmHg) N/A 265.5 170 N/A 411.5 163
[231- [135.75- [386.5- [129-
392.25] 240.5] 436.5] 205.75]
Muscle  Relaxant N/A N/A 11 N/A N/A 5
infusion (34.4%) (50%)
Acute Kidney Injury 0 6 26 0 2 10
KDIGO grade >1 (31.58%)  (81.25%) (20%) (100%)
Renal Replacement 0 0 16 0 0 8
Therapy (50%) (80%)
Concomitant 0 0 6 0 0 0
cardiac failure (18.75%)
Stress dose steroids 0 1 6 0 1 5
(5.3%) (18.75%) (10%) (50%)
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Table 3-1 Demographic and Clinical Data continued.

n
Source of
Sepsis

Type of
organism

Respiratory
Abdominal
Skin

Urine
Osteomyelitis
Mediastinitis
Gram -ve
organism
Gram +ve
organism

Fungal

Empiric
treatment

Secondary Infections

Lactate on admission

Comorbidities > 1

Control

20
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

19

(95%)

Infection

19
5
(26.3%)
7
(36.8%)
0

(31.6%)

(5.3%)

16
(84%)
3
(16%)
0

2.1
[1.15-
3.57]

18

(94.7%)

Septic
32
16

(50%)
11

(34.4%)
4
(12.5%)
0

1
(3.1%)
9
(28%)
9
(28%)
1
(3%)
13
(41%)
17
(53.1%)
2.86
[2.27-
4.09]
26

(81.25%)

Control

10
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

7

(70%)

Infection

10
3
(30%)
2
(20%)
1
(10%)
4
(40%)
0

(50%)

(50%)

1.95
[1.6-3.1]

9
(90%)

Septic
10
4

(40%)
3

(30%)
1

(10%)
2

(20%)
0

(50%)

(20%)

3
(30%)
5
(50%)
2.63
[1.81-
3.36]
8
(80%)

Categorical data are presented as numbers with percentages in parentheses().

Data and parameters are presented as medians and interquartile ranges [Q1-

Q3]. n, number of patients; APACHE score, Acute Physiologic Assessment and

Chronic Health Evaluation; SOFA score, Sequential Organ Failure Assessment

score; KDIGO Kidney Disease: Improving Global Outcomes; N/A, Not Applicable;

P/F ratio, ratio of arterial oxygen partial pressure to fractional inspired oxygen.
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3.6.2 Phenotypic Analysis of Circulating Leukocytes

Fresh whole blood was stained with a dead cell stain (LIVE/DEAD Fixable
Agua dead cell stain purchased from Molecular Probes, Leiden, The Netherlands)
followed by fluorochrome-conjugated monoclonal antibodies (mAb) specific for
cell surface expression of CD3 (clone REA613, BW264/56), CD4 (REA623), CD8
(BW135/80, REA734), CD14 (REA599, TUK4), CD16 (REA423), CD25 (4E3),
CD45RA (REAS62), CD127 (REA614), CD197 (CCR7; REA546), HLA-DR (REAS05S),
IL-12RB2 (REA333) and IL-23R (218213) (purchased from Miltenyi Biotec,
Gladbach Bergische, Germany and R&D Systems, Abingdon, UK). Cells were
stained with mAbs in PBS containing 1% bovine serum albumin and 0.02%
sodium azide. Red cells were lysed with BD FACS™ Lysing Solution and analysed
using a FACSCanto™ I flow cytometer (BD Biosciences) and FlowlJo software
(Treestar). Lymphocytes were gated on and any doublets or dead cells were
excluded from the analysis. Single stained controls were used to set
compensation parameters and fluorescence-minus-one controls were used to
set gates. Cell frequencies were expressed as percentages of CD3* lymphocytes.

Absolute numbers were determined from full blood cell counts.

dx.doi.org/10.17504/protocols.io.6zxhf7n
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3.6.3 Stimulation Experiments

Peripheral blood mononuclear cells (PBMC) were prepared from fresh
blood by density gradient centrifugation over Lymphoprep™ (Axis-Shield,

Dundee, UK).

0.5x108 cells were stimulated for 5 hours with plate-bound mAbs specific for CD3
(OKT3) and CD28 (15E8), 50 ng/ml phorbol myristate acetate (PMA) with 1 ug/ml
ionomcyin, or 10 ng/ml lipopolysaccharide (LPS). Wells intended for intracellular

staining for IL-23, I1L-12, IL-17A and IFN-y contained brefeldin-A.

The cells were stained with dead cell stain (LIVE/DEAD Fixable Near IR
dead cell stain purchased from Thermo Fisher Scientific, Massachusetts, US)
followed by fluorochrome-conjugated antibodies for labelling cell surface
markers. Cells were then fixed with 4% paraformaldehyde and permeabilised
with 0.2% saponin before staining with mAbs specific for intracellular 1L-12
(REA121), IL-23 (727753), IL-17A (CZ8-23G1), and IFN-y (REA600). For
intracellular staining of RORyt (REA278) and T-Bet (REA102) FoxP3 Staining
Buffer Set was used. Once stained, the cells were fixed. The samples were
acquired immediately with a BD FACSCanto™ |l flow cytometer and analysed

using FlowJo 10.4.2 software. The gating strategy used is shown in Fig 3-1.

dx.doi.org/10.17504/protocols.io.6zyhf7w

dx.doi.org/10.17504/protocols.io.6zzhf76
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3.6.4 Statistical Analysis

All statistical analysis was performed with JMP® and SPSS® Statistical
Software. Differences between the three groups were analysed for continuous
variables by a Wilcoxon / Kruskal-Wallis test (capped line in figures), with pair-
wise comparison (n-zigzag line in figures) and Bonferoni adjusted p values.
Categorical variables were compared using a Chi-Square Test. Repeated assay
were analysed using a mixed effects general liner regression model, all
comparisons with admission values, with Bonferroni correction for multiple

comparisons. Results were considered significant for p values lower than 0.05.

3.7 Results

3.7.1 Demographics

The demographic characteristic of patients in this study, as outlined in
Table 1, indicate that age and gender distribution was similar in all 3 groups.
Patients with sepsis had greater Apache Il scores (p<0.0001) and organ failure
scores (p<0.0001) than patients with infection. In the phenotype study group no
patients in the control or infection groups died whereas 13 (40%) of the sepsis

group died.
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3.7.2 CD4*and CD8" T Lymphocyte Differentiation in Patients with

Infection and Sepsis

The differentiation status of total CD3*, CD3*CD4* and CD3*CD8"* T cells
was examined by flow cytometric analysis of CD45RA and CD197 expression. The
percentage frequencies of naive (N; CD45RA* CD197%), central memory (CM;
CD45RACD197%), effector memory (EM; CD45RACD1977) and terminally
differentiated (TD; CD45RA*CD1977) T cells are shown in Fig 3-2 and the
corresponding cell counts are shown in Fig 3-3. The frequencies of T cells
expressing CD4 were significantly lower in patients with infection without sepsis,
with concomitant increases in CD8* T cells (Fig 3-2A). Overall numbers of both
CD4* and CD8* T cells were reduced in infection and sepsis patients (Fig 3-3A).
The differentiation status of T cells differed across patient groups; with the
frequencies of CD3* naive lymphocytes being lower in patients with infection
compared to control (p<0.001) and sepsis (p<0.001) groups; and the frequencies
of EM T cells being greater in patients with infection compared to control
(p<0.001) and sepsis (p=0.02) groups (Fig 3-2B). The percentages of CD3* TD
cells were greater in patients with infection than in those with sepsis (p=0.001)
(Fig 3-2B). The absolute numbers of naive T cells were lower in patients with
sepsis than in controls (p<0.0001) and lower in patients with infection than in
septic patients (p<0.0001) (Fig 3-3B). CD3* CM counts were lower in patients
with infection (p<0.0001) and with sepsis (p<0.0001) compared to controls.

CD3* EM counts were lower in septic patients (p=0.014) than in controls, while
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CD3* TD counts were lower in patients with infection (p=0.025) and sepsis

(p<0.0001) compared to controls.
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Figure 3-2 Lymphocyte Differentiation by Frequency.

A-D, Frequencies of CD3*, CD4*, and CD8" Naive (N), Central Memory (CM), Effector Memory (EM),
and Terminally Differentiated (TD) T Cells in control subjects (n=20), patients with infection (n=19), and
patients with sepsis (n=32). Data represented as median with interquartile range. E-F, Frequencies of
CD4* Naive and Effector Memory T Cells at admission (n=32), at 7 days (n=20), 14 days (n=14) and 21
days (n=15). SE= standard error of the mean. NS = non significant, N/A = Not applicable. All
comparisons with admission values, with Bonferroni correction for multiple comparisons.

(#=p<0.05;*=p<0.01;**=p<0.001; ***=p<0.0001)
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A-D. Absolute cell counts of CD3*, CD4*, and CD8* Naive (N), Central Memory (CM), Effector Memory
(EM), and Terminally Differentiated (TD) T Cells in control subjects (n=20), patients with infection
(n=19), and patients with sepsis (n=32). Data represented as median with interquartile range.

(#=p<0.05; *=p<0.01;**=p<0.001; ***=p<0.0001)

The percentages of CD4* T cells with naive phenotypes was lower in
patients with infection compared to the control (p<0.001) and sepsis (p<0.001)
groups; whereas percentages of EM CD4* T cells was greater in patients with
infection than in the control (p<0.001) and sepsis (p=0.007) groups (Fig 3-2C). A
similar pattern was observed for CD8* lymphocyte differentiation, with the
exception that higher frequencies of CD8" cells from all subject groups expressed

TD phenotypes. (Fig 3-2D).
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Absolute numbers of CD4* T cells were lower in patients with infection
and sepsis compared to controls (p<0.001) (Fig 3-3C). Within the CD4* T cell
compartment, naive cell counts were lower in sepsis patients than in controls
(p=0.0001) and lower with patients with infection than in those with sepsis
(p<0.001). CM CD4* T cell counts were lower in patients with sepsis than in
healthy controls (p<0.001) and lower in patients with infection than healthy
controls (p<0.001). EM CD4* T cell counts were lower in patients with sepsis than
healthy controls (p=0.011). CD4* TD lymphocyte counts were similarly low in all

three groups (Fig 3-3C).

Similar results were observed with CD8* T cell counts, except that TD
cells were more prominent among CD8* than CD4* T lymphocytes, and were
lower in patients with infection (p=0.018) and sepsis (p=0.001) compared to

controls (Fig 3-3D).

Thus, at the start of illness, both CD4* and CD8" T lymphocytes were
activated in patients with infection, but not patients with sepsis. However, in the
sepsis group, the percentage of CD3*CD4* naive cells decreased over time (p=
0.025) (Fig 3-2E). CD4* naive cells decreased in the two weeks after the onset of
sepsis (Fig 3-2F). The percentage of CD3*CD4"* effector memory cells increased
over time (p=0.02) (Figs 3-2E and 3-2F) with CD4* effector memory cells
increasing two weeks after the onset of sepsis (Figs 3-2E and 3-2F). There was

no change in CD8" activation over the same time.
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3.7.3 1L-23 Production by Monocytes is Impaired in Patients with Sepsis

As previously reported, lower frequencies of CD14" monocytes
expressed HLA-DR in patients with sepsis compared to control subjects
(p<0.0001) (Fig 3-4E), and patients with infections only (p=0.038), potentially
accounting for the observed failure of lymphocyte activation in patients with
sepsis. Few CD14* monocytes expressed either [L-12 or IL-23 upon stimulation
with LPS or PMA and ionomycin (Figs 3-4A and 3-4C). Unstimulated monocytes
from septic patients exhibited lower expression of IL-23 than monocytes from
control subjects (p=0.038) and patient’s with infection (p=0.021) (Fig 3-4C),

suggesting that Tu17 cell differentiation may be impaired in septic patients.
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3.7.4 Transcription Factors in CD3* Cells

We next investigated the expression of the Tyl-associated transcription
factor T-Bet and the Ty17-associated transcription factor RORyt by total T Cells,
CD4*, and CD8* T cells from the three subject groups. RORyt was found to be
expressed by lower frequencies of T cells from patients with sepsis compared to
patients with infections only (p=0.003) and control subjects (p<0.0001) (Fig 3-
5D). RORyt expression by naive T cells was similar in all 3 patient groups, but it
was significantly lower in CM and EM T cells from septic patients compared to
controls (p<0.0001) and lower in CM from sepsis compared to infected patients
(p=0.034). (Fig 3-5B) Thus sepsis was associated with reduced expression of the
Tul7 transcription factor RORyt in effector, central memory, and terminally

differentiated CD3* lymphocytes.
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Figure 3-5 Frequency of RORyt and T-Bet expression in CD3*, CD3*CD4",
CD3*CD8* Lymphocytes.

A-G. Expression of transcription factors RORyt and T-Bet in CD3*, CD3*CD4*, and CD3*CD&*
Lymphocytes and in CD3* Naive (N), Central Memory (CM), Effector Memory (EM), and Terminally
Differentiated (TD) Cells. Co-expression of RORyt and T-Bet by CD3*, CD3*CD4*, and CD3*CD8&*
lymphocytes was also analysed in 4E-G. n, number of patients. Data represented as median with

interquartile range. (#=p<0.05;*=p<0.01,**=p<0.001; ***=p<0.0001)
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There was no significant difference in the expression of T-Bet by total T
cells, CD4* and CD8* T cells (Fig 3-5C). T-Bet expression was similar in naive T
cells in all groups, but it was lower in CM (p=0.018), EM (p=0.019), and TD
(p=0.003) T cells from sepsis patients compared to patients with infections only.
Collectively these data suggests that sepsis is associated with a failure of T cell
activation to both Tyl and Tu17 phenotypes. An underlying lymphocyte anomaly
seems unlikely in septic patients as T-Bet and RORyt transcription factor
expression was similar in Naive T cells from all three subject groups. The
predominance of RORyt expression in CD3* lymphocytes with sepsis highlights

the importance of the Ty17 response in sepsis.

3.7.5 Transcription Factors in CD4* and CD8* Cells

Most CD4* T cells from control subjects and patients with infections only
expressed RORyt, with very few CD4" T cells expressing T-Bet (Figs 3-5C, 3-5D,
and 3-5F). The expression of RORyt by CD4* T cells was significantly lower in
septic patients than in infected patients (p=0.001) or healthy controls

(p=0.0001).

CD8" T cells from control subjects and patients with infections only
frequently expressed both T-Bet and RORyt, (Figs 3-5C and 3-5D). In patients

with sepsis compared to control the expression of T-Bet was significantly lower
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(p=0.02) in CD3*CD8* cells that did not co-express RORyt. Co-expression of

RORyt and T-Bet was similar in all three groups (Fig 3-5G).

The decreased expression of the Tyl7 signature transcription factor in
effector CD4* T lymphocytes of patients with sepsis, but normal RORyt
expression in naive CD4* T cells, suggests a failure of CD4* Ty17 differentiation
in these patients. Similarly sepsis appears to be associated with a failure of CD8*
Tul cell differentiation , rather than an underlying defect in lymphocyte

functionality.

3.7.6 IL-12R and IL-23R Expression by T Cells from Patients with Sepsis

The Tyl lymphocyte phenotype is characterised by surface expression of
IL-12R, while surface expression of IL-23R characterises Th17 lymphocytes. Few
CD3* lymphocytes from healthy volunteers expressed either IL-12R or [L-23R
(Figs 3-4B and 3-4D), which is consistent with existing literature in patients [69,
70]. However IL-23R expression was more frequent in patients with infection
(p=0.001) and sepsis (p=0.002), compared with healthy controls (Fig 3-4F). IL-
23R expression by naive and TD T cells was similar in the three patient groups.
However IL-23R expression was greater in CM T cells from patients with infection
compared with sepsis (p=0.01) and was greater in EM T cells from patients with

sepsis (p=0.008) and from patients with infection (p=0.003) compared with
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healthy controls. This data points to a Th17 immune response taking place in

patients with infection which is attenuated in septic patients.

In CD4* T cells, IL-23R expression was greater in patients with infection
than sepsis (p=0.005), while in CD8" T cells, IL-23R expression was greater in
patients with sepsis than with patients with infection (p=0.04) and controls
(p<0.001) (Fig 3-4D). Expression of the IL-12R was rare in CD4* and CD8* T cells

and was similar in all patient groups (Fig 3-4B).

As expression of the IL-23R is a hallmark of Tyl7 phenotype, our data
suggest that immunity to infection is predominantly based upon a Tul7
response, rather than a Tyl response. Furthermore as IL-23R expression was
greater in CD3* and CD3*CD4* lymphocytes of patients with infection, who did
not have multiple organ failure, then an exaggerated Tyl7 response in
circulating lymphocytes does not appear to be the basis of sepsis induced organ
failure. Lastly the Ty17 response was preserved in CD8* lymphocytes. As only
10% of CD4*RORyt" T cells from patients with infection expressed IL-23R, this
suggests that activation of a relatively small proportion of the potential pool of

CD4* Ty17 cells is required to control infection.

86



3.7.7 Interferon-y and IL-17A Production by Stimulated T Cells from

Patients and Controls

CD4* and CD8" T cells from patients and healthy controls expressed little
or no IFN-y or IL-17A without in vitro stimulation (Figs 3-6A to 3-6D), which is
consistent with existing literature [71]. However stimulation with PMA and
ionomycin, induced IFN-y production by significant numbers of CD4* and CD&8* T
cells and IL-17A by smaller numbers of CD4* T cells (Figs 3-6A to 3-6D). The
frequencies of CD4*and CD8* T cells that produced IFN-y or IL-17 in response to
any mode of stimulation were similar using PBMC from healthy donors and
patients with infection only or sepsis. These data suggest that CD4* and CD8" T
cells from patients with sepsis are not defective in their ability to produce IFN-y
or IL-17, but may be failing to receive stimulatory and/or Tyl/ Tu17 polarisation

signals from cells of the innate immune system.
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Figure 3-6 Frequency of IFN-y and IL-17A expression on stimulated CD3*CD4*and
CD3*CD8* Lymphocytes

A-D, Frequencies of Interferon-y (IFN-y) and IL-17A expressing CD4* and CD8* T Cells in control subjects
(n=20), patients with infection (n=19), and patients with sepsis (n=32). Medium are unstimulated cells,
CD3&CD28 is stimulation with CD3 and CD28 antibodies, P&l is stimulation with Phorbol Myristate
Acetate and lonomcyin. Data represented as median with interquartile  range.

(#p<0.05;*p<0.01;**p<0.001; ***p<0.0001)
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The frequencies of Twg lymphocytes, defined by the
CD3*CD4*CD25*CD127" phenotype, were significantly different across patient
groups, (p=0.008), being greatest in patients with sepsis, (median 11.7%, IQR
7.5-14.6%), than with infection (Median 7.8%, IQR 6-10%) and healthy controls

(Median 7.7%, IQR 6.7-9.2%). (Figure 3.7 Not in original publication).
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Figure 3-7 Treq Cells as % of T Helper Cells

Frequencies of Ty Cells in control subjects (n=20), patients with infection (n=19), and patients with
sepsis (n=32). Data represented as scattered plot with a line to show the median. (*p<0.01) This figure

was not in the original paper due to restrictions on number of figures allowed for publication.
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3.9 Discussion

In this study the clinical presentation of infection was linked with specific
attributes of host immunity; in septic patients there was a complex failure to
differentiate T lymphocytes to an activated phenotype at onset of illness, in
particular CD8* Tyl cells and CD4* Ty17 cells, while simultaneously expanding an
inhibitory population of T cells. While septic patients eventually activated

circulating T lymphocytes, this was only after a considerable delay.

In our study of human sepsis, expression of the signature Twl7
transcription factor and of surface IL-23R were reduced in CD4* lymphocytes of
septic patients. Indeed patients who tolerated infection with relative impunity,
without developing organ failure, elaborated a more robust Tyl7 response,
which may potentially be protective in this context. Accordingly the Tul7
lymphocyte response, may not account for systemic inflammation and multiple
organ failure, as suggested in prior animal studies of sepsis [50]. The absence of
IL-12 receptor expression in both CD4" and CD8* lymphocytes, which is
consistent with existing human data suggests that immunity in elderly humans

with sepsis is predominantly mediated by a Ty17 rather than a Tul response [70].

In human sepsis the relative importance of the Ty17 response in driving
inflammation and or providing immunity is unclear. The IL-23/IL-17 axis is
involved in systemic inflammation in murine models of infection[50]. However
in humans, and in line with our findings, Ronit et al reported a decrease in Ty17

lymphocytes, with endotoxin induced systemic inflammation [72]. In contrast
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Mikacenic et al. reported elevated IL-17 in the broncho-alveolar lavage fluid of
patients with acute respiratory distress syndrome (ARDS), with IL-17 levels
correlating with the severity of multiple organ failure [51]. Similarly Zan et al.,
also studying patients with sepsis induced ARDS, reported elevated IL-17 in
sepsis non-survivors [73]. Furthermore, Brunialti et al, reported that T
lymphocytes expressing IL-17 were increased in patients with sepsis [74], and
Maravista et al, reported IL-17 as the only cytokine produced in excess by
shocked septic patients, [75]. In a separate and distinct context, a study of
neonatal sepsis reported that mortality was linked with excess levels of IL-
17[76]. However not all studies have found an association between [L-17 and

outcome in sepsis [77] [78].

Crucially none of the aforementioned studies included patients with
infection who did not develop sepsis, and thus did not adequately explore the
link between Tyl7 responses and sepsis outcomes. The present study, by
including a cohort of patients with infection without sepsis, indicates that the
Tul7 response may have an essential role in mediating protective immune

responses in humans with infection.

This concept that human sepsis is fundamentally related to a failure to
elaborate a robust adaptive immune response is consistent with the current
appreciation of the significance of immune suppression in patients with sepsis
[79]. This study suggests a specific failure of the CD4* effector memory
lymphocyte mediated Tuyl7 response. This is plausible as IL-17 enhances
polymorphonuclear chemotaxis and activation, and is crucially important in

mediating mucosal immunity, specifically for systemic Candida infections, which
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account for 20% of all infections in critically ill patients [80-82]. Furthermore IL-
23 responsiveness of human CD8* memory lymphocytes decreases with age
[83], and there is lower potential for inducible CD4*/IL-23r with age [84] and
this decrease in Ty17 responsiveness with age could potentially contribute to the

adverse sepsis outcomes observed in the elderly.

As in other studies, HLA-DR expression by monocytes from septic
patients was decreased [58]; which likely accounted for the observed failure of
T lymphocyte activation. However, in T cell activation, there is an additive effect
of co-stimulatory cytokines from the IL-12 family [85]. IL-12 drives CD4* T cell
differentiation into IFN-y-secreting Tul cells, whereas IL-23 in concert with IL-
1B, IL-6 and TGFB-1 drives activated CD4* differentiation to a Tnyl7/IL-17
secreting phenotype [86] [87]. In this study, [L-23 production by CD14*
monocytes from septic patients was decreased which would inhibit a robust

Tul7 response [85].

3.10 Limitations

This study was not designed or powered to detect an association
between specific markers of a Ty17 adaptive immune response and either the
occurrence of nosocomial infection, or the incidence of mortality in critically ill
patients. A larger study will be required to test these associations and to test the
utility of specific indices of T lymphocyte activation as clinical biomarkers of the

risk for nosocomial infection and for sepsis mortality.

92



This analysis of circulating T lymphocyte activation and phenotype may
not reflect the status of tissue bound lymphocytes. While including a group of
patients with infection in the study design provides evidence of circulating T
lymphocyte activation in patients with infection who do not develop sepsis, this
still leaves questions regarding the activation of tissue bound lymphocytes
largely unanswered. The results of this study suggest a link between T
lymphocyte activation and the occurrence of sepsis in patients with infection,
but does not differentiate between a causal and coincidental link. The
observation of T lymphocyte activation in patients with infection provides at best
inferential evidence of causal immune mediation of patients’ response to
infection. Lastly the study was designed to recruit patients with an infection or
who had established sepsis and does provide insight to the earlier stages of

illness.

However the results of this study clearly link delayed activation of CD4*
Tul7 lymphocytes with sepsis in elderly humans and provide biomarkers for
the occurrence of sepsis in the elderly that have the potential to inform

subsequent studies of immune modulation in elderly patients with sepsis.
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4.3 Abstract

4.3.1 Background

The role of innate immunity in human sepsis must be fully clarified to

identify potential avenues for novel immune adjuvant sepsis therapies.

4.3.2 Methods

A prospective observational study was performed including patients with
sepsis (septic group), infection without sepsis (infection group), and healthy
controls (control group) in the setting of acute medical wards and intensive care
units in a 1000-bed university hospital. A total of 42 patients with sepsis, 30
patients with infection, and 30 healthy controls were studied. The differentiation
states of circulating mucosal associated invariant T (MAIT) cells and natural killer
T (NKT) cells were characterised as naive (CD45RA*, CD1977), central memory
(CD4A5RA-, CD197%), effector memory (CD45RA-, CD1977), or terminally
differentiated (CD45RA*, CD1977). The differentiation status of circulating
gamma-delta T lymphocytes were characterised as naive (CD45RA*, CD27%),
central memory (CD45RA™, CD27%), effector memory (CD45RA™, CD277), or

terminally differentiated (CD45RA*, CD277). The expression of IL-12 and IL-23
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receptors, the transcription factors T-Bet and RORyt, and interferon-y and IL-17a

were analysed.

4.3.3 Results

MAIT cell counts were lower in the septic group (p = 0.002) and the
infection group (p < 0.001) than in the control group. The MAIT cell T-Bet
expression in the infection group was greater than in the septic group (p =
0.012). The MAIT RORyt expression in the septic group was lower than in the
control group (p = 0.003). The NK cell counts differed in the three groups (p <
0.001), with lower natural killer (NK) cell counts in the septic group (p < 0.001)
and in the infection group (p = 0.001) than in the control group. The NK cell
counts increased in the septic group in the 3 weeks following the onset of sepsis
(p =0.028). In lymphocyte stimulation experiments, fewer NK cells expressed T-
Bet in the septic group than in the infection group (p = 0.002), and fewer NK cells
expressed IFN-y in the septic group than in the control group (p = 0.002). The
NKT cell counts were lower in the septic group than both the control group (p =
0.05) and the infection group (p = 0.04). Fewer NKT cells expressed T-Bet in the
septic group than in the infection group (p = 0.004). Fewer NKT cells expressed
RORyt in the septic group than in the control group (p = 0.003). Fewer NKT cells
expressed IFN-y in the septic group than in both the control group (p = 0.002)

and the infection group (p = 0.036).
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4.3.4 Conclusion

The clinical presentation of infection and or sepsis in patients is linked
with a mosaic of changes in the innate lymphocyte Tyl and Tyl7 phenotypes.
The manipulation of the innate lymphocyte phenotype offers a potential avenue

for immune modulation in patients with sepsis.

Keywords: sepsis; infection; human; immunity; lymphocyte; innate; natural
killer; gamma delta; MAIT; Tul7
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4.4 Introduction

Although sepsis accounts for more fatalities than many common cancers
and is particularly lethal in the elderly [9], the pathophysiology of sepsis in
humans is yet to be clearly defined. Animal models portraying sepsis as a
cytokine storm do not accurately reflect the human sepsis pathophysiology [53].
Patients with sepsis predominantly demonstrate a failure of innate immunity
and adaptive immunity [55, 56]. Human sepsis is characterised by impaired
pathogen elimination, increased apoptosis, the reduced production of
proinflammatory cytokines by a broad range of lymphocytes, and an emergence
of regulatory T cells [57-62]. As a consequence, immunosuppression has recently
become recognised as an obvious pivotal role in the pathophysiology of human

sepsis [54].

We have recently shown that human sepsis is linked with a delayed failure to
activate CD3*CD4" lymphocytes to a Thl7 phenotype [88]. Innate lymphocytes
play pivotal roles in T cell polarisation via the rapid secretion of Tul, Tn2, Tul7,
and regulatory T(T.eg) cytokines. In the presence of such a profound paresis of
adaptive immunity, innate lymphocytes may assume a crucial role in the
pathophysiology of human sepsis, and their role in generating host immunity
should be clarified in order to identify potential avenues for novel immune
adjuvant therapies and also to provide an enhanced suite of biomarkers of

innate immunity in human sepsis.

Innate lymphocytes and T cells with innate properties such as mucosal

associated invariant T (MAIT) cells and natural killer T (NKT) cells bridge the gap
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between innate and adaptive immunity [89]. MAIT cells are the most numerous
invariant T lymphocytes in the peripheral circulation and are also found in the
gastrointestinal and respiratory tracts [90, 91]. MAIT cells are activated by the
vitamin B-related products of bacterial metabolism, bound to the major
histocompatibility complex (MHC)-1-like antigen-presenting molecule MR-1,
and express cytokines such as interferon-y (IFN-y) and interleukin-17 (IL-17).
Reduced MAIT cell numbers have been linked with pseudomonal infections in
cystic fibrosis patients and with streptococcal infection in patients with septic
shock [92, 93]. However, it is unclear whether the altered MAIT cell counts and
phenotypes found in patients with infection are similar to those found in

patients with overt sepsis.

Other innate lymphocytes, such as natural killer (NK) cells, natural killer
T (NKT) cells, and gamma-delta T (yo T) cells also have strong influence on the
Tul/Tu2/ Tul7/Teg balance of cytokine production. Whereas NK cells are
stimulated through a variety of activating and inhibitory receptors, NKT cells
respond to bacterial and autologous glycolipid antigens presented by CD1d.
Both NK cells and NKT cells are important sources of early IFN-y but can also be
induced to produce other Th cytokines such as IL-17 [94-96], and these cells are
variably reported as reduced or increased in patients with sepsis [97, 98].
Currently, little is known of the role of the NKT cell phenotype in human sepsis.
v& T cells are also important innate sources of Tyl (IFN-y and TNF-a), Tu2 (IL-4
and IL-13), Tu17 (IL-17), and Treg (IL-10) cytokines. Human y& T cells can be
divided into three main subsets. The most abundant subset found in blood, V&2

T cells, recognise pyrophosphate antigens produced by some bacteria bound to
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butryophilin 3A1, whereas V61 and V&3 T cells can recognise glycolipids
presented by CD1 and stress-inducible proteins found in tumour and virus-

infected cells [99-101].

We used flow cytometry to examine the numbers, phenotypes, and
activation status of circulating innate lymphocyte populations from healthy
controls and patients with sepsis. We also investigated the potential of these
cells to produce Tyl and Tyl7 cytokines by examining the IL-12 receptor and IL-
23 receptor expression, respectively, and by measuring the ability of these cells
to express the Tul and Tyl7-associated transcription factors, RORyt and T-Bet,
and produce IL-17 and IFN-y following stimulation in vitro. In our study, we
included an additional group of patients from the wards with infection. These
patients did not have sepsis. We included this group to compare a normal
immune response to infection with the immune response in sepsis, rather than
just comparing to a control group with an immune system not challenged by
infection. Given the prevalence of sepsis in the elderly and immune cellular
senescence in elderly patients [67], this study focused on older hospitalised

patients.
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4.5 Methods and Materials

4.5.1 Study Population

Ethical approval was granted by the St. James’s hospital Research and
Ethics Committee (Ethic approval code 2015-03). Informed written consent was
obtained from patients. When this was not possible, we obtained assent from
the next of kin, as is permitted by the National Consent Advisory Group for the
ethical conduct of research [68]. We collected samples of blood, clinical data,
and appropriate information. Within the septic group (42 patients), there were
32 patients assigned to the phenotype group and 10 patients assigned to the
stimulation group. Within the infection group (30 patients), there were 20
patients assigned to the phenotype group and 10 patients assigned to the
stimulation group. Within the control group (30 age matched healthy donors),
there were 20 donors assigned to the phenotype group and 10 donors assigned

to the stimulation group. We conducted this study between 2016 and 2018.

Septic group: The Sepsis 3 definitions were used to identify patients with
sepsis in the St James’s Hospital intensive care unit [1]. The septic patients were
then screened with the inclusion and exclusion criteria. If they met the inclusion
criteria and consent was obtained, we then drew blood samples. These samples
were obtained in the first 72 h of admission. This was time point “0”. We then
drew 3 more blood samples every 7 days unless the patient was discharged from

hospital or died. These were time points “1”, “2”, and “3”.
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Infection group: The microbiology service identified patients with proven
clinical infection but not sepsis. We recruited these patients from hospital wards
in St James’s Hospital. We drew blood within 72 h of a clinically significant
positive culture. We also drew a second sample of blood 7 days later, unless the
patient had been discharged or died. A patient in the phenotype infection group
was removed, reducing the number to 19; this was due to hyperbilirubinemia

causing uninterpretable flow cytometry.

Control group: Donors for this group were obtained from the community. The
donors did not have any infective symptoms in the previous 8 weeks. We drew

blood at one time point for this group.

Samples for the cell stimulation were only taken at the time point “0”.
The patient demographics (Table 4-1) have been reported in a previous study

[88]. Our exclusion criteria are detailed in Table 4-2.
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Table 4-1 Demographic and clinical data

Control | Infection @ Septic Control = Infection @ Septic
n 20 19 32 10 10 10
73 81.5 73.5 72 85 57.5
Age [69— [70.25— [68.75— [67— [68.75— [53.75—
78.25] 87.25] 79.25] 74.5] 87.5] 69.25]
Male Gender 6 11 (58%) 22 > 6(60%) | 4 (40%)
(30%) (62.5%) (50%)
19 [16— 21.5
APACHE score N/A 12‘;[8_ 245]p<  N/A 11][10 [16.25—
' 0.0001 24.5]
48 49
SAPS score N/A N/A [37.75— N/A N/A [38.25—
54.5] 55.75]
sy | /BT 10
SOFA score on admission ~ N/A 4] ' 10] p < N/A 2 [0-3] [7.5—
0.0001 11.75]
SOFA score on day of first 1[0.75- | 7[5- 8 [4.5—
sample N/A 1.25] 8.25] N/A 1[01] 9.75]
Time to 1st sample from 1.5 3[2.5~ _
admission (days) YR 2o lAA [0.75-2] A 4.5] > [4-6]
14.5 17.5
ICU duration (days) N/A N/A [8.75— N/A N/A [9.25-
33.25] 26]
Mortality in ICU N/A N/A oL N/A N/A 1(10%)
(34.4%)
Mortality in Hospital N/A 0 13 N/A 1(10%) | 3 (30%)
¥ P (40.6%) ° °
. 30 10
Inotropic Support N/A 0 (93.75%) N/A 0 (100%)
. 7.5 [6—
Days on inotropes N/A 0 7 [3-13] | N/A 0 10.5)
Invasive ventilation N/A N/A 2 N/A N/A 9 (90%)
(87.5%) ?
Days on invasive 14.5 [5— 8.5
ventilation N/A N/A 29.25] N/A N/A [6.25~
14.5]
265.5 170 411.5 163
p/F ratio (mmHg) N/A [331- [135.75— N/A [386.5— [129—-
392.25] 240.5] 436.5] 205.75]
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11

Muscle Relaxant infusion | N/A N/A (34.4%) N/A N/A 5 (50%)
Acute Kidney Injury 6 26 10
2 (209
KDIGO grade 21 0 (31.58%)  (81.25%) (20%) " 100%)
Renal Repl
enal Replacement 0 0 16 (50%) 0 0 8 (80%)
Therapy
1 0, 6 0, 0,
Stress dose steroids 0 1(5.3%) (18.75%) 0 1 (10%) 5 (50%)
1 5 0, 0, 0,
Respiratory N/A (26.3%) 16 (50%) @ N/A 3 (30%) 4 (40%)
Abdominal N/A / 11 N/A 2 (20%) 3 (30%)
(36.8%)  (34.4%) ? ?
Skin NJA O 4 NA 1(10%) | 1(10%)
0 0
Source (12.5%)
of Sepsis z
Urine N/A (31.6%) 0 N/A 4 (40%) 2 (20%)
Osteomyelitis | N/A 1(53%) O N/A 0 0
Mediastinitis = N/A 0 1(3.1%) N/A 0 0

Type of Gram-—ve

. . N/A 16 (84%) | 9 (28%) N/A 5 (50%) 5 (50%)
organism | organism

Gramt+ ve N/A  3(16%)  9(28%) N/A  5(50%) @ 2 (20%)
organism
Fungal N/A 0 1(3%) N/A 0 0
Empiric ® 0
treatment N/A 0 13 (41%) N/A 0 3 (30%)
Secondary Infections N/A 0 17 N/A 0 5 (50%)
v (53.1%) °
2.1 2.86 195 2.63
Lactate on admission N/A [1.15- [2.27- N/A [1' 6-3.1] [1.81-
3.57] 4.09] ’ ’ 3.36]
1 1 2
Comorbidities > 1 y 8 6 / 9(90%) | 8 (30%)

(95%) (94.7%) | (81.25%) @ (70%)

Categorical data are presented as numbers with percentages in parentheses (). Data and
parameters are presented as medians and interquartile ranges [Q1-Q3]. n, number of patients;
APACHE score, Acute Physiologic Assessment and Chronic Health Evaluation; SOFA score,
Sequential Organ Failure Assessment score; KDIGO Kidney Disease: Improving Global Outcomes;
N/A, Not Applicable; p/F ratio, ratio of arterial oxygen partial pressure to fractional inspired
oxygen.
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Table 4-2 Exclusion Criteria

1 Any haematological disease

2 Pre-existing liver disease

3 Pre-existing immunodeficiency

4 Immune modulating medications (incl. steroids prior to onset
of sepsis)

5 Chronic infection

6 Malignancy

4.5.2 Immune Phenotyping of Circulating Lymphocytes

Freshly drawn whole blood was used for this analysis. Firstly, it was stained
with a dead cell stain. The blood was then incubated with fluorochrome-
conjugated monoclonal antibodies (mAb). These mAbs were used to identify cell
types, differentiation status, and receptor expression. A BD FACS™ lysing
solution was then used to lyse the erythrocytes. The samples were then acquired
using a FACSCanto™ Il flow cytometer (BD Biosciences). The flow cytometry
analysis was performed using Treestar’s FlowJo™ v10.4.2 software. Gating was
conducted on lymphocytes, and analysis was performed once the doublets and
dead cells were excluded. The compensation parameters were set using single
stained controls. The gates were set using fluorescence-minus-one controls. Full

blood counts were used to determine the cell counts.

107



The mAbs used were CD3 (BW264/56), CD56 (AF12-7H3, REA196),
CD45RA (REA562), CD197 (CCR7; REA546), CD27 (M-T271, REA499), IL-12RB2
(REA333) and IL-23R (218213), Anti-TCR-VS1 (REA173), Anti-TCR-V62 (123R3,
REA771), CD161 (REA631, 191B8), Anti-TCR-Va7.2 (REA179), and CDS8
(BW135/80, REA734) (R&D Systems, Abingdon, UK and Miltenyi Biotec,
Gladbach Bergische, Germany). The dead cells stain used was LIVE/DEAD Fixable

Agua dead cell stain, Molecular Probes, Leiden, The Netherlands.

The NK cells were identified as CD3"CD56*. The differentiation states of
the circulating MAIT (CD3*CD161*Va7.2*) and NKT (CD3*CD56%) cells were
characterised as naive (CD45RA*, CD197%), central memory (CD45RA™, CD197%),
effector memory (CD45RA-, CD1977), or terminally differentiated (CD45RA",
CD1977). The differentiation states of the circulating yo T cell lymphocytes were
characterised as naive (CD45RA*, CD27%), central memory (CD45RA™, CD27%),
effector memory (CD45RA~, CD277), or terminally differentiated (CD45RA",

CD27°).

The details of the experiment protocols can be found on the following

open access link: dx.doi.org/10.17504/protocols.io.bfvhjn36.
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4.5.3 Lymphocyte Stimulation in Vitro

Freshly drawn blood was prepared by density gradient centrifugation over
Lymphoprep™ (Axis-Shield, Dundee, UK) to produce peripheral blood
mononuclear cells (PBMCs). The stimulation of 0.5 million cells was performed
for 5 h using 50 ng/mL of phorbol myristate acetate with 1 pg/mL of ionomycin
(PMA/I). Brefeldin-A was added to the wells intended for the intracellular
staining of IFN-y and IL-17A. After stimulation, a dead cell stain was added. The
cell surface markers were then labelled with fluorochrome-conjugated mAbs.
The fixation and permeabilization of the cells were performed with 4%
paraformaldehyde and 0.2% saponin, respectively. The cells were then stained
intracellularly with fluorochrome-conjugated mAbs specific for IFN-y and IL-17a.
The FoxP3 Staining Buffer Set (Miltenyi Biotec) was used in place of the
paraformaldehyde and saponin above for the intra-cellular staining of T-Bet and
RORyt. A cell fixation was performed again once they were stained. An
immediate acquisition of the samples was performed. The acquisition and

analysis were as per the immune phenotyping above in Section 4.5.2.

The mAbs used were as above in Section 4.5.2. and mAbs IFN-y (REA600),
IL-17A (CZ8-23G1), T-Bet (REA102), and RORyt (REA278). The dead cell stain
used was LIVE/DEAD Fixable Near IR dead cell stain, Thermo Fisher Scientific,
Massachusetts, US. The protocols for these experiments can be found at the
following open access links: dx.doi.org/10.17504/protocols.io.bfvgjn3w and

dx.doi.org/10.17504/protocols.io.bfvfjn3n.
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For an analysis with flow cytometry, the gating strategy was as per Section

4.5.2 and an example of this can be seen in Figure 4-1.
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Figure 4-1 Flow cytometry gating strategy

Flow cytometry analysis. Lymphocyte gating on PBMCs (A), with exclusion of dead cells (B) and
exclusion of doublets (C). Gating on CD3* cells (D) to show MAIT cells (E). MAIT cells were gated
on showing interferon-y (IFN-y) expression in unstimulated (F) and stimulated (G) cells.
Stimulation was performed with phorbol myristate acetate and ionomycin (PMA/I). DCS is Dead
Cell Stain.
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4.5.4 Statistical Analysis

The SPSS” Statistical Software (IBM Corp, New York, USA) program was
used for the analysis of the statistics. Wilcoxon/Kruskal Wallis testing was
employed to compare the differences between the three patient groups
(represented by a capped line in the figures). The p values for subsequent
comparisons between the individual groups were Bonferoni adjusted for
multiple comparisons (represented as a n-zigzag line in the figures). Chi Square

testing was employed to compare the categorical variables.

A mixed effects general linear regression model was employed to analyse
repeated measurements. Where a significant change in a repeated
measurement was detected, the repeated assays were compared with the initial

assay values with Bonferoni adjusted p values for multiple comparisons.

Throughout the analysis, a p value of less than 0.05 was considered

significant.
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4.6 Results

4.6.1 Demographics

Table 4-1 outlines the demographic data. The three groups had similar age
demographics. There were more male than female patients in the
immunophenotyping study. This is consistent with sepsis being a disorder of the
elderly and more so in males [52]. The septic group had higher organ failure
scores (p < 0.0001) and Apache Il scores (p < 0.0001) than the infection group.
In the immune phenotyping study, 13 (40%) patients in the septic group died,
whereas mortality was 0% in the control and infection groups. The phenotype
of the cells presented in this paper are those at the first time point unless

otherwise stated.

4.6.2 MAIT Cells

The percentage of MAIT cells among the lymphocytes in peripheral
circulation differed across the three patient groups (p = 0.03), with the
percentage of MAIT cells being lower in the infection group compared with in
the control group (p = 0.03) (Figure 4-2B). The percentage of MAIT cells
expressing CD8 was similar in the three groups (Figure 4-2C). The absolute MAIT

cell counts differed across the three groups (p < 0.001), with MAIT cell counts
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being lower in the septic group (p = 0.002) and the infection group (p < 0.001)
than in the control group (Figure 4-2D). In the septic group, the MAIT cell counts
did not change over time (Figure 4-2E). Thus, the MAIT cells appear to be

depleted in both sepsis and infection.

The percentages of naive MAIT cells differed across the three groups (p <
0.001) and were lower in the infection group (p < 0.001) and the septic group (p
= 0.003) than in the control group (Figure 4-2F). Similarly, the percentages of
central memory MAIT cells were different between the groups (p = 0.029), with
lower percentages of central memory MAIT cells in the septic group than in the
control group (p =0.051) (Figure 4-2F). The percentages of effector memory and
terminally differentiated MAIT cells were similar in the three groups. The
decrease in the naive and central memory MAIT cells in patients with sepsis
suggests that MAIT cells are activated both in patients with sepsis and with

infection.

The percentage of MAIT cells expressing IL-12RB2 and IL-23R was similar
in the three patient groups, with IL-23R expression being more prevalent than
that of IL-12RB2 (Figure 4-3A, B). The absolute numbers of IL-23R expressing
MAIT cells differed across the patient groups (p = 0.004), with the MAIT IL-23R*
cell counts being lower in the septic group (p = 0.003) than in the control group
(Figure 4-3C). The MAIT IL-23R* cell count in the septic group did not change
over time (Figure 4-3D). The discordance between the percentage and absolute
counts of MAIT IL-23R* cells in patients may arise from relative lymphopoenia

and redistribution into extravascular compartments in patients with sepsis.
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Figure 4-2 MAIT cell phenotypes

(A) Flow cytometry plot showing MAIT cell population (CD3*CD161*Va7.2*) on gated CD3*
lymphocytes. (B) Frequency of MAIT cells as a percentage of T cells (CD3* lymphocytes). (C)
Frequency of MAIT CD8* cells as a % of MAIT cells. (D) Total MAIT cell count in circulating blood.
(E) Total MAIT cell count over time in the septic group. (F) Frequencies of naive, central memory,
effector memory, and terminally differentiated (N, CM, EM, TD, respectively) MAIT cells in
circulating blood. Control group (n = 20), infection group (n = 19), and septic group (n = 32).
Graphs are plotted with bars representing the median. # =p <0.05; * = p <0.01; ** = p <0.001.
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Figure 4-3 MAIT cell expression of IL-12R and IL-23R

(A, B) Percentage of MAIT cells in circulating blood expressing IL-12 receptor (IL.-12R62) and IL-
23 receptor (IL-23R). (C) MAIT cell count in circulating blood expressing IL.-12R62 and IL-23R. (D)
MAIT cell count expressing IL-23R over time. (E) Flow cytometry plot on gated MAIT cells showing
IL-12RB2. (F) Flow cytometry plot on gated MAIT cells showing IL-23 receptor. Control group (n =
20), infection group (n = 19), and septic group (n = 32). Graphs are plotted with bars representing
the median. * = p < 0.01.
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In the absence of stimulation, the T-Bet expression in MAIT cells differed
across the three patient groups (p = 0.015), with T-Bet expression being greater
in the infection group than in the septic group (p = 0.012) (Figure 4-4A). When
the MAIT cells were stimulated with phorbol myristate acetate and ionomycin
(PMA/I), the T-Bet expression was different in the three groups (p = 0.008), with
the T-Bet expression being greater in the infection group than in the septic group
(p = 0.006) (Figure 4-4A). In the absence of stimulation, the terminally
differentiated MAIT cell expression of T-Bet was different in the three groups (p
= 0.007), with T-Bet expression being greater in the infection group than in the
septic group (p = 0.006) (Figure 4-4C). Thus, the MAIT cells expressed a
predominant Tyl phenotype in patients with infection but not in those with

sepsis.

When MAIT cells were stimulated with PMA/I, the RORyt expression was
different in the three groups (p = 0.004), with the RORyt expression being lower
in the septic group than in the control group (p = 0.003) (Figure 4-4B). The RORyt
expression in effector memory MAIT cells stimulated with PMA/I differed in the
three groups (p = 0.008), with the RORyt expression being lower in the septic
group than in the control group (p = 0.008) (Figure 4-4D). Thus, the MAIT cells
of septic patients failed to express a Thl7 phenotype, which is consistent with
the depletion of IL-23R expression in MAIT cells in patients with sepsis. MAIT
cells stimulated with PMA/I exhibited a similar expression of IFN-y and IL-17a in
the three patient groups (Figure 4-4E). Thus, the clinical presentation of
infection or sepsis is linked both with MAIT cell counts but also with the MAIT

cell phenotype.
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Figure 4-4 MAIT cell expression of RORyt, T-Bet, IL-17A, and IFN-y

(A) MAIT cell expression of T-Bet when stimulated with the medium alone or PMA/!. (B) MAIT cell
expression of RORyt when stimulated with the medium alone or PMA/I. (C) Expression of
transcription factor T-Bet in unstimulated naive, central memory, effector memory, and
terminally differentiated (N, CM, EM, TD, respectively) MAIT cells. (D) Transcription factor RORyt
expression in PMA/I-stimulated N, CM, EM, and TD MAIT cells. (E) MAIT cell expression of IL-17a
and IFN-y when stimulated with PMA/I. Control group (n = 10), infection group (n = 10), and septic
group (n = 10). Graphs are plotted with bars representing the median. * = p < 0.05; * = p < 0.01.
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4.6.3 CD3*CD161* Lymphocytes

CD3* lymphocytes expressing CD161* include a composite population of
lymphocytes capable of secreting IL-17, including both adaptive and innate

lymphocytes such as MAIT and NKT cells [87, 102].

The percentage of CD3*CD161* lymphocytes was similar in the three
patient groups (Figure 4-5A). There was a significant difference in the
percentages of naive CD3* CD161* lymphocytes in the three patient groups (p =
0.001); the percentages of naive CD3*CD161* lymphocytes were lower in the
infection group than either in the control group (p = 0.001) or the sepsis group
(p = 0.004) (Figure 4-5B). There was a significant difference in the percentages
of central memory CD3*CD161* lymphocytes in the three groups (p = 0.001),
with percentages of central memory CD3*CD161* lymphocytes being lower in
the infection group than in either the control group (p = 0.002) or the septic
group (p = 0.012) (Figure 4-5B). The percentages of effector memory and
terminally differentiated CD3*CD161* lymphocytes were similar in all the patient
groups (Figure 4-5B). The decrease in naive and central memory CD3*CD161*
lymphocytes in patients with infection reflects the activation of these
lymphocytes, which was not present in patients with sepsis. As many of these
CD3*CD161* lymphocytes are adaptive and thus MHC-restricted lymphocytes,
the CD3*CD161* lymphocyte activation failure in patients with sepsis likely
reflects the well-described downregulation of antigen presentation mechanisms

in sepsis. This contrasts with innate non-MHC-restricted innate lymphocytes,
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such as MAIT cells, that are activated equally in patients with sepsis and

infection.

With regard to absolute counts, CD3*CD161* lymphocytes increased in
patients with sepsis from 106 +/- 15 (mean +/- standard error) to 211 +/- 64
(mean +/- standard error) over the course of the study (p = 0.047) (Figure 4-5C).
The absolute number of effector memory CD3* CD161* lymphocytes (p = 0.006)
and terminally differentiated CD3*CD161* lymphocytes (p = 0.004) increased in

the septic group in the three weeks after admission (Figure 4-5C).

In the unstimulated CD3*CD161" lymphocytes, the T-Bet expression
differed across the three groups (p= 0.025), with a greater T-Bet expression in
the infection group than in the septic group (p = 0.02) (Figure 4-5D). In
unstimulated CD3*CD161* lymphocytes, RORyt expression differed across the
three groups (p = 0.004), with a lower RORyt expression in the septic group than
in the control group (p = 0.003) (Figure 4-5D). IL-17A and IFN-y expression was
similar in the CD3*CD161* lymphocytes from the three patient groups when
stimulated with PMA/I (Figure 4-5D). Thus, in a similar manner to MAIT cells,
CD3*CD161* lymphocytes from patients with infection exhibit an augmented Tyl
response, whereas the CD3*CD161* lymphocytes of patients with sepsis exhibit

a deficient Ty17 response.

Nine of the patients with sepsis died. Among the patients with sepsis, the
percentage of all the lymphocytes that were CD3* CD161*" lymphocytes was

lower in patients who died (n = 9, median 3%, 95% confidence interval 1-7%)
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versus in survivors (n = 23, median 9%, 95% confidence interval 7-17%) (Mann

U Whitney test, p = 0.008) (Figure 4-5E).
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Figure 4-5 CD3*CD161" lymphocytes
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(A) Frequency of CD3*CD161* cells as a percentage of lymphocytes. (B) Differentiation status of
CD3*CD161* lymphocytes in the circulating blood. Naive, central memory, effector memory, and
terminally differentiated (N, CM, EM, TD, respectively) differentiation states shown. (C) Total
number of CD3*CD161* lymphocytes and the number of CD3*CD161* lymphocytes in their
differentiated states in patients with sepsis over time. (E) Frequency of lymphocytes that are
CD3*CD161* in patients who survived compare to those that died. Control group (n = 20),
infection group (n = 19), and septic group (n =32). (D) RORyt and T-Bet expression in unstimulated
CD161" T cells and cytokines IL-17A and IFN-y in stimulated CD161" T cells with phorbol myristate
acetate and ionomycin. Control group (n = 10), infection group (n = 10), and septic group (n =
10). (F) Flow cytometry plot of gated lymphocytes showing CD3*CD161* cells. (A, B, D, E) Graphs
are plotted with bars representing the median. (C) Data represented as mean with standard
deviation. #=p <0.05; *=p <0.01; **=p <0.001.
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4.6.4 Natural Killer (NK) Cells

The percentage of NK cells within the pool of circulating lymphocytes was
different across the three groups (p = 0.002), with proportionately fewer NK cells
in the septic group than in the infection group (p = 0.02) and the control group
(p = 0.006) (Figure 4-6B). In the septic group, the percentage of NK cells
increased over the four study times (p = 0.004), from 5% (+/-0.7%) to 11.1%

(+/-1.7) (Figure 4-6D).

The NK cell counts differed in the three groups (p < 0.001), with lower NK counts
in the septic group (p < 0.001) and the infection group (p = 0.001) than in the
control group (Figure 4-6C). The NK cell counts increased in septic patients over

the four study time points (p = 0.028) (Figure 4-6E).

The majority of NK cells were CD569™ (NK Dim) cells. The expression of
IL-23R in NK cells was similar across the three patient groups (Figure 4-7A). The
expression of IL-12RB2 in NK cells differed significantly across the three groups
(p = 0.008), with the NK cell IL-12RB2 expression lower in the septic group than
in the control group (p = 0.05) and lower in the infection group than in the
control group (p = 0.01) (Figure 4-7A). The number of NK IL-12RB2 lymphocytes
differed across the three groups (p = 0.002), with fewer NK IL-12RB2
lymphocytes in the septic group (p = 0.006) and the infection group (p = 0.003)
than in the control group (Figure 4-7B). However, the expression of IL-12RB2 by

NK cells was so small that it is unlikely to be of clinical significance.
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NK cells stimulated with PMA/I showed that the percentage of NK cells
expressing T-Bet differed in the three groups (p = 0.002), with fewer
lymphocytes expressing T-Bet in the septic group than in the infection group (p
=0.002) (Figure 4-7C). The NK cells stimulated with PMA/I also showed that the
percentage of NK cells expressing IFN-y was different in the three groups (p =
0.003), with fewer NK cells of patients with sepsis expressing IFN-y than the
controls (p = 0.002) (Figure 4-7D). Thus, the septic patients exhibited a deficient

NK Tul response.
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Figure 4-6 Natural Killer Cells

(A) Flow cytometry plot on gated lymphocytes showing NK cells (CD3"CD56*) and CD56 T Cells
(CD3*CD56%). (B) NK cells as a percentage of lymphocytes. (C) NK cell count in the three patient
groups on admission. (D) Frequency of NK cells as a percentage of lymphocytes in septic patients
over time. (E) NK cell count in septic patients over time. Control group (n = 20), infection group (n
=19), and septic group (n = 32). Graphs are plotted with bars representing the median. # p <0.05;
*p<0.01;, **p<0.001; *** p <0.0001.
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Figure 4-7 NK Cell Phenotype and stimulation

(A) Frequency of NK cells expressing IL-12 receptor (IL.-12R82) and IL-23 receptor (IL.-23R). (B)
Absolute numbers of NK cells expressing IL-12R62 and IL-23R. (A, B) Control group (n = 20),
infection group (n = 19), and septic group (n = 32). (C) Frequency of NK cells expressing the
transcription factors RORyt and T-Bet when stimulated with phorbol myristate acetate and
ionomycin (PMA/I). (D) Frequency of NK cells expressing cytokines IL-17A and IFN-y when
stimulated with PMA/I. C-D, control group (n = 10), infection group (n = 10), and septic group (n
= 10). (E) Flow cytometry plot on gated NK cells showing T-Bet expression. All the graphs are
plotted with bars representing the median. #=p < 0.05; * =p < 0.01.
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4.6.5 Natural Killer T (NKT) Cells

The percentages of NKT cells differed across the three patient groups (p =
0.003), with more NKT cells in the infection group than in the septic group (p =
0.002) (Figure 4-8A). The percentage of naive NKT cells differed across patient
groups (p < 0.001), with fewer naive NKT cells in the septic group (p = 0.01) and

the infection group (p < 0.001) than in the control group (Figure 4-8E).

The NKT cell counts differed across the three groups (p = 0.008), with
lower NKT cell numbers in the septic group than in the control group (p = 0.04)
and the infection group (p = 0.02) (Figure 4-8B). The NKT cell counts did not

change over time in the septic patients (Figure 4-8C).

The naive NKT cell counts differed across the three groups (p < 0.001), with
fewer naive NKT cells in the septic group than in the control group (p < 0.001)
and fewer in the infection group than in the control group (p = 0.001) (Figure 4-
8F). There were scant NKT central memory cells in the three groups. The NKT
effector memory cell counts were different in the three groups (p = 0.02), with
more NKT effector memory cells in the infection group than in the septic group
(p = 0.035) (Figure 4-8F). The NKT terminally differentiated cells differed in the
three groups (p = 0.002), with fewer NKT terminally differentiated cells in the
septic group than in the control group (p = 0.03) and the infection group (p =
0.003) (Figure 4-8F). These lower naive NKT cell counts and increased NKT

effector memory cells reflect NKT cell activation in sepsis and infection.
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The NKT IL-23 receptor (IL-23R) expression was similar across the three
patient groups (Figure 4-8D). However, the expression of [L-12 receptor (IL-
12RB2) differed significantly across the three groups (p = 0.004), with the IL-
12RB2 expression lower in the infection group than in the control group (p =
0.003) (Figure 4-8D). So few NKT cells expressed either IL-12RB2 or IL-23R that

the comparisons of the cell counts between groups were deemed irrelevant.

Without stimulation, the percentage of NKT cells expressing T-Bet differed
in the three groups (p = 0.01), with fewer NKT cells expressing T-Bet in the septic
group thanin the infection group (p = 0.01) (Figure 4-9A). In stimulated NKT cells,
the expression of T-Bet was different in the three groups (p = 0.005), with fewer
NKT cells expressing T-Bet in the septic group than those in the infection group
(p = 0.004) (Figure 4-9A). In the stimulated NKT cells, the expression of RORyt
was different in the three groups (p = 0.003), with fewer NKT cells expressing

RORyt in the septic group than in the control group (p = 0.003) (Figure 4-9B).

In the stimulated NKT cells, the expression of IFN-y was different in the
three groups (p = 0.002), with fewer NKT cells expressing IFN-y in the septic
group than in the control group (p = 0.002) and the infection group (p = 0.036)
(Figure 4-9C). When stimulated, the NKT cells expressed similar IL-17A in the
three groups. (Figure 4-9D). Thus, the septic patients exhibited deficiencies in

both NKT Tyl and Tul7 responses.
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Figure 4-8 NKT cell phenotype

(A) Frequencies of natural killer T (NKT) cells as a percentage of lymphocytes. (B) Absolute
numbers of NKT cells in the three patient groups. (C) Total number of NKT cells in septic patients
over time. (D) Frequency of NKT cells that express the IL-12 receptor (IL.-12R62) and IL-23 receptor
(IL-23R). (E) Differentiation status of NKT cells in circulating blood. Naive, central memory,
effector memory, and terminally differentiated (N, CM, EM, TD, respectively) differentiation
states shown. (F) NKT cell count by differentiation status. Control group (n = 20), infection group
(n = 19), and septic group (n = 32). Graphs are plotted with bars representing the median. * = p
<0.01; **=p<0.001.
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Figure 4-9 NKT Cell Stimulation

(A) Frequencies of unstimulated natural killer T (NKT) cells and stimulated NKT cells with phorbol
myristate acetate and ionomycin (PMA/I) expressing T-Bet. (B) Frequency of unstimulated NKT
cells and stimulated NKT cells with PMA/I expressing RORyt. (C) Frequency of unstimulated NKT
cells and stimulated NKT cells with PMA/| expressing IFN-y. (D) Frequency of unstimulated NKT
cells and stimulated NKT cells with PMA/I expressing IL-17A. (E) Flow cytometry plot on gated
NKT cells expressing RORyt. Control group (n = 10), infection group (n = 10), and septic group (n
= 10). Graphs are plotted with bars representing the median.* = p < 0.05; * = p < 0.01.
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4.6.6 Gamma-Delta (y8) T Lymphocytes

The percentages of V&1 T cells were similar in the three groups (Figure 4-
10C). However, the percentage of naive V61 T cells were significantly different
in the three groups (p = 0.001), with fewer naive V81 T cells in the infection
group than in the control group (p = 0.001) and fewer in the septic group than
in the control group (p = 0.01) (Figure 4-10E). The absolute counts of V61 T cells

were similar in the three groups (Figure 4-10D).

The absolute counts of naive V61 T cells were different in the three groups
(p =0.002); the naive V&1 T cell counts were lower in the septic group (p = 0.002)
and the infection group (p = 0.016) than in the control group (Figure 4-10F). This
data indicates V81 T cell activation in both sepsis and infection, as was evident

with the other non-MHC-restricted lymphocytes.

Few V81 T cells expressed IL-12RB2 (Figure 4-10B). The expression of IL-
23R was more frequent than that of IL-12RB2 and was significantly different
across the three groups (p < 0.001) (Figure 4-10B). The V&1 IL-23R* expression
was different in the three groups (p = 0.001), with fewer V61 T cells expressing

IL-23R in the infection group than in the control group (p = 0.001) (Figure 4-10B).
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(A), Flow cytometry plot on gated T cells showing V&1 and V62 cells. (B) Frequency of V61 T cells
expressing IL-12 receptor (IL-12RB2) and IL-23 receptor (IL-23R). (C) Frequency of T cells that
express V&1 TCRs. (D) V61 T cell count in the three patient groups. (E) Differentiation status of
V&1 T cells. Naive, central memory, effector memory, and terminally differentiated (N, CM, EM,
TD, respectively) differentiation states shown. (F) Differentiation status of V&1 T cells expressed
as the total cell count. Control group (n = 20), infection group (n = 19), and septic group (n = 32).
Graphs are plotted with bars representing the median. # = p < 0.05; * = p < 0.01; ** =p <0.001.
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The V61 T cell expression of T-Bet and RORyt was similar in the three
patient groups (Figure 4-11A, B). In V&1 T cells stimulated with PMA/I, the IFN-y
expression differed between the patient groups (p = 0.02), with a greater IFN-y

expression in the infection group than in the septic group (p = 0.028) (Figure 4-

11C).
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Figure 4-11 V61 cell stimulation

(A) Frequency of unstimulated and stimulated V&1 cells expressing RORyt. (B) Frequency of
unstimulated and stimulated V&1 cells expressing T-Bet. (C) Frequency of unstimulated and
stimulated V61 cells expressing IFN-y. All were stimulated with phorbol myristate acetate and
ionomycin (PMA/I). Control group (n = 10), infection group (n = 10), and septic group (n = 10).
Graphs are plotted with bars representing the median. # = p < 0.05.
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Figure 4-12 V61 cell stimulation — IL-17A (not included in original paper)

Frequency of unstimulated and stimulated V&1 cells expressing IL-17A. Stimulated with phorbol
myristate acetate and ionomycin (PMA/I). Control group (n = 10), infection group (n = 10), and
septic group (n = 10). No statistically significance found across the groups.

The percentage of V62 T cells was significantly different in the three
groups (p = 0.035), with fewer V62 T cells in the septic group than in the control
group (p = 0.034) (Figure 4-12A). The percentage of naive V82 T cells was
significantly different in the three groups (p < 0.001), with a lower percentage
naive V62 T cells in the infection group (p = 0.01) and the septic group (p < 0.001)
than in the control group (Figure 4-12C). This again indicates the activation of

V82 T cells with both infection and sepsis.
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The absolute number of V62 T cells was different in the three groups (p
<0.001); the number of V62 T cells was lower in the septic group (p < 0.001) and
the infection group (p = 0.05) than in the control group (Figure 4-12B). The
number of naive V82 T cells was different in the three groups (p < 0.001), with
fewer naive V62 T cells in the septic group (p < 0.001) and the infection group (p
= 0.001) than in the control group (Figure 4-12D). Similarly, the number of
central memory V82 T cells was different in the three groups (p = 0.004), with
fewer central memory V62 T cells in the septic group (p = 0.004) and the
infection group (p = 0.03) than in the control group (Figure 4-12D). The number
of terminally differentiated V62 T cells was different in the three groups (p =
0.008), with fewer terminally differentiated V62 T cells in the septic group (p =
0.03) and the infection group (p = 0.014) than in the control group (Figure 4-
12D). Again, this indicates V62 T cell activation in both infection and sepsis, even
though the number of V62 T cells appears to be depleted, which may reflect
lymphocyte redistribution away from the intravascular space. Very few V62 T

cells expressed either [L-12RB2 or IL-23R in the three patient groups.
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Figure 4-13 V62 Cell Phenotype

(A) Frequency of T lymphocytes that are V52 Cells. (B) V562 T cell count in the three patient groups.
(C) Differentiation status of V62 T cells. Naive, central memory, effector memory, and terminally
differentiated (N, CM, EM, TD, respectively) differentiation states shown. (D) Differentiation
status of V62 T cells expressed as the total cell count. (E) Flow cytometry plot on gated V52 T cells
showing differentiation status. Control group (n = 20), infection group (n = 19), and septic group
(n = 32). Graphs are plotted with bars representing the median. *=p < 0.05; *=p <0.01; **=p
<0.001.
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In stimulated V62 T cells, the T-Bet expression differed across the three
patient groups (p = 0.031), with a lower T-Bet expression in patients with sepsis
than in the controls (p = 0.029) (Figure 4-13A). In unstimulated V82 T cells, the
RORyt expression differed across the three patient groups (p = 0.027), with a
lower RORyt expression in patients with sepsis than in the controls (p = 0.054)
(Figure 4-13B). In V62 T cell stimulation with PMA/I, there was no difference in
the IFN-y expression between patient groups (Figure 4-13C). The expression of

IL-17A was not detectable in the stimulation experiment of V62 T cells.

Within patients with sepsis, there was no link between mortality and y6

T cell, NK cell, or NKT cell percentages or receptor expressions.
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Figure 4-14 V52 Cell Stimulation

(A) Frequency of unstimulated and stimulated V&2 T cells expressing T-Bet. (B) Frequency of
unstimulated and stimulated V62 T cells expressing RORyt. (C) Frequency of unstimulated and
stimulated V62 T cells expressing interferon gamma (IFN-y). Stimulated with phorbol myristate
acetate and ionomycin (PMA/I). Control group (n = 10), infection group (n = 10), and septic group
(n = 10). Graphs are plotted with bars representing the median. # = p < 0.05.

137



4.7 Discussion

This study clearly links a mosaic of innate lymphocyte phenotypes with
the clinical presentation of infection and sepsis in patients. Human sepsis studies
of host immunity are problematic, as there is difficulty distinguishing between
causal and coincidental molecular events. The very nature of human sepsis, with
an unpredictable and often fulminant onset, precludes any attempt to establish
the baseline immune functionality, which might predict subsequent sepsis onset
or severity. To circumvent this problem, we included a third patient group in the
study design. This third group of patients with infection, but without sepsis, may
provide a more appropriate benchmark immune response from patients who

tolerate infection with relative impunity rather than using healthy controls.

Prior studies have examined the association between innate
lymphocytes and sepsis [93]. Grimaldi reported a decrease in MAIT cell count in
patients with severe sepsis, but did not comment on the Ty1l/ Thl7 phenotype
or distinguish between the MAIT cell responses to infection and sepsis. In
contrast, the present study noted a decrease in circulating MAIT cells with
infection in the absence of sepsis, which suggests that the numeric depletion of
MAIT cells is a common feature of all infections and may reflect redistribution
rather than depletion. Although there was evidence of MAIT cell activation in
both sepsis and infection, sepsis was linked with an altered MAIT phenotype, as
Tul7 MAIT cells were reduced in sepsis, suggesting that the MAIT cell phenotype

may be as important as absolute cell numbers in sepsis pathophysiology. As
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previously described by Venet, y& T cells were decreased in patients with septic

shock [103].

This association is biologically plausible, as immunity is promoted by Th17
cytokines against extracellular bacteria and fungi. They induce neutrophil
recruitment to the site of inflammation by promoting antimicrobial peptide
release and maintaining the intestinal barrier function [65, 66]. In addition, the
archetypic Tul cytokine IFN-y appears to be pivotally involved in generating an
appropriate polymorphonuclear leukocyte bactericidal response and enhances
antigen presentation by monocytes and macrophages, which in turn will give rise

to an adaptive immune response [104].

It is notable that, despite the widespread expression of phenotype-
specific transcription factors, few if any circulating lymphocytes expressed IL-
12RB2 or IL-23R, with a considerably greater expression of IL-23R than IL-12RB2.
Thus, circulating lymphocytes in patients with infection and sepsis may not as
yet be fully activated, and hence assaying IL-17 cytokines from serum in patients
with sepsis and infection may prove unrewarding [105]. However, the reduced
expression of the Tul7-specific transcription factor RORyt in lymphocyte
populations of septic patients provides more robust evidence for the link
between human sepsis and deficient Tyl7 responses in the majority of innate
lymphocytes. Similarly, the enhanced expression of T-Bet by the innate
lymphocytes of patients with infection but not sepsis provides inferential
evidence that human sepsis is linked with a failure to elaborate a robust Tyl
response in specific innate lymphocytes. While Carvelli recently reported a

decrease in Tyl7 innate lymphoid cells in patients with sepsis, Carvelli did not
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include patients with infection, and could not link patient outcome to a specific

cellular phenotype [106].

CD3* CD161* lymphocytes are a composite population of diverse IL-17-
producing lymphocytes [102, 107]. These CD3* CD161* lymphocytes are potent
mediators of inflammation, and have been linked with chronic inflammatory
diseases such as rheumatoid arthritis and correlate with disease severity in
rheumatoid arthritis [108, 109]. However, in the present study the
downregulation of RORyt among CD3* CD161* lymphocytes in patients with

sepsis links to a decrease in Ty17 responsiveness and the occurrence of sepsis.

In this study, the proportion of the circulating lymphocyte pool
expressing CD3* CD161* was lower in the septic patients who died. This
lymphocyte subpopulation includes a diverse range of innate and adaptive Ty17
cells which may be crucially important in providing some measure of immunity
in patients who have an existing adaptive immune paresis [61, 88]. This finding
suggests that immunity in sepsis is composed of the net effects of several cell
populations that together provide innate and adaptive Tul7 responses.
However, the study was not designed or powered to investigate the mechanism
of this association; specifically, whether there was any link between the
occurrence of nosocomial infection and the depletion of CD3* CD161*

lymphocytes in patients with sepsis.

Innate and adaptive lymphocyte activation was different in patients with
sepsis. Many CD3* CD161* lymphocytes are MHC-restricted adaptive immune

lymphocytes which were activated in patients with infection but not with sepsis.
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This contrasts with MAIT, y6 T, and NK cells, which are non-MHC-restricted and
were activated in both sepsis and infection. This failure to activate adaptive
lymphocytes in septic patients reflects the well-described inhibition of antigen
presentation pathways in patients with sepsis and is concordant with recent

reports of adaptive immune paresis in septic patients [88].

4.8 Conclusions

Innate lymphocyte depletion was evident in patients with infection and
sepsis, suggesting that lymphocyte depletion is not a hallmark of sepsis. Innate
lymphocyte phenotypic differences appear to be of greater importance in the
pathophysiology of sepsis than the absolute lymphocyte counts. Specifically,
sepsis appears to be linked with the downregulation of the innate lymphocyte
Tul7 phenotype and a failure to upregulate the Tyl phenotype that was evident
in patients with infection. In patients with sepsis, in the absence of an adaptive
immune response, innate and innate-like T cells appear to assume a crucial role

in providing host immunity and may determine the outcome.

A larger clinical study will be required to investigate the utility of specific
lymphocyte activation indices as biomarkers for clinical outcome, such as
mortality, in infected and septic patients. Lastly, this study demonstrates the

benefit of including patients with infection in human studies of sepsis.
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Chapter 5

5 Summary and Discussion
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51 Summary

In patients with sepsis, compared with patients who have infection, there
is an obvious failure of MHC restricted CD4* and CD&* T lymphocyte activation,
which affects Tyl7 rather than Tul responsiveness. In contrast innate
lymphocytes, that are not MHC dependant are activated in sepsis, but have

attenuated Tul responsiveness.

Studies of sepsis in humans should include a comparator group of patients

with infection who do not develop sepsis.

5.2 Demographic and Clinical Data

5.2.1 Control Group

In the control groups for both the immunophenotype and stimulation
studies the subjects were recruited from a routine general practice phlebotomy
clinic where they were screened by inclusion and exclusion criteria. None of the

control group had recent infections.
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5.2.2 Infection without Sepsis Group

In the infection without sepsis group the patients were admitted to
hospital due to infection and recruited within 72 hours of a positive culture.
These patients were treated with antibiotics. In the immunophenotyping none
of this group died during their inpatient stay. In the stimulation group one
patient died but this was more than 2 months after being admitted and the
patient did not die due to infection. These patients were unwell as evidenced by
their SOFA and APACHE Il scores. Almost one third and one fifth of these patients
had an acute kidney injury in the immunophenotyping study and the stimulation
study respectively. None of this group required dialysis. One patient in both
studies in this group received steroids after admission for treatment of their
chronic obstructive lung disease. None of this group developed secondary

infections.

5.2.3 Sepsis Group

In the sepsis group the patients were all recruited within 72 hours from
admission to the intensive care unit for the immunophenotyping study and
within 5 days in the stimulation study. These were all very unwell patients with
high SOFA and APACHE Il scores. 40% of the immunophenotyping group died in
hospital and 30% of the stimulation group died in hospital which would be

consistent with the known mortality for sepsis in developed countries. Almost
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100% of these patients had vasoplegic shock requiring inotropes to maintain a
mean arterial blood pressure greater than 65mmHg. These patients spent a
median of a week on inotropes. Almost 90% of these patients required invasive
mechanical ventilation. In the immunophenotyping group; 2 patients required
non-invasive ventilation and 2 patients required supplemental oxygen. In the
stimulation study; 1 patient was treated with non-invasive ventilation however
the rest were invasively ventilated. In the immunophenotyping study 5 of the
invasively ventilated patients had severe acute respiratory distress syndrome
(ARDS), 13 patients had moderate ARDS, and 8 had mild ARDS. Acute respiratory
distress syndrome were diagnosed as per the Berlin Criteria [110]. In the
stimulation study 2 had severe ARDS, 5 had moderate ARDS, and 3 had mild
ARDS. 35% (11 patients) of the immunophenotyping study required muscle
relaxant infusions (atracurium infusions are used in our institution) and 6
patients required the use of inhaled nitric oxide as part of the management of
hypoxia. In the sepsis group 50% (5 patients) of the patients required muscle
relaxant infusion and 1 patient required inhaled nitric oxide as part of the
management of hypoxia. In the immunophenotyping study 81% of the patients
had an acute kidney injury, with 50% of all the patients in the group requiring
continuous renal replacement therapy (CRRT). This would be similar to a German
prevalence study showing that approximately 42% of patients with septic shock
require renal replacement therapy [111]. 100% of the stimulation group had an
acute kidney injury and 80% of these patients required CRRT. None of these
patients were on steroids prior to admission to the intensive care unit but 18%

of the immunophenotyping group and 50% of the stimulation group required
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stress dose steroid as part of the management of vasoplegic shock. In our
institution this would usually be hydrocortisone 50mg 6 hourly or 8 hourly and
initiation is at the discretion of the treating clinician, typically when
noradrenaline requirements are greater than 0.5 ug/kg/minute or when a
second vasoconstricting agent is required. 50% of the patients in both studies
developed secondary infections which were most often ventilator associated
pneumonias. All patients were treated with antibacterial medications. In
addition to antibacterial medications, 14 of 32 patients in the
immunophenotyping group were treated with antifungals after antimicrobial
therapy was rationalised whether empirically or targeted therapy, 3 of 10
patients in the stimulation group were treated with antifungals. In the
immunophenotyping study 2 of the patients had candidaemias, 1 had aspergillus
in sputum, 3 had candida in peritoneal fluid, 1 had candida in pleural fluid, and
6 had candida in either sputum or urine or both. In the stimulation study 1

patient had candida in peritoneal fluid, and 3 had candida in urine or sputum.

In summary the infection without sepsis group were unwell requiring
admission to hospital for treatment of their infection with antibiotics. None of
these patients succumbed to their infection and none developed secondary
infections. The septic group were very unwell in multiorgan failure with the

majority in septic shock and invasively ventilated.
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5.3 Limitations of the Studies

The studies were performed on peripheral blood and thus examine
circulating cells but it does not examine the cells at sites of infection. However
comparing patients with infection without sepsis and patients with sepsis the
differences seen would imply that there are differences in the peripheral
circulating lymphocytes and thus this would most likely represent differences at

sites of infection also.

In the stimulation experiment functional anti-CD3 antibodies and
functional anti-CD28 antibodies were used to try to stimulate T cells. There were
very little differences between those stimulated cells and the controls
(unstimulated cells) when the flow cytometry results were analysed. | believe
this was most likely due to the CD3 still being bound by the functional antibodies

thus blocking the binding site for the fluorochrome-bound CD3 antibodies.

In the stimulation experiment lipopolysaccharide caused some stimulation
but not as much as expected. | believe that this may have been due to the
incubation time period of 5 hours which may have been too short, particularly
when there may be an issue with antigen presenting cells in septic patients. In
future experiments | would stimulate for longer in LPS as there are a range of

protocols varying from 1 day to 4 days.

Phorbol 12-myristate 13-acetate (PMA) in combination with ionomycin
offers excellent stimulation without the need for certain cell receptors and thus

this stimulation was effective.
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Panel 5 in the immunophenotyping study was designed to study V&3 cells
and iNKT cells. Unfortunately the anti-V63 fluorescence antibody did not result
in any positive staining in any groups. The iNKT fluorescence bound antibody did
stain for 6B11. The percentages were so few that it was not possible to analyse
them in any meaningful way. iNKT cells accounted for a mean of 0.03%, 0.03%,
and 0.1% of CD3* lymphocytes for control, infection, and sepsis groups
respectively and a median of 0.01%, 0%, and 0.2% of CD3* lymphocytes for
control, infection, and sepsis groups respectively. To analyse iNKT cells in these
groups a larger quantity of blood would need to be drawn from the patients and

iNKT separated from PBMCs using a magnetic bead separation technique.
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5.4 Adapative Tyl and Tyl7 Immunity

5.4.1 Monocytes

This study shows that HLA-DR* Monocytes are downregulated in sepsis
when compared to controls and infection. This is consistent with the literature
[58], and it suggests that antigen presentation may be impaired in sepsis. This
study could only demonstrate an extremely small amount of production of I1L-12
by these cells which was similar across all patient groups. IL-23 was detected in
unstimulated monocytes which was reduced in sepsis when compared to

infection and control, which would inhibit a robust Ty17 response [85].

5.4.2 Tul CD4* and CD8* T Lymphocytes

This study did not find much expression of IL-12 receptor on CD4* T cells.
This with the absence of T-Bet in CD4* T cells suggests that these cells are not
Tul cells. The IL-12 receptor was found in small quantities on CD8* T cells. Most
CD8" T cells expressed both T-Bet and RORyt together or just RORyt but very
few expressed T-Bet alone. However of those few that express T-Bet alone there
are significantly fewer in the sepsis group when compared to control. This would
suggest that the majority of cells that are stimulated by IL-12 express both T-
Bet and RORyt. CD3* CM, EM and TD cells displayed reduced T-Bet expression

comparing sepsis to infection however as naive CD3* T cells have similar T-Bet
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expression across all groups, the decrement in T-Bet expression in differentiated

cells suggests that there is an anomaly in T cell activation .

Upon stimulation with PMA and ionomycin, CD4* and CD8" T cells
produced IFN-y equally in all groups. Higher frequencies of CD8* T cells produced
IFN-y compared to CD4* T cells. Consequently there may not be any underlying

defect in the cellular potential to elaborate Tyl type response.

5.4.3 Tul7 CD4* and CD8* T Cells

IL-23 receptor was found on both CD4* and CD8" T cells, and to an order
of magnitude greater than the IL-12 receptor. CD4* T cells tended to exclusively
express RORyt, but RORyt expression was significantly down regulated in sepsis
when compared to infection and control. RORyt was similarly expressed on CD8*

T cells in control, infection, and sepsis.

IL-23 receptor expression on CD3* cells was increased in infection and
sepsis when compared to control. [L-23 receptor was not found to be different
on naive and terminally differentiated CD3* cells however IL-23r was increased
on central memory T cells in sepsis and increased on effector memory T cells in
both sepsis and infection when compared to control. Expression of IL-23r on EM
T cells was similar when comparing infection to sepsis. CD3* cells have reduced
expression of RORyt in sepsis when compared to infection and control. Naive

CD3* cells have the same expression of RORyt however in CD3* CM and EM cells
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RORyt expression is downregulated in sepsis compared to control, and in CD3*

cells RORyt is downregulated in CM in sepsis when compared to infection.

Upon stimulation CD4* T cells produced small quantities of IL-17A whereas

CD8* T cells did not produce IL-17A.

5.4.3.1 Discussion

IL-23 receptor is upregulated in infection and sepsis suggesting Tul7
activity is a normal response to infection. However RORyt is downregulated in
sepsis on CD3* cells and CD4* T cells suggesting that Tul7 is somewhat
suppressed in sepsis compared to infection. CD8* T cells have similar RORyt
expression and do not seem to produce any IL-17A in response to stimulation.
This would suggest that in sepsis there is less Th17 activity compared to infection

in T cells and particularly in CD4* T cells.

5.4.4 CD3* CD3*CD4* and CD3*CD8" Cell Differentiation

In sepsis and infection the CD3" cell count is reduced. The percentage of
CD3* cells that are naive are much lower in infection when compared to control
and sepsis, with a much higher percentage of CD3* cells being EM in infection

when compared to control and sepsis. More of the CD3* cells are TD when
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comparing infection to sepsis. The percentage of CD3* cells that are CD4" is
lower in infection than in control and sepsis whereas the percentage of CD3*
cells that are CD8* are similar across all three groups. Naive CD8* T cells were
lower in the infection group compared to the sepsis group and control group.
CD8* T cells tend to be differentiated into EM and in particular unlike CD4* T cells

into TD cells, in all three groups.

There are far fewer Naive CD4* T cells in the infection group when
compared to control and sepsis with a much greater rise in EM cells in the
infection group when compared to control and sepsis groups. Roughly 60% of
CD4* T cells are EM cells compared to 20% of the sepsis group’s. Over a two
week period the proportion of EM CD4* T cells in the sepsis group gradually

increases to similar levels as the infection group had had on day 1.

5.4.4.1 Discussion

T cell count and CD4* T cells are reduced in both infection and sepsis
groups compared to control. However in the infection group there are less naive
T cells and more effector memory T cells than in the sepsis group. Naive CD8" T
cells are reduced in infection compared to sepsis and control. This suggests that
thereis a problem with T cell activation and differentiation in sepsis. In the septic
group the EM T cells did rise over the two weeks, in those patients who were

still alive, which suggests that the differentiation does occur but considerably
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later than in patients who do not develop sepsis. This suggest that sepsis may be
associated with a immunosuppressed state which is further supported by the

finding in this study that T.eg cells were upregulated in sepsis.
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5.5 Innate Tyl and Tyl7 Immunity

5.5.1 Natural Killer Cells

The frequency and number of natural killer (NK) cells in the sepsis group
were reduced when compared to the control and infection groups. The

frequency of NK cells increased over the three weeks following admission.

5.5.1.1 Tul NKCells

There were scant NK cells expressing IL-12 receptor. Of the few that were
expressed both sepsis and infection had reduced IL-12 receptor expression
when compared to control. The overwhelming majority of NK cells expressed T-
Bet when stimulated but this was reduced in the sepsis group compared to the
infection group. When NK cells were stimulated there was significantly less IFN-

v produced by the NK cells in the septic group than in the control group.
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5.5.1.2 Tul7 NK Cells

Similar numbers of NK cells expressed IL-23 receptor in all three groups.
There was no significant difference in expression of RORyt with stimulation in all
three groups, however there was minimal to no IL-17A detected. This result was

expected, since NK cells typically do not produce Ty17 cytokines.

5.5.1.3 Discussion

The above findings suggest that NK Cells have a reduced Tul response in
sepsis as indicated by the reduced T-Bet and reduced IFN-y production in this
group. There was no evidence of an altered NK Tul7 response in this study
although production of IL-17A was not seen by these cells. Thus sepsis may be
linked with anomalous NK Tyl responsiveness, which is distinct from that seen

with adaptive lymphocytes.
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5.5.2 CD56*T Cells

For the purpose of this study natural killer T (NKT) cells were defined as
CD56" T cells as discussed previously. The frequency of NKT cells was higher in
infection than in sepsis and the NKT cell count in the infection group was similar
to that of control. The NKT cell count was significantly lower in the sepsis group
when compared to the control and infection group and the NKT cell count

remained low over the following 3 weeks in the sepsis group.

5.5.2.1 CD56*T Cell Differentiation

The frequency and cell count of naive NKT cells were reduced in sepsis and
infection when compared to control. The frequency across the groups of CM,
EM and TD NKT cells were similar, with the majority being of the TD phenotype
followed by the EM phenotype and only few being of the CM phenotype.
However, when looking at the cell counts there were significantly fewer EM NKT
cells in the sepsis group when compared to the infection group, and significantly
fewer TD NKT cells in the sepsis groups when compared to the infection and
control groups. Thus, these non-MHC restricted innate lymphocytes are

activated in patients with sepsis and infection.
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5.5.2.2 Tul CD56"T Cells

There were minimal NKT cells expressing IL-12 receptor but of those that
did, there were fewer expressing it in the infection group than the control.
Without stimulation NKT T-Bet expression was significantly less in the septic
group compared to the infection group. Upon stimulation T-Bet was dramatically
upregulated in the infection group and not in the sepsis group with significantly
less expression in the septic group compared to the infection group. Upon
stimulation NKT cells in the sepsis group expressed significantly less IFN-y when

compared to the control and infection group.

5.5.2.3 Tul7 CD56*T Cells

Few NKT cells expressed IL-23 receptor and expression was similar in all
groups. Upon stimulation RORyt expression in the sepsis group was significantly
less compared to the control group. Upon stimulation scant IL-17A was detected

and it was similar across all groups.
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5.5.2.4 Discussion

NKT cells were defined as CD56" T cells in this thesis. iINKT cells were
investigated separately which unfortunately were too scarce to analyse. NKT cell
count seemed to be reduced in the septic group. There was evidence that
differentiation was occurring in the septic and infection group but there were
significantly fewer EM and TD NKT cells in the septic group. In the sepsis group
T-Bet expression was low and we were unable to upregulate its expression with
stimulation in this group. There was significantly less IFN-y produced in the
sepsis group. This suggests that there is a reduced Tul response to infection in
patients who develop sepsis. There was reduced RORyt expression in the sepsis
group which could also suggest a reduced Tyl7 response in the septic group.
However, the predominant effect appeared to be that in humans with infection,

NKT cells may elaborate a Tyl response which is defective in patients with sepsis.

5.5.3 MAIT Cells

Frequency of MAIT cells in the T cell population was less in the infection
group when compared to the control group, and MAIT cell count was reduced
in infection and sepsis groups when compared to control. MAIT cell count

remained low over the following 3 weeks in the sepsis group.
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5.5.3.1 MAIT Differentiation

The frequency of naive MAIT cells and CM MAIT cells were less in the
infection and sepsis groups compared to control howevere the EM and TD MAIT
cell frequencies were similar across all groups. The majority of MAIT cells were

of the EM phenotype.

5.5.3.2 Tul MAIT Cells

There were very few MAIT cells expressing IL-12 receptor similarly in all
groups. Without stimulation there was increased T-Bet expression in the MAIT
cells of the infection group when compared to the sepsis group. With stimulation
this became even more apparent with less T-Bet expression in the sepsis group
compared to the infection group. When looking at the differentiated cells the
TD MAIT cells expressed significantly more T-Bet in the infection group when
compared to the sepsis group. Upon stimulation MAIT cells in each group

expressed IFN-y similarly.
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5.5.3.3 Tul7 MAIT Cells

MAIT cells express IL-23 receptor in similar frequencies in all groups but
the count of MAIT cells expressing IL-23 receptor differed with sepsis expressing
signifantly less when compared to control. This low count of MAIT cells
expressing IL-23 receptor remained similar over the following 3 weeks. When
MAIT cells were stimulated, significantly less MAIT cells in the septic group
expressed RORyt when compared to control. Examining the RORyt expression in
differentiated MAIT cells revealed significantly less RORyt expression in the TD
MAIT cells in the septic group compared to the control group. There was very
little IL-17A detected upon stimulation of MAIT cells however it was similar in all

groups.

5.5.3.4 Discussion

MAIT cell counts were reduced in both infection and sepsis and remained
low in the sepsis group. There were less naive MAIT cells in both infection and
sepsis suggesting there was differentiation in both groups occuring. MAIT cells
in the infection group expressed more T-Bet than in the septic group suggesting
that there is a reduced Tu1 response in patients who develop sepsis. There was
less RORyt expressed in the MAIT cells when stimulated, particularly the TD MAIT
cells suggesting reduced Ty17 response in patients with sepsis. This may be due
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to an intrinsic issue as without stimulation RORyt expression was similar across
the groups. However patients with sepsis may exhibit attenuated Tyl and Tu17
responses. This can in part be accounted for by the heterogenous group of cells,
both innate and adaptive immune lymphocytes that express the archetypic

MAIT receptor CD161 (see discussion in Chapter 4).

5.5.4 V61 Gamma-Delta T Lymphocytes

V81 T cells had similar counts and frequencies across all three groups.

5.5.4.1 V61T Cell Differentiation

The frequency and cell count of naive V61 T cells is reduced in both
infection and sepsis groups when compared to control. There was no significant

difference in CM, EM, and TD V&1 T cells across the groups.

5.5.42 TulVO1T Cells

Few V81 T cells expressed IL-12 receptor and there were no differences

across the groups. T-Bet expression by V&1 T cells was similar across all gorups.
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Upon stimulation the V81 T cells expressed less IFN-y in the sepsis group when

compared to the infection group.

5.5.4.3 Tul7V61Tcells

V81 T cells expressed less IL-23 receptor in the infection group compared
to control. RORyt expression by V61 T cells was similar across the groups. [L-17A
was expressed at similar low levels by V&1 T cells in all groups upon stimulation

(Figure 4-12).

5.5.4.4 Discussion

There appears to be phenotypic differentiation in both infection and
sepsis groups. T-Bet was similar across the groups but there was a reduced
capacity to produce IFN-y in the sepsis group. This suggests some reduction in
capacity of the V61 T cells to mount a Tl response in patients with sepsis. There

did not appear to be a difference in the Ty17 response of V61 T cells.
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5.5.5 V62 Gamma-Delta T Lymphocytes

V82 T cells are the most abundant yo T cells in circulating human blood.
The frequency of V62 T cells is reduced in sepsis when compared to control. The
V82 T cell counts are reduced in sepsis and infection when compared to control

and appear to be much lower in sepsis than in infection.

These cells appear to be appropriately differentiating in infection and
sepsis as suggested by the lower naive cell count. V82 T cells did not express
much T-Bet, Median expression of 5% in controls and 0% in infection and sepsis.
However, with stimulation the infection group expressed a median of roughly
5% whereas the sepsis group remained at a median of 0%. However

approximately 40-50% of V82 T cells produced IFN-y on stimulation.

The percentage of naive V62 T cells is reduced in both infection and
sepsis groups when compared to control. There was no significant difference
between groups in CM, EM, and TD V62 T cells. The naive, CM, and TD V62 T cell
counts are reduced in infection and sepsis groups when compared to controls.

The EM V&2 T cell counts are similar across all groups.
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5.5.5.1 TulV62TCells

There were scant V82 T cells expressing IL-12 receptors across all groups.
T-Bet expression was low in V62 T cells and with stimulation it was significantly
lower in the sepsis group compared to the control group. With stimulation

expression of IFN-y was the same across all groups.

5.5.5.2 Tul7 V82T Cells

There were scant V82 T cells expressing IL-23 receptors across all groups.
RORyt was reduced in the sepsis group without stimulation but with stimulation
it was upregulated and there were no differences in RORyt expression by V62 T
cells between the groups with stimulation. There was no IL-17A production

detected with stimulation in V62 T cells.

5.5.5.3 Discussion

There appears to be a reduced capacity of a Tyl response in the sepsis
group when the V82 T cells are stimulated. RORyt expression in the V62 T cells

was upregulated with PMA/I stimulation in the sepsis group to similar levels as
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the infection group however it was low in the sepsis group without stimulation
suggesting a potential reduction in Ty17 V82 T cell response to infection in the

septic group.
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5.6 Further Supplemental Discussion to Papers

This thesis demonstrated a reduction in Tul response in sepsis when
compared to infection without sepsis in the global population of CD3*
lymphocytes, NK cells, NKT cells, MAIT cells, V61 and V&2 T cells. It also
demonstrated a reduction in Tyl7 response in sepsis when compared to
infection without sepsis globally in CD3* lymphocytes, but more specifically in

CD4* T cells, NKT cells, MAIT cells, and V62 T cells.

The Tyl and Ty17 responses in these cell lines was more robust in patients
who had infection but did not develop sepsis, all of whom survived their
infection. Thus, this thesis suggests that Tyl7 and Tul responses may be
protective from developing sepsis rather than acting as mediators of life-
threatening inflammation. This is in keeping with other studies such as Ronit et
al who reported a decrease in Tyl7 lymphocytes, with endotoxin induced
systemic inflammation [72]. But these findings are contrary to other suggestions
from Mikacenic et al. and Liu et al who suggests that plasma IL-17 levels are
directly correlated with worse prognosis in sepsis [51, 112]. Crucially though
these studies did not investigate IL-17 responses in patients with infection
without sepsis. While it may be found that IL-17 rises in sepsis it does not
demonstrate causation of sepsis, as this may be appropriate or it may be
inappropriately low in the context of infection. Human sepsis studies of host
immunity are problematic, as there is difficulty distinguishing between causal

and coincidental molecular events. This study highlights the importance of
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including a normal or robust response to infection when examining immune

responses to broaden our knowledge of immune responses to sepsis.

The absence of IL-12 receptor expression in both CD4* and CD8" T
lymphocytes, which is consistent with existing human data suggests that
immunity in elderly humans with sepsis is predominantly mediated by a Ty17

rather than a Tyl response [70].

At presentation of sepsis there was reduced Tyl7 CD4* T cell and Tul
CD8" T cell differentiation. This study suggests a specific failure of the CD4*
effector memory lymphocyte mediated Tul7 response. This is plausible as IL-17
enhances polymorphonuclear chemotaxis and activation, and is crucially
important in mediating mucosal immunity, specifically for systemic Candida
infections, which account for 20% of all infections in critically ill patients [80-82].
And indeed fungal secondary infections were seen in the septic group of patients

in this study.

Naive innate T cells in sepsis and infection groups were fewer than in
control suggesting that the innate T cells were differentiating into effector
phenotypes. This is to be expected for such non-MHC restricted innate
lymphocytes in the presence of active infection. The activation of these non-
MHC restricted lymphocytes in septic patients contrasts starkly with the
activation failure of adaptive T lymphocytes in patients with sepsis and
emphasises the central role of antigen presentation and adaptive immunity in

human response to extra cellular bacterial infection.
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This study and thesis demonstrate the importance and value of
comparing immune responses in sepsis to those of immune responses to
infection without sepsis. Future studies should include this format. Murine
immune responses to sepsis have been studied in the past but unfortunately
these models rarely translate into those of the human immune responses. The
human immune response to infection and sepsis is extremely complex with
multiple immune cells interacting in concert. Some immune cells appear to have
plasticity, for example those of macrophages [113], and thus an immune
response may have cell types switching from one phenotype to another, thus it
is important to follow the immunophenotyping for more than one time point as
was done in this work. Ideally the immune system should be analysed before
infection as well however it is currently not possible to predict which patients

will develop sepsis in response to infection.

A larger clinical study will be required to investigate the utility of specific
lymphocyte activation indices as biomarkers for clinical outcome, such as
mortality, in infected and septic patients. Future studies will harness more
information with the advent of more sophisticated multi-colour flow cytometers
which can analyse more than 8 colours per event which this study was limited

to.

This study raises some interesting questions regarding the immune
response to sepsis and infection in humans that warrant investigation. The first
is why the adaptive T cells are not differentiating from naive to effector states in
the septic group, as this might suggest potential immunomodulation therapies

in sepsis, to stimulate T cell differentiation. Causes of reduced Tyl and in
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particular Tpl7 responses with potential avenues for immunomodulation
therapies should also be explored. Specifically, the roles of the extended IL-1 and
IL-6 cytokine families in T cell differentiation in human sepsis are worth

investigating.
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