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Summary

Sepsis kills more people than car accidents, breast cancer, and bowel cancer combined.
The key areas integral for ensuring improvements in the care of sepsis patients include
improved risk stratification, better microorganism identification techniques, and a
reduction in the burden of second-hit nosocomial infections. This work addresses each
of these key areas in turn, with the ultimate aim of improving patient care through

applied translation research.

Firstly, this work will combine small-scale yet complex immunological data with new
statistical modelling techniques to form a new approach to microbe identification based
on “immune fingerprints”. This new approach will allow discrimination between Gram-
positive and Gram-negative infecting organisms using a small set of immune markers
suitable for development into point-of-care technology. These immune fingerprints will

also be used to improve the diagnosis of sepsis and provide risk stratification models.

Secondly, this thesis will offer new insights into immunosuppression that may impact
upon current and future clinical trials. Specifically, it will suggest that
aminobisphosphonates may help in the treatment of sepsis related-immunosuppression

and that sepsis neutrophils gain the ability to act as antigen presenting cells.
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CHAPTER 1

INTRODUCTION




Chapter 1 Introduction

1.1. Clinical sepsis

Measured using any chosen metric, sepsis is a devastating condition for patients, their
families, and society. Responsible for more deaths than breast cancer and traffic
accidents combined, sepsis kills over 39,000 people a year in the United Kingdom
alone'?. Globally it accounts for 60-80% of all deaths, killing over 6 million children
every year in the developing world'>. As a medical condition, it is more deathly than a
stroke, killing a third of all patients with the severe form of the illness®. It is
responsible for a third of admissions to the intensive care unit (ICU) and costs the
economy of the United States $17 billion pounds annually*®. For patients that do
survive, many will carry a substantial burden of continued physical and psychological
ill health, with return to work rates of less than 65%>". Despite these facts, historically
both public and professional knowledge of this condition has been poor. This has been
accompanied by low rates of proportional research funding and low prioritisation of
associated research outputs. Thankfully, partially due to the work of the Global Sepsis
Alliance, these shortcomings are changing. The start of this research project coincided
with the launch of the first World Sepsis Day in 2011. Three years later, the political
situation in the United Kingdom has changed dramatically with the development of
guidelines from The National Institute for Health and Care Excellence (NICE) in
progress, new data capture across the National Health Service (NHS) and the formation
of an all-party parliamentary group to champion the cause. This thesis will help address
the other essential component needed to realise improvements in sepsis care; quality,

applied, translational scientific research.

1.1.1. Definitions

The first formal definition of sepsis resulted from a meeting of an international
consensus panel in 1992 held in Chicago’’. This concluded that sepsis was a systemic
inflammatory response (SIRS) to infection with severe sepsis being present where there
was associated organ dysfunction and septic shock, defined as the presence of
hypotension refectory to adequate fluid resuscitation. The two subsequent updates in
2003 and 2012 provided more detail on the definitions of SIRS, expanded its criteria

significantly, and asserted that the suspicion of infection alone was sufficient to make



the initial diagnosis®'®. The most recent 2012 definition of sepsis from the Surviving

Sepsis Campaign (SSC) is:

“the presence (probable or documented) of infection together with systemic
manifestations of infection. Severe sepsis is defined as sepsis plus sepsis-induced organ

dysfunction or tissue hypoperfusion”.

Whilst the broadening of the entry criteria in the 2012 SSC guidelines may be beneficial
for patient care, it does pose a challenge for the research community in ensuring
consistency across patient populations. Many patients fulfilling the SIRS criteria with a
suspicion of infection will subsequently have negative diagnostic tests for infectious
organisms' . This will leave the classification of this patient in a state of flux for

research interpretation purposes.

1.1.2. Causes

In the developed world, respiratory infection is responsible for over half of all cases of
sepsis. The majority of the remaining infections are due to intra-abdominal pathology or
urinary tract infections. In the developing world, although respiratory illness still
predominates the aetiological factors, it plays a less substantial role compared to the

alternative pathologies (Figure 1.1).
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Figure 1.1 Sources of sepsis in patients from Western Europe and Africa. Shown above are the
proportions of different sources of sepsis in patients in both Western Europe and Africa. Data are not
mutually exclusive and therefore total percentages may be greater than 100%. These data have been
adapted from ',

Although fungal and viral infections are also causative factors in many sepsis deaths,
bacterial pathogens predominate. Staphylococcus aureus and Streptococcus pneumonia
are the common Gram-positive species considered causative with Escherichia coli,
Klebsiella species, and Pseudomonas aeruginosa dominating the Gram-negative
group™!. This pattern is shown in Figure 1.2. There is debate regarding the relative
contribution by each of these different organism types. One large multicentre study
found a predominance of Gram-positive infections causing sepsis™'' whilst the more
recent large epidemiological study looking at intensive care patients found 62% of
patients to have Gram-negative infections compared with only 47% with Gram-positive
infections®''. This balance is likely to be heavily influenced by local population

characteristics, organism virulence factors, and other health care structure variables in

the studied region.

® This total is greater than 100% due to mixed infections.
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Figure 1.2 Causative organisms in sepsis patients in Western Europe and Africa. Shown above are
the proportions of different causative organisms in sepsis patients in both Western Europe and Africa
divided by Gram status. Data are not mutually exclusive and therefore total percentages may be greater
than 100%. These data have been adapted from'"'>. MRSA, Methicillin-resistant Staphylococcus aureus;
VSE, vancomycin sensitive Enterococcus; VRE, vancomycin resistant Enterococcus; ESBL, extended
spectrum beta-lactamases.

1.1.3. Treatments

Following the association between TNF-a levels and the pathogenesis of sepsis in the
1980s'?, the pharmaceutical industry has invested heavily in a range of immunotherapy
agents targeted at treatments for sepsis patients. Most of these agents have been directed

towards three main areas of pathophysiology: dysregulated coagulation, host responses

(including complement and proinflammatory activation) and mechanisms of microbial



virulence (pathogen-associated molecular patterns (PAMPs) and host pathogen
recognition receptors (PRRs)). The most high profile of these drugs was activated
protein C (Xigris), initially approved for use by the Food and Drug Administration
(FDA) in 2001 based on the results of the PROWESS trial"*'*. Although initially
heavily endorsed by the 2003 SSC guidelines through close industry links'>', a
subsequent negative trial'>'® led the intensive care community to reappraise the use of
this therapy. This process eventually led to the withdrawal of Xigris by the FDA amid
much public criticism of the initial process that had led to its widespread adoption'®"”.
Sadly, this picture of initial hope in a new therapeutic intervention followed by negative
clinical trials has plagued the field of sepsis therapy. Table 1.1 details many such
treatments that have now been shown to be ineffective. Whilst there remain some
therapies under investigation, the tenants of modern sepsis treatment rely upon three
simple yet considered (by international guidelines) effective interventions: antibiotic

use, source control, and supportive critical care.

Table 1.1 Interventions used to treat sepsis classified by their currently known efficacy.

Treatments shown to be Promising treatments Treatments that

ineffective still under evaluation feature in major
international
guidelines

Activated protein C Alkaline phosphatase Early appropriate
antibiotic therapy

Anti-thrombin III recombinant Early source control

human tissue factor pathway Beta-blockers

inhibitor (Tifacogin)

Anti-tumour necrosis factor GM-CSF Supportive critical care

monoclonal antibody bundles

Anti-tumour necrosis factor Immunoglobulin

receptor antagonist

Bradykinin antagonist Interferon gamma

(Deltibant)

ECA (anti-Enterobacteriaceae | TLR-4 antagonist (€5564)

common antigen monoclonal

antibody)




Growth hormone

HA-1A (anti-endotoxin

monoclonal antibody)

Interleukin-1 receptor antagonist

N-acetyl cysteine

Nitric oxide inhibitors

Plasma exchange or coupled

filtration adsorption

Selenium

Statins

TAK 242
(TLR-4 antagonist)

Talactoferrin

The table above shows many of the published interventions that have been subjected to clinical trials, are
currently in trials or are promoted by major international guidelines for the treatment of sepsis.
Interventions classed as ineffective either failed to meet their primary endpoint or were stopped early due
to increased mortality"”.

1.1.3.1. The evidence for antibiotic use in sepsis
Although early, aggressive and appropriate antibiotics form the cornerstone of national

and international guidelines on the treatment of sepsis™’, there remains evidential
uncertainty of the role that they play in reducing mortality. Although the
pathophysiological basis of microbial killing resulting from antibiotic use has been
known for decades!8, sepsis is a disease causing mortality through a patient’s response
to infection rather than simply presence of microbial agents directly. Therefore,
scientific evidence of pathogen killing is insufficient to infer clear mortality benefits
that may result. Multiple studies focusing on patient outcomes have been published
showing a higher mortality in patients where antibiotics have been delayed or were

deemed inappropriate .

However, all of these are methodologically flawed
retrospective studies unable to compensate for unmeasured cofounders that may play an
important part in such a diverse condition. Due to the lack of ethical clinical equipoise
required to perform a double-blind randomised placebo controlled clinical trial in this
area, few studies are able to produce a high grade of evidence. One study has used an
innovative approach to this problem, using a quasi-experimental, before and after

observational cohort study of aggressive versus conservative antimicrobial treatment2®,




Interestingly, this showed a negative association between mortality and -early,
aggressive broad-spectrum antibiotic use. Summarising more than 50 trials of early,
aggressive broad-spectrum antibiotics use in sepsis (20 of which showed no positive
association between this intervention and mortality) McGregor?’ summarises the

current state of the evidence by stating that:

“there is little evidence for or against recommendations regarding aggressive empiric

therapy with broad-spectrum antibiotics” .

This underlines the importance of using more directed approaches to antibiotic use,
specifically aimed at those patients who actually do have infection and not simply
sterile SIRS. Furthermore, targeting the correct individual microbial pathogen in non-
mixed infections, rather than using a one-size-fits-all approach of empirical antibiotics,
may help power studies that show mortality reductions. In order to realise the evidence
for antibiotics, the background noise concerning inappropriate antibiotic use needs to be

silenced. This is especially true in a world of increasing antimicrobial resistance?829,

Despite these uncertainties, early, appropriate antibiotic use remains the cornerstone of
sepsis treatment with one study showing an increased mortality of 7.6% for each hour
that this intervention is delayed®™'. However, the ideal initial choice of agents is open
to debate and relies greatly upon local microbiological surveillance data as well as
patient characteristics. However, the prediction of local resistance patterns and likely
causative organisms is known to be difficult with as many as 1 in 5 patients receiving

3032 Early source control relies upon early source

inappropriate initial antibiotics
identification, another challenge that can be difficult to meet early in a patient’s
presentation with sepsis. Many patients are diagnosed with an incorrect source of

infection where effective source control would thus not be possible™.

1.1.3.2. The evidence in care bundles in sepsis
Providing supportive critical care encompasses packages of interventions that have

some degree of an evidence-base when applied across the critically ill patient
population as a whole®®”*. The most robust elements of this package include lung
protective ventilation, blood glucose control, maintenance of the patient’s bed at a 45-
degree angle, antithrombotic prophylaxis, nutritional support, and care within a

multidiscipline dedicated critical care team. The SSC guidelines include additional



suggested interventions within their bundles of care. The most widely applied of these is
their approach to initial resuscitation largely based on a goal-directed therapy paradigm

promoted by a controversial single-centre study>*>°.

Despite many international authorities continuing to promote the use of these above
measures thought to be beneficial in the form of bundles of care, the most current
evidence does not support many of these practices. Even those measures universally
applied in critical care practice, such as the use of a 45 degree head-up tilt in ventilated
patients to reduce levels of Ventilator-Associated Pneumonia (VAP), when considered
objectively may fail to deliver patient benefits®®. In VAP specifically, the use of a 45
degree head-up tilt has even been shown to be detrimental in basic scientific studies *’.
The patient centred outcome of this practice will be further elucidated on completion of
the on-going Gravity-VAP (Ventilator-Associated Pneumonia) Trial (ClinicalTrials.gov
Identifier: NCT01138540).

The questioning of established convention has also occurred in the management of
sepsis following the publication of two major international randomised controlled
trials’>*®. Both the US based ProCESS and the more recent Australian ARISE studies
have questioned many of the accepted interventions featuring in the SSC 6 hour bundle,
most notably the use of central venous pressure (CVP) and central venous oxygen
saturation (ScvO;). The former 24 hour bundle has already been removed and now in
light of these studies questioning the utility of CVP and ScvO, monitoring as part of an
early resuscitation strategy, many are calling for this to be reflected in the current
guidelines®™*’. In response, the SSC released a statement on 1% October 2014 to address
these issues stating that they will continue to recommend CVP and ScvO, monitoring as
they have not been demonstrated to be associated with any adverse outcomes. However,

they state that:

“in light of the evidence from the ProCESS and ARISE trials, the SSC guidelines
committee will immediately review the evidence and assess whether the guidelines need

to be updated now”.



1.1.4. Outcomes
Whilst the mortality rates in sepsis have improved greatly from as high as 80% in series

published 30 years ago*"

, 1t remains far higher when compared with many other
common pathologies***>. Many researchers feel that increased awareness and training
amongst staff along with better supportive treatment and aggressive initial antibiotic use
have reduced mortality in severe sepsis to around 20-30%°**. However, the long-term
morbidity associated with this condition is substantial with return-to-work rates as low
as 60%%**. Many survivors will develop severe psychological symptoms and others
will suffer debilitating chronic pain. Even 10 years following an initial illness, survivors
have been shown to have a reduced cardiovascular reserve, poor lung function, and

persistent muscle waisting™* .

The organism class responsible for infection has been shown to play a role in
determining the mortality of patients with sepsis*®*’. However, there are variations in
both the magnitude and the direction of the differences shown between Gram-positive
and Gram-negative infections. The largest of these studies, with over 5 retrospective
electronic records analysed retrospectively of patients from the United States, attributed
a mortality of 30.4% to sepsis caused by Gram-positive organisms and 23.3% for Gram-
negative organisms. However, the highest mortality by organism type in this cohort was
36.3% in anaerobic microbes that were formed from a subclass of the Gram-negative
species*™. A European study of 3000 patients with sepsis showed an unadjusted hospital
mortality rate of 37.6% in Gram-positive infections compared with 35.3% in Gram-
negative infections®®. A much smaller study of 436 patients, which controlled for
appropriate antibiotic use, conversely showed an unadjusted hospital mortality rate of
50% in Gram-positive infections compared with a higher rate of 52.3% in Gram-

negative infections’.

As well as the associations between Gram status and mortality, individual organism
species can also help to explain differences in patient mortality ***’. After adjustment
for an organism’s class and other important cofounders, Labelle et al have shown there
to be a hierarchal mortality rate associated with different organism types within Gram-
positive and Gram-negative subgroups. Overall, whilst patients with Gram-positive
infections were shown to have a mortality rate of 50%, having a methicillin susceptible

Staphylococcus aureus had a raw mortality rate of just 30% with an odds ratio of 0.3
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after adjustment using linear regression analysis compared with other organism types.
However, the larger study by Ani et al, although not adjusted for co-founders or
appropriate antibiotic use, showed methicillin susceptible Staphylococcus aureus as
having the highest mortality rate compared with all other Gram-positive and Gram-

negative species™.

In fact, after the adjustments for the organism class and type, the site of infection also
appears to play a key role in differential patient survival ***°. These mortality
differences found through comparison of sources can be as much as a 50% increase in
absolute mortality rates in ischemic bowel sepsis compared with urosepsis from

obstructive uropathy.

With the knowledge that patterns of microbial classes differ between different infectious
sources™, simply basing a mortality prediction on an organism type may act as a
surrogate for the likely source of infection. This may help explain some of the variation
shown in the literature comparing organism class and species. The extent of analysis
variation shown in these studies expose many of the difficulties inherent in retrospective
analysis of a syndrome characterised by a number of individual disease entities across a
hugely variable cohort of patients. In conjunction with local microbial resistance
patterns, the variable use and timing of appropriate antibiotics further complicates

research in this area.

1.2. The cellular immune response in sepsis
The early determinants of the host response to infection lie predominantly with the

innate immune system, orchestrated by several important effector cell types.

1.2.1. Monocytes

Cells emerging from the monocyte-macrophage lineage, often found tissue resident in
end-organ systems, play a key role in phagocytosis of pathogens and mounting a rapid
response through activation of pattern recognition receptors. The subsequent release of
proinflammatory mediators, most notably interleukin(IL)-6, TNF-a, IL-1p and IL-10, is
accompanied by the release of a broad range of cytokines, chemokines and free radicals
which promote cell migration, adhesion and tissue inflammation™. A key example of

this functional ability occurs in Gram-negative infections through binding of microbial
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lipopolysaccharide (LPS) to monocyte toll-like receptor 4(TLR4)/CDI14 complex
mediated by myeloid differentiation primary response gene 88 (MyDS88) and TIR-
domain-containing adapter-inducing interferon-f (TRIF) dependent pathways,
stimulating the production of intracellular nuclear factor kappa-light-chain-enhancer of
activated B cells (NFkB) and hence the phenotypical and function changes that result’.
Conversely, Gram-positive microbes, with their peptidoglycan and lipoteichoic acid cell
walls, classically were considered to act independently through TLR2 receptors but
increasing evidence now points towards crossover in the activation of divergent TLRs
by both Gram-positive and Gram-negative species and their associated PAMPs™.
Furthermore, human monocytes can be divided into two subsets based on their
expression of CD14 and the immunoglobulin receptor CD16. Those CD14'CD16 -
monocytes represent the majority of peripheral circulating monocytes whilst the
CD14'CD16" monocytes produce the higher levels of proinflammatory cytokines and

lower levels of IL-10.

1.2.2. Neutrophils

The innate immune response in sepsis is heavily reliant on neutrophils for regulatory
processes, phagocytosis and direct antimicrobial killing. The regulatory aspects of the
neutrophil response are dependent upon cytokines, chemokines, and leukotrienes whilst
antimicrobial killing occurs in response to neutrophil peptide, protease, and oxidant
production. Dysregulation of neutrophils during sepsis has been demonstrated in a range
of models, including studies showing a reduced ability for neutrophil migration to the
appropriate sites of infection™ and an inadequate functional response following
neutrophil stimulation by PAMPS including LPS™. Inappropriate neutrophil migration
to non-pathological sites, most notably the lungs™®, has been shown to result in immune-
related pathology”’ and contribute towards the pathophysiology of multi-organ failure in
sepsis”®. The mechanisms implicated in these changes include impaired neutrophil
chemotaxis mediated through TLR and cytoskeletal alterations® and more recently the
detrimental role that continued late neutrophil extracellular trap (NET) formation may

have on a balanced immune response in sepsis®*®.

1.2.3. Lymphocytes
CD4" T cell subsets play an important role in the regulation of the immune response in
sepsis. Whilst initially promoting a Ty; IFN-y dominant response, there is an

increasingly recognised role for other important Ty cell subsets including Ty7 * and
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regulatory T cells®® (Tregs) in the control of an infective response. The secretion of IL-
23 and IL-1 by antigen presentation cells help promote IL-17 producing Ty;7 subsets
that in turn form a balancing link between the adaptive and innate immune system®*®.
This Tyy7 role seems especially important in combating extracellular bacteria such as
Staphylococcus aureus®™. There are strong signals linking increased levels of Treg cells
in peripheral blood of patients with sepsis and immunosuppression although the exact
role of this subset of T cells remains contentious®”*®. Changes in the distribution of
CD8" effector cytotoxic T cells have also been shown to occur during the early phases

of sepsis. In combination with increased levels of Tregs, lymphocyte changes are linked

to the anti-inflammatory phenotype observed in many sepsis patients®.

1.2.4. yo T cells

vo T cells expressing a Vy9/V32 T cell receptor are unique to humans and primates and
represent only a minor population in the peripheral circulation; yet they expand
dramatically in many infections and may exceed all other lymphocyte populations
within days’®. This is arguably the most impressive expansion of any human immune
cell and indicates a fundamental role for these cells in acute disease. With respect to
antigen selectivity and recognition, Vy9/Vd2 T cells differ fundamentally from other
human or non-human y6 T cells, and from ‘conventional’ af3 T cells. They occupy a
unique niche in microbial recognition as they are directly activated by (£)-4-hydroxy-3-
methyl-but-2-enyl pyrophosphate (HMB-PP), an essential metabolite in the majority of
Gram-positive (Bacillus, Clostridium, Mycobacterium) and Gram-negative bacteria (E.
coli, Klebsiella, Pseudomonas, Salmonella)’'. Although the exact mechanism of this
non-major histocompatibility complex (MHC) dependant recognition of HMB-PP is not
fully understood, it is known to involve HMB-PP binding through the B30.2
intracellular domain of butyrophilin 3 (BTN3)"*"*. The innate-like capacity of Vy9/V§2
T cells to recognize HMB-PP offers a simple means to respond to numerous pathogens,
by targeting a vital metabolic route shared by these organisms. Notable exceptions of
medical relevance are the Gram-positive bacteria Enterococcus, Staphylococcus, and
Streptococcus and Gram-negative Legionella that cause considerable disease but fail to
stimulate Yo T cells due to the absence of HMB-PP in their metabolism. It has been
demonstrated that stimulation of human yd T cells has implications for both pathogen

clearance and development of microbe-specific immunity’*. However, if triggered at the
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wrong time or the wrong site, especially in vulnerable individuals with severe infection,
this reaction may lead to inflammation-related damage and affect patient outcomes’*. y&
T cell responses may act as relevant biomarkers for differential diagnosis of patients
with acute infection but also may contribute to risk modelling as predictors of morbidity

and mortality.

1.3. Immunosuppression in sepsis

Although host responses to infection have been studied extensively for decades’’°, the
concept of a transition to a hypoimmune status following initial recovery from sepsis is
a relatively new concept. Combined with the failure to realise mortality improvements
by addressing the proinflammatory cytokine storm in the initial period of sepsis, there is
great interest in immunotherapy directed towards this contrary process’>’. Although
addressing immunosuppression has been shown to bring mortality benefits in cancer

patients by reducing immunosuppression related infections’”’®

, 1t has not yet been
shown to be an effective intervention for reducing sepsis deaths. These deaths resulting
from immunosuppression in sepsis generally occur later in the disease process and are
due to either a failure to control the initial infective insult or the acquisition of a second-

hit nosocomial low virulence infection.

1.3.1. Models of immunosuppression

The accepted paradigm of a period of hyperimmune inflammatory storm only
subsequently followed by a hypoimmune phase has been questioned by many in recent
times’™"’. Most notably, data from the associated conditions of trauma and burns has
shown that immune suppression can occur as early as 2 hours following an initial
insult’”®. A landmark study examining splenocytes of patients that died from sepsis has
shown simultaneous alterations in both pro and anti-inflammatory pathways suggesting
a far more complex picture of converging dysregulation across these two domains®**'.
This complexity is further confounded by using artificial timescales to time illness start
by a patient’s presentation point to hospital. Clinicians meeting a patient for the first
time are actually seeing only a snapshot in a pathophysiological process that may have
been occurring for many days previously. Imposition of these false time points must

have major implications for trials on novel therapies in sepsis where the definition of a

zero time point is highly variable (Figure 1.3).
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Figure 1.3 Models of immunosuppression. The figure above illustrates four example models of
immunosuppression possible in patients presenting with sepsis. (A) The classical picture of a sepsis
timescale showing a period of hyperimmune activity on admission to hospital followed by a gradual
transition to a hypoimmune, immunosuppressed status. Figure adapted from **2. (B) This shows how the
model may differ when a patient presents late to hospital having already transitioned through the
hyperimmune phase. (C) Demonstrates simultaneous hyper and hypoimmune status thereby complicating
any simplistic targeting of sepsis interventions by disease category alone. (D) Shows a predominant
hypoimmune patient response where the classical proinflammatory cytokine storm is completely absent.

1.3.2. Mechanisms and monitoring of immunosuppression

The general mechanisms leading to sepsis related-immunosuppression fall into one of
three main categories; cell death and apoptosis, cellular anergy and cellular
reprogramming®>™’. Thus a patient may be found to have low absolute numbers of live
immune cells, many of which either no longer respond to PAMPs or else respond in
ways that no longer ensure effective pathogen clearance (Figure 1.4). Described in these
terms as a complex interconnected dysfunctional system, developing an effective
monitor of this process is difficult. It has now been broadly accepted that monocyte cell
surface HLA-DR is a useful surrogate marker of sepsis related-immunosuppression™**.
Using this single maker has helped to reduce the complexity of these mechanistic
changes into a relatively simple to measure, quantitative metric. Monocyte HLA-DR
has formed part of the entry criteria into clinical trials on interventions designed to

80,84

reduce sepsis related-immunosuppression as well acted as an endpoint in many

pilot studies in this field”**’. Although alternative reactive measures are currently being
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investigated, including the ability of cells to produce cytokines against set standard

microbial PAMPs, these techniques are not yet reproducible nor practical.

a Effects of protracted sepsis on the innate immune system
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Figure 1.4 Typical immunosuppression changes in sepsis according to cell type. The figure above
shows the typical findings in different cell types found in patients with severe sepsis. Taken from "*. The
schema above outlines how a patient may be found to have a low absolute number of live immune cells,
many of which either no longer respond to PAMPs or else respond in ways that no longer ensure effective
pathogen clearance

1.3.3. Immunosuppression treatments

One advantage of describing such a complex mechanistic system underpinning sepsis
related-immunosuppression is the abundant availability of different therapeutic targets
(Figure 1.5). Treatment trials thus far have been directed at either using recombinant
cytokines (including IL-17, IFN-y, GM-CSF and G-CSF) or else blocking key
inhibitory receptors implicated in sepsis related-immunosuppression (most notably
programmed cell death protein 1 (PD1) and programmed death-ligand 1 (PDL-1)).
Although many of the in vitro and ex vivo studies using PD1 show initial promise in

sepsis models®

, hone have yet been shown to meet a clinically relevant primary
endpoint in patients. However, the PD-1/PD-L1 Pathway Study on Septic Patients has
now been completed, the results of which should be available soon (ClinicalTrials.gov

Identifier:NCTO01161745). It will have to be seen whether this study and the most recent

16



GM-CSF trial (NCT01653665), due to meet its recruitment target in April 2015, will

change this trend of negative sepsis trials.
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Figure 1.5 Possible targets for treatments aimed at sepsis-related immunosuppression.

The above shows the possible targets for addressing deficits resulting in sepsis related-
immunosuppression (taken from "**’). Given the complexity of the immune response in sepsis, there are
numerous potential targets for therapeutic intervention in immunosuppression. Those highlighted here
include positive treatment with recombinant IL-15, IL-7, FMS-like tyrosine kinase 3 ligand (FLT-3L) and
granulocyte - macrophage colony - stimulating factor (GM - CSF). However, alternative strategies
include receptor blockade with PD-L1 specific antibodies, IL-10 antibodies and anti-Treg treatments.
GM - CSF increases monocyte and macrophage HLA - DR expression with the aim of increasing cell
activation following microbial stimulation. IL-15 similarly acts on CD4" and CD8" T cells to reduce
apoptosis but importantly also has positive effects on both dendritic and natural killer cells. IL-7 has
shown promise in non-sepsis related immunosuppression by improving T cell activation, elevating cell
adhesion molecules and hence may improve T cell trafficking to sites of infection. FLT-3L has been
shown to increase the number of functional dendritic cells in a number of locations including the lung and
spleen following infection. PD1 - specific antibodies may restore the functions of CD4" and CDS8" cells
and hence indirectly improve monocyte and macrophage stimulation. They block the stimulation of PD-
L1, resulting in less T cell anergy, apoptosis and lower levels of IL-10. The strong association between
IL-10 and mortality in sepsis has led many to suggest that blocking the immune responses induced by IL-
10 will be beneficial in sepsis related immunosuppression. The changes induced are primarily due to the
ability of IL-10 to supress macrophage activation and inhibit neutrophil phagocytic and bactericidal
activity. The role of Tregs in sepsis is controversial and their activity has been considered both beneficial
and detrimental at different time points. However, suppression of Treg activity has been linked to
improved survival in poly-microbial sepsis models ¥*’
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1.4. “Immune fingerprints” in infection

With the increasingly efficient yet complex technological innovation that has flooded
the biotechnology field over the last 10 years, the approach to results analysis has been
largely side-lined®””°. The genetic revolution brought such a paradigm shift in the sheer
amount of data needing analysis, that new statistical techniques were forced to the
forefront. The steadier creep of big data into the world of immunology has not
necessitated a Big Bang approach to data analysis. However, with the advent of
multiplex enzyme-linked immunosorbent assay (ELISA) and multi-colour flow
cytometry becoming readily accessible to many medical research projects, the sheer
amount of data produced from even the most simple of projects is now not suitable for
analysis using traditional statistical tools. Indeed, the entire field of hypothesis-driven
research is slowly being eroded by data-driven research, the outputs of which are re-
assimilated with existing knowledge only after the event of discovery rather than

preceding it’*"!

. Diagnostic medicine needs to embrace these new tools, utilising
powerful new predictive techniques that allow multiple combinations of biomarkers to
form robust models that can impact upon patient care. This is true especially in the field
of sepsis research, where single biomarkers studied in isolation have been the traditional
direction of travel. With the inherent complexity of the host-pathogen interaction, it is
no wonder that simply relying upon these isolated biomarkers cannot lead to rapid
advances in diagnostics. Further still, the failure of new therapeutic agents has
illustrated the importance of patient stratification, a process that is possible only when

the complexity of the immune response is compensated for by new tools that allow a

multiple biomarker, non-linear approach to prediction.

1.4.1. The concept

Immune fingerprints in general can be considered as the immune responses that a
disease process leaves in its host through its pathophysiology. Using statistical
techniques that deal efficiently with non-linear complexity, these fingerprints can be
used to predict many aspects of the causative disease. The most obvious use would be to
simply recognise the presence of a specific disease. In this case, it could be exploited to
differentiate between sepsis and SIRS caused by pathology such as pancreatitis for
example. Here through the measurement of both cellular and humoral immunological

parameters, a predictive model could be formed to aid in the diagnostic process. This
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concept could be taken further to predict the impending disease severity and hence the

likely mortality outcome from sepsis.

Although using the new term “immune fingerprints”, this is largely what current
biomarker identification projects are already doing but without exploiting a combination
of biomarkers using modern modelling techniques. However, the real benefit of this
approach is revealed when it is used to predict what infecting organism is responsible
for sepsis. Historical microbial identification approaches (including microscopy and
culture) as well as more modern polymerase chain reaction (PCR) based approaches,
simply detect what microbes are present in a given sample. This is appropriate in
specimens that should remain sterile such as blood. However, with bacteraemia rates as
low as 15% in the leading causes of sepsis in the Western world, community-acquired
pneumonia, detecting pathogens directly will only help in a fraction of cases’'**.
Furthermore, when testing specimens with high non-pathogenic microbial loads (such
as bronchoalveolar lavage (BAL) fluid), positive species detection leads to difficult
interpretation of what may be normal and what is pathogenic. The immune
fingerprinting approach exploits a patient’s own immune response to infection to
identify not what microbes are present, but rather what microbes are causing disease.

This can therefore avoid the issues surrounding low bacteraemia rates and

simultaneously deal with specimens that have high commensal bacteria loads.

1.4.2. Statistical approaches and artificial neural networks

In order to fully realise the benefits of immune fingerprinting, non-linear statistical
approaches that can deal efficiently with multiple biomarkers are required. Although
traditional techniques, such as multiple regression, can be used for these purposes, they
are not well suited to an immune dataset typical of sepsis, with three main
shortcomings’>*. Firstly, the numbers of observations required for effective analysis is
largely related to the number of independent variables. With modern analysis
techniques, the number of variables produced is substantial compared with the relatively
small number of patient subjects in a typical clinical study. Secondly, traditional
techniques mostly need the assumption of linearity between the dependent and the
independent variables. In complex interdependent immunological systems, this linearity
is often not present. Finally, multiple regressions can only apply to studies using

between-subject designs. When analysing patient cohorts with multiple outcome

20



measures (survival, infecting organism type, disease type), a within-subject design may

be required and can reduce resources.

For these reasons, alternative statistical approaches have been developed in recent years.
Many are now applied to fields of research entirely devolved from those in which they
were initially developed. Artificial neural networks belong to a group of modelling
techniques termed artificial intelligence or machine learning methods. They have been
used in fields as diverse as chemical kinetic modelling and onion plant production
planning”**. In the medical literature, they have recently been applied to the search for
cancer biomarkers due to their characteristics of dealing effectively with large datasets
with multiple non-linear variables®*. However, they remain in an early stage of
development and thus some of the more advanced functions, including their ability to
automatically reduce the number of variables needed to form a robust prediction, are not

yet present.

Artificial neural networks are ideally suited to classification problems where a large
number of complex input variables form the basis of a prediction about a relatively
small number of output possibilities. The network exploits interconnected processing
elements, termed neurones, acting in efficient, parallel, yet modular means modelled on
the human brain. These interconnected elements are organised into three distinct layers,
an input, an output and a hidden layer. The input layer deals effectively with all types of
predictor variables including non-linear continuous, binary data and zero-inflated data
typical of medical research studies. The output layer contains the outcomes of any
prediction and may include binary or categorical data. Between the input and the output
layers, there is the so-called hidden layer that is a series of artificially constructed nodes
which allows the model to deal with non-linearity and perform complex functions to
model predictions accurately. In a supervised artificial neural network, the model is told
of the correct output result for each test item and then differentially weights the input
variables according to how this allows the overall model to perform on average across
the total dataset. This weighting is achieved using a weight matrix applied to the
connections between each layer. In order for this iterative adjustment to be accurate, it
is repeated a greater number of times than the total number of samples in the dataset
using a technique analogous to bootstrapping with repeated random sampling from the

parent dataset. This entire process is thus called a feed-forwards supervised artificial
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neural network model, with typical values of 2 hidden layers and 3000 bootstrapped
iterations. As an example, a household burglar alarm system can be considered (Figure
1.6). It has three variables in the input layer; a binary glass-breaking sensor, a non-linear
sound sensor and a linear movement sensor. The two possibilities in the output layer are
to sound the house alarm or not. The system may operate well using all three input
variables at maximum until a new kitten arrives in the house. At this point, a supervised
feed-forward artificial neural network could be trained by putting the cat in the house
and informing the alarm that no real threat was present. The alarm will thus learn what
are the expected normal levels of inputs to each of the sensors in its system. The
network would therefore reduce the value on the movement and the sound sensor on the
weight matrix for that layer. Ideally, the system will then need to be trained with a real
intruder in the house, at which point it would increase the weight on the glass breaking

sensor to directly sound the alarm on the output layer.

INPUT LAYER HIDDEN LAYER OUTPUT LAYER
GEER —

Glass

)

—/ T N/ ——/
weight
matrix

Figure 1.6 An example of an artificial neural network using a house alarm system. The input layer
uses a glass break binary sensor, a non-linear sound sensor and a linear movement sensor. The weight
matrix is adjusted to deal with background movement from a pet that is introduced to the home by
reducing the sensitivity of the movement and sound aspect of the alarm system. The output layer allows
the house alarm to be sounded should a certain threshold be reached as dictated by a complex non-linear
function determined by a hidden layer.

One major shortcoming with neural network design at present is its inability to suggest
removal of particular variables to make models more efficient and practical. Whilst

traditional techniques such as logistic regression can focus on key predictors required
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for sufficient prediction power, artificial neural networks effectively deal with large
variable numbers without the ability to dispose of those variables that add little to
prediction power. Although this may not pose an issue in the world of economics where
systems use data collated for other purposes, in medicine where simply measuring
variables comes with a financial and human cost, it is essential that a technique is
efficient with consumables, time and money. This will be explored and solved in
Chapter 4. The additional disadvantages of this modelling technique will be explored

and illustrated using the models produced in 3.4.5.3 Application of neural networks
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1.5. The Scope of this thesis

Overall, this thesis will use small-scale yet complex basic science data, new statistical
modelling techniques, and a new approach to microbe identification to shed light on the
complexities of sepsis-related critical illness. It aims to ultimately improve patient care
and improve scientific understanding through exploration of host responses, microbe
identification, and immunosuppression in a cohort of the sickest patients in hospital
with this devastating disease. Its outputs will suggest new concepts in risk stratification
of first-hit infections, proof-of-concept for the development of a new technology to
detect causative organisms and finally bring new insights into immunosuppression that
may impact upon current and future clinical trials. This thesis will deliver these

elements in the following sections:

Chapter 3 will describe the early immunological changes in severe sepsis patients and
use an immune fingerprinting approach to predict survival, disease type, and infecting
organism subtype. It will exploit new machine learning approaches to predictive
modelling and use a customised programming script to reduce the numbers of variables

required to form a robust yet efficient model.

Chapter 4 will explore the links between monocyte immunological changes and sepsis
related-immunosuppression including the use of a bisphosphonate as a potential new
therapeutic intervention. It will demonstrate gain-of-function rather than loss-of-
function changes in sepsis neutrophils showing that they can act as antigen presenting

cells.
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CHAPTER 2

MATERIALS AND METHODS
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Chapter 2 Materials and Methods

2.1. Ethics and consent

This study’s design, management, and analysis were conducted according to the
principles declared in The World Medical Association’s Declaration of Helsinki. All
patient sampling were approved through the South East Wales Research Ethics
Committee (reference number 10WSE/421, protocol reference 3.4 9/12/2010,
amendment 3.5 24/05/2011) and registered with the UK Clinical Research Network
(Cellular and biochemical investigations in sepsis, ID 11231). A waiver of consent
system was used where patients were unable to provide informed consent due to the
nature of their critical illness. In these cases, permission was sought from the next of kin
as a consultee. Informed consent was subsequently obtained when the patient regained
capacity. If consent was subsequently withdrawn at any time, all remaining samples and
data were destroyed. In cases where the patient died before regaining capacity, the
initial consultee’s approval would stand. This process was overseen by the research

team’s clinical lead Dr Szakmany.

2.2. Patient recruitment
Patients admitted to the ICU at The Royal Glamorgan Hospital, Llantrisant were
recruited into the study by the research team’s clinical lead Dr. Szakmany using the
inclusion and exclusion criteria shown in Table 2.1. Patients that had been admitted to
the hospital prior to ICU admission for greater than 48 hours were excluded as were
patients admitted from another outside care institution. Patients recruited to the SIRS
arm of the study fulfilled the SIRS and organ failure criteria shown in Table 2.1 but
were not receiving antibiotics nor suspected of having an infection. Healthy controls
were:

* Normally fit and well.

* Not suffering from an acute or chronic inflammatory illness (e.g. severe asthma

or rheumatoid arthritis).

* Not taking immunosuppressant medications.
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Table 2.1 Recruitment criteria for sepsis and SIRS patients.

Inclusion criteria

Exclusion criteria

Age > 18 years.

Within 24 hours of the presumed onset of the

infective illness.

The patient will require arterial cannulation

as part of their standard care.

Currently pregnant, breastfeeding or
females in whom a pregnancy test has

not been performed.

Patient unlikely to survive for the

duration of the study period.

Post-cardiac arrest patients.

Underlying impairment of higher
function that would make it impossible
for informed consent to be given upon
recovery (e.g. severe learning

disability).

Diagnosis of severe sepsis or septic shock:
a) 3 of 4 SIRS criteria:
1) Temperature >38°C or <36°C.
1) Heart rate >90 BPM.
1i1) Respiratory rate > 20/min or PaCO, <
32 mmHg or need for ventilation.
1v) White cell count > 12,000 or <4000
cells/" or >10% band forms in whole
blood.
b) Known or suspected bacterial infection
requiring antimicrobial therapy.
¢) Organ dysfunction (one of the
following):
1) Circulatory (one of the following):
* SBP <90 mmHg for 1 hour

despite adequate volume

Severe immune deficiency including
AIDS diagnosis, use of anti-rejection
drugs or high dose corticosteroid
treatment >10 mg prednisolone

equivalent per day.

Child-Pugh grade 3 or greater liver

failure.
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replacement.

* MAP <70 mmHg for 1 hour
despite adequate volume
replacement.

1) Respiratory (one of the following):

*  Pa0,:FiO; ratio <250 mmHg in
the presence of other organ
failure.

*  Pa0,:Fi0O; ratio <200 mmHg in
primary pulmonary failure.

1i1) Renal

*  Urine output <0.5 ml/kg/hr for 1
hour despite adequate volume
replacement.

1v) Haematological:

* Platelet count <80,000 cells per
mm’.

v) Metabolic (one of the following):

* Unexplained acidosis with pH
<7.3 or BE <-5.

* Lactate >1.5 normal upper limit

for laboratory.

These criteria follow the definitions in the SSC 2008*** in place during the study period. Patients
fulfilling the criteria above without a “known or suspected bacterial infection requiring antimicrobial
therapy” were recruited into the SIRS arm of the study.

2.3. Sample and data collection
2.3.1. Main sepsis patient study
A day 1 sample of 40 ml of peripheral blood was taken from an arterial line during the
first 24 hours of infective illness. 2000 units of heparin were added to the whole blood
before it was transported to the laboratory on ice. A second sample was collected on day

5 if the patient was still on the ICU. All clinical data were exported from the electronic
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health record system Intellivue (Phillips). Missing data were collected manually using

paper records.

2.4. Microbiology

2.4.1. Main sepsis patient study

Microbiological data were captured using the hospital’s electronic microbiology patient
database. The main organism causing sepsis was defined as the presence of a positive
microbiological or viral result in any sample taken from 72 hours preceding recruitment
to 72 hours following admission to the ICU. The microbiological techniques used in the
study hospital for diagnostics included standard microscopy and culture, viral PCR
studies, and urine Legionella antigen testing. Advanced bacterial identification systems
such as PCR or Matrix Assisted Laser Desorption/Ionization (MALDI-TOF) based

techniques were not used.

One independent intensive care doctor and one independent microbiologist were
consulted to confirm that any given positive result would be appropriate when
considering the clinical context and other supporting clinical results. This was
adjudicated with full access to patients’ clinical notes, electronic clinical results and a
discussion with the clinical consultant intensivist responsible for the patients’ care.
Culture results considered as non-relevant or contaminations were excluded from
further analysis. Patients with no relevant positive results were classed as culture-

negative. Infections were then grouped into Gram-positive and Gram-negative species.

2.5. Reagents

A list of solution-based reagents used can be found in Table 2.2. All reagents were kept
under the conditions specified by the manufacturer and added constituents filtered using
a 0.22 um pore size hydrophilic polyethersulfone membrane filter. All soluble
mediators used can be found in Table 2.3. All soluble reagents were stored at -70 “C,
defrosted, and underwent a minimum number of freeze/thaw cycles through aliquoting.

Stock tests were performed on new batches before use in experiments.
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Table 2.2 Composition of solution based reagents.

Reagent

Constituents

Complete RPMI medium

RPMI-1640 (Invitrogen) plus:

2 mM L-glutamine

1% sodium pyruvate

50 mg/ml penicillin/streptomycin

10% foetal calf serum

FACS buffer

PBS plus:
2% v/v foetal calf serum (Invitrogen)

0.04% v/v sodium azide (Fisher Scientific)

MACS buffer

PBS plus:
5 mM EDTA

2% v/v foetal calf serum

All solution based reagents used including their constituent parts.

Table 2.3 Details of soluble reagents.

Reagent Source
Brefeldin A Sigma
HMB-PP A gift from Dr Hassan Jomaa, Justus-

Liebig. University Giessen, Germany

Salmonella abortus equi ultra-pure LPS

Sigma

Zoledronate

Aclasta/Zometa; Novartis

All soluble agents used including their procurement source.

2.6. Leukocyte isolation from blood

An outline of the cellular subset isolations with representative purities is shown in

Figure 2.1.
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Sepsis patients Healthy controls

N

30-40ml whole blood + 2000u heparin
Transported for 20 minutes on ice

10-20ml whole blood 20ml whole blood + 15nM EDTA
Total leukocyte isolation using PBMC isolation using Ficoll-Paque
HetaSep followed by cell free density separation gradient

supernatant isolation

U U
Negative magnetic separation of Positive magnetic separation of
(in a subset of patients only): (in a subset of patients only):
Neutrophils Vy9* T cells
Tetrameric antibody complex Anti-Vy9* TCR PE-Cy5 conjugated
Cellular FACS analysis binding CD2, CD3, CD9, CD;Q, mgnoclonal antibody + anti-PE
CD36, CD56 and glycophorin A. microbeads

MAIT cells

APC anti-Va7.2 conjugated
monoclonal antibody + anti-APC
microbeads

Multiplex cytokine analysis

of cell-free supernatant Monocytes

Anti-CD14 microbeads

Neutrophils Vy9* T cells Monocytes
CDI14 CD66b* CD15* CD3" Vy9* CDI147 CD66b
A h
w 3 99.2% | E 99.7%

CD66b
Vy9 TCR
CD14

Figure 2.1 An outline of cellular subset isolation from sampled blood. The above is illustrative of all
of the cellular subsets isolation during the study. Only a subset of samples was used for each isolation as
outlined in Figure 3.1 and Figure 3.2. The resulting purities shown are illustrative and were gated on
live, non-doublet cells. PBMCs, Peripheral Blood Mononucleated Cells.

2.6.1. Total leukocyte isolation

2 ml of HetaSep (Stemcell Technologies) was added to 10 ml of blood and centrifuged
at 100 g for 6 minutes. The plasma and leukocyte layer was then removed with a
Pasteur pipette and centrifuged at 500 g for 10 minutes. The cell free supernatant was
removed, aliquoted and stored at -70°C. The remaining cell pellet was washed with

phosphate buffered saline (PBS) (Invitrogen) before being centrifuged at 120 g for 10

minutes to remove remaining platelets. The cell pellet was then re-suspended in PBS
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and cells counts performed using a haemocytometer. The suspension was re-centrifuged
at 500 g for 10 minutes and the pellet re-suspended in PBS at a final concentration of 2

x 107 cells/ml.

2.6.2. Peripheral blood mononuclear cells isolation

Venous blood from healthy volunteers was added to 20 units/ml of heparin and 15 mM
of Ethylenediaminetetraacetic acid (EDTA) (Fisher Scientific UK). 20 ml of whole
blood was then layered onto 20 ml of Ficoll-Paque (Axis-Shield, Norway) and
centrifuged at 690 g, at 18°C for 20 minutes with minimal low acceleration and no
brake. The mononuclear cell layer formed was removed with a Pasteur pipette and
washed twice with PBS with centrifugation at 400 g and 4°C for 8 minutes. The cell
pellet was re-suspended in fluorescence-activated cell sorting (FACS) buffer for

evaluation by flow cytometry or medium for cellular assays.

2.6.3. Neutrophil isolation following total leukocyte isolation

Neutrophils (>99% CDI14  CD66b" CD15"; monocyte contamination <0.1%) were
purified from whole blood by HetaSep sedimentation as in 2.6.1 followed by negative
selection using the EasySep neutrophil enrichment kit (Stemcell Technologies). The
gating strategy shown in

was used to identify neutrophils followed by the additional purity markers shown in

. The total leukocytes were resuspended at 5 x 107 cells/ml in magnetic-activated cell
sorting (MACS) buffer with 50 ul/ml of the negative selection tetrameric antibody
complex binding CD2, CD3, CD9, CD19, CD36, CD56 and glycophorin A at 4°C for
10 minutes. 100 pl/ml dextran-coated magnetic particles were then added after mixing
and incubated at 4°C for 10 minutes. The suspension was then made up to 2.5 ml with
MACS buffer before being inserted into an EasySep magnet for 5 minutes. Using a
continuous motion with the magnet surrounding the solution, the desired fraction was

then poured into a new container and the process repeated with a resulting purity >99%.
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Figure 2.2 Purity gating used in neutrophil antigen presentation cell (APC) assays. For functional
assays, neutrophils were isolated by negative selection from the blood of healthy donors or patients with
sepsis, using the EasySep neutrophil enrichment kit that depletes all other human blood cells by
specifically targeting CD2, CD3, CD9, CD19, CD36, CD56 and glycophorin A (Stemcell Technologies).
Purities were confirmed by the percentage of cells expressing CD66b but lacking CD14. FACS plots are
representative of 5 sepsis patients and 15 healthy donors.

2.6.4. Vy9" T cell and monocyte isolation from peripheral blood mononucleated cells
(PBMCs)

The resulting PBMCs from 2.6.2 were re-suspended in 1 ml MACS buffer and blocked
with 1% human normal immunoglobulin (Kiovig; Baxter) for 10 minutes on ice. 2.5 pl
of anti-Vy9" TCR PE-Cy5 conjugated monoclonal antibody (1:400) (Immu360;
Beckman-Coulter) was then added for 15 minutes on ice in the dark. Following
incubation, the cells were washed with MACS buffer and re-suspended in 400 pl of
MACS bufter. 80 ul of anti-PE microbeads (1:5) (Miltenyi Biotec) were then added for
15 minutes at 4°C in the dark. The cells were washed with MACS buffer and re-
suspended at 2 ml. LS columns (Miltenyi Biotec) were then used as per the
manufacturer’s instructions to perform magnetic separation of Vy9' T cells resulting in
a purity of >98% by using this positive selection method. The pass-through fraction
lacking Vy9" T cells was used to purify monocytes with anti-CD14 microbeads

(Miltenyi Biotec) resulting in a purity of >98%.

2.6.5. MAIT cell isolation from PBMCs

For isolation of MAIT cells, PBMCs were prepared as in 2.6.2 and the cells suspended
in 500 ul of MACS buffer. 10 ul of APC anti-Va7.2 antibody (1:50) (Miltenyi Biotec)
was then added for 15 minutes on ice in the dark. Following incubation, the cells were
washed with MACS buffer and re-suspended in 400 pl of MACS buffer. 80 ul of anti-
APC microbeads (1:5) (Miltenyi Biotec) were then added for 15 minutes at 4°C in the
dark. The cells were washed with MACS buffer and re-suspended at 2 ml. LS columns

(Miltenyi Biotec) were then used as per the manufacturer’s instructions to perform
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magnetic separation of MAIT cells resulting in a purity of >98% by using this positive

selection method.

2.7. Flow cytometry

2.7.1. Cell-surface marker staining

A pellet of 2 x 10° cells was stained by adding 3 pl live/dead stain (fixable Aqua;
Invitrogen) and incubated at room temperature for 15 minutes in the dark. Following
incubation, the cells were washed with PBS and re-suspended in FACS buffer. Cells
were then blocked for non-specific antigen binding with 1% human normal
immunoglobulin (Kiovig; Baxter) before the cells were incubated for 15 minutes on ice
in the dark. The cells were then washed again with FACS buffer and cocktails of
surface marker monoclonal antibodies were added with appropriate isotype controls for
20 minutes on ice in the dark. The full range of monoclonal antibodies used is shown in
Table 2.4. All antibodies were titrated before use and their corresponding isotype used

at an equivalent concentration to the parent antibody.
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Table 2.4 Fluorochrome conjugated antibodies used for cell-surface flow cytometry.

Antigen Conjugate | Clone Isotype Company Final dilution
CCR7 PE-Cy7 G043H7 Rat IgG2a, BD Biosciences 1:100
CD3 Pacific blue | UCHT1 Mouse IgG1, k | BD Biosciences 1:100
CD4 APC-H7 SK3 Mouse IgG1, k| BD Biosciences 1:60
CD8 APC RPA-T8 Mouse IgG1, k| BD Biosciences 1:40
CD8 PE-Cy7 SK1 Mouse IgG1, k¥ | BD Biosciences 1:200
CD8 PE HIT8a Mouse IgG1, k¥ | Pharmingen 1:40
CDl11b PE D12 Mouse IgG2a, « | BD Biosciences 1:20
CD14 PE-Cy7 61D3 Mouse IgG1, k | eBioscience 1:160
CD14 PB MS5E2 Mouse IgG1, k| BD Biosciences 1:40
CD15 APC HI98 Mouse IgM, « BD Biosciences 1:5
CD16 FITC 3G8 Mouse IgG1, k¥ | Pharmingen 1:20
CD25 APC-H7 M-A251 Mouse IgG1, k| BD Biosciences 1:20
CD25 PE-Cy7 M-A251 Mouse IgG1, k| BD Biosciences 1:40
CD27 FITC M-T271 Mouse IgG1, k | BD Biosciences 1:40
CD27 PE-Cy5 1A4LDG5 Mouse IgG1, k| Coulter 1:40
CD40 PE mAB&9 Mouse IgG1, k¥ | Beckman Coulter | 1:20
CD45RA APC HI100 Mouse IgG1, k | eBioscience 1:10
CD62L PE-Cy5 DREG-56 Mouse IgG1, k¥ | Pharmingen 1:15
CDo64 APC-H7 GI10F5 Mouse IgG1, k| Pharmingen 1:60
CD69 FITC FN50 Mouse IgG1, k | BD Biosciences 1:20
CD80 FITC 2D10.4 Mouse IgM, « eBioscience 1:5
CD83 PE HB15e Mouse IgM, « Pharmingen 1:5
CD86 FITC 2331; FUN1 | Mouse IgG1, « | BD Biosciences 1:40
HLA-A2 FITC BB7.2 Mouse IgG2b, k | Serotec 1:20
HLA-ABC | PE W6/32 Mouse IgG2a, x | eBioscience 1:10
HLA-DR APC-H7 L243 Mouse IgG1, k¥ | BD Biosciences 1:40
HLA-DR PE G46-6 Mouse IgG2a, k¥ | Pharmingen 1:20
Vy9© PE-Cy5 Immu360 Mouse IgG1, k¥ | Beckman Coulter | 1:400
V2 PE B6.1 Mouse IgG1, k¥ | BD Biosciences 1:100

All antibodies used in this study for cell-surface staining including their respective antigen, conjugate,

clone, isotype control, company source and final dilution used.

2.7.2. Intracellular cytokine staining

10 pg/ml brefeldin A (Sigma) was added to cell cultures 5 hours before harvesting.

Positive controls were stimulated with 50 ng/ml phorbol myristate acetate (PMA) and 1
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pug/ml ionomycin (Sigma). Cells were then stained with the live/dead stain as above and
for surface marker expression. After two washes with PBS, the cells were incubated
with 100 pl of fixation buffer (eBioscience) for 15 minutes at room temperature in the
dark. Cells were subsequently washed once with PBS and once with permeabilization
buffer (eBioscience). Cells were re-suspended in 50 pl of a cocktail containing
permeabilization buffer and fluorochrome conjugated monoclonal antibodies shown in
Table 2.5 for 15 minutes at room temperature in the dark. After two washes, the cells

were resuspended in 100 pl of FACS buffer and analysed using flow cytometry.

Table 2.5 Fluorochrome conjugated antibodies used for intracellular flow cytometry.

Antigen | Conjugate | Clone Isotype Company Final dilution
IFN-y FITC B27 Mouse IgG1 | BD Biosciences | 1:100
TN APC 6401.1111 | Mouse IgG1 | BD Biosciences | 1:20

All antibodies used in this study for intracellular staining including their respective antigen, conjugate,
clone, isotype control, company source and final dilution used.

2.7.3. Analysis

Cells were acquired on an eight-colour FACSCanto II (BD Biosciences) and analysed
with FlowJo (TreeStar). Variations in baseline MFI measurements were compensated
for by using 8 peak sphero rainbow calibration particles (Spherotech). Single cells of
interest were gated based on their appearance in side scatter and forward scatter
area/height, exclusion of live/dead staining and surface staining: CD3~ CD14 CDI15"
neutrophils, CD3~ CD14" CD15 monocytes and CD3" CD14~ CDI5 T cells. T cell
subsets were identified as CD3" CD4" CD8 helper T cells, CD3" CD4 CDS8" cytotoxic
T cells and CD3" Vy9" or CD3" V52" Vy9' T cells. Full details of the gating procedures

can be found in Figure 2.3.

Naive subsets in CD4" and CD8" T cells were characterised as CD45RA/CCR7" cells,
central memory (CM) as CD45RA /CCR7 cells, effector memory (EM) as
CD45RA /CCR7 cells and effector memory RA (EM-RA) as CD45RA"/CCR7"

according to the classification by Sallusto et al., 1999°°.
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V9" cells were classed as naive CD45RA/CD27°, CM CD45RA™ /CD27", EM
CD45RA /CD27 and EM-RA CD45RA"/CD27 subtypes, based on the definition by
Dieli et al., 2003
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Figure 2.3 Gating strategy used throughout the immunophenotyping study. The gating used
generally consisted of excluding non-single cells before lineage identification followed by dead cell
analysis. Isotype gating or MFI values were then used to measure discrete cell-surface or intracellular

markers.

2.7.3.1. Quality control in FACS analysis
Systems for the reduction of both inter and intra-user variations were employed to

ensure consistency of analysis. A single person performed all the cell staining, flow
cytometry acquisition and subsequent analysis using batch tested and controlled
reagents. The same flow cytometer was used for the duration of the project with the
manufacturer’s recommended cytometer set-up and tracking analysis standardisation

performed before acquisition of each batch of samples. Voltages, compensations and
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gates were chosen to maximise separation between different cell populations into
discrete units. The strict use of appropriate isotype controls allowed consistent gating,
compensated for variations in background fluorescence or channel overspills. In
addition, to ensure consistent readings across the duration of the study, 8 peak sphero
rainbow calibration particles (Spherotech) were used before each batch of sample
acquisitions. These allowed a set mean fluorescence intensity (MFI) for each of the 8
colour channels to be targeted on each acquisition cycle in a reliable and reproducible
manner due to the inherent stability of the entrapped fluorochrome in the bead particles

198

as shown by Perfetto et al”. The sample compensation and voltages of each laser

channel was adjusted on each acquisition cycle to target these standardised MFIs.

2.8. ELISA based techniques
2.8.1. Single ELISA

Plasma procalcitonin (PCT) and proadrenomedullin (proADM) were kindly measured
by Thermo Fisher Scientific at their laboratory in Hennigsdorf, Germany. The standard
automated PCT analysis was carried out with the Liaison™ system and is termed PCT
throughout this study. The highly sensitive procalcitonin analysis was carried out using
the Kryptor® and is termed sensePCT throughout this study. Further discussion relating

to these two analysis techniques can be found in 3.4.5.2.

2.8.2. Multiplex biological assays

Cell-free plasma samples were analysed on a SECTOR Imager 600 for TNF-a, GM-
CSF, IFN-y, IL-1B, IL-2, IL-6, IL-10, IL-12p70 and CXCL8 (IL-8), using the ultra-
sensitive human proinflammatory 9-plex kit (Meso Scale Discovery). This technology
uses  electrochemiluminescence  detection based on  amine-reactive  N-
hydroxysuccinimide esters. These are coupled to the primary amine groups of proteins
to form stable amide bonds and bound to a carbon electrode plate surface. These pre-
formed “Sulfo-TAG” labels are used in pre-configured multi-spot plates that
simultaneously measure the above 9 cytokines across a wide dynamic range with high
sensitivity and specificity. Emission is recorded at 620 nm from the Ru(bpy);*" bound
group and the results analysed using the provided MSD Discovery Workbench software
version 4.0. The 25uL plasma samples were measured with the supplied reagents

according to the manufacturer’s protocol and all fell between the upper and lower
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detection limit of the calibration curve formed by the supplied controls for each
cytokine. The lower limit of detection was classed as 2.5 standard deviations above the
level of background emission. To eliminate any residual batch variation, all samples
were measured on a single batch of 96-well multi-spot plates in duplicate and the

resulting mean value used for analysis.

2.9. Production of activated Vy9' T cell supernatant

V9" T cells isolated as in 2.6.4 were suspended at 0.5 million/ml in complete RPMI-
1640 culture medium in a 24-well flat bottom culture plate (Nunc plates; Thermo
Scientific). 10 nM of HMB-PP was then added for 24 hours in an incubator maintained
at 37°C with a humidified environment containing 5% CO,. Following incubation, the
plate was centrifuged at 400 g for 3 minutes and the resulting supernatant was removed,
filtered using a 0.22 uM pore sized hydrophilic polyethersulfone membrane (Millipore)
and stored at — 70°C. Activation of the Vy9' T cells was confirmed by elevated levels
(>50% positivity) of cell surface expression of CD69 and CD25 on FACS analysis
compared with isotype controls. These levels were confirmed as being greatly above the

corresponding values in the baseline non-stimulated cells.

2.10. Production of activated MAIT cell supernatant

MAIT cells isolated as shown in 2.6.5 were suspended at 0.5 million/ml in complete
RPMI-1640 culture medium in a 24-well flat bottom culture plate (Nunc plates; Thermo
Scientific). 6 pl of Dynabeads® Human T-Activator CD3/CD28 (Life Technologies)
containing 0.25 million beads in a 1:2 bead-to-cell ratio were then added for 24 hours in
an incubator maintained at 37°C with a humidified environment containing 5% CO,.
Following incubation, the plate was centrifuged at 400 g for 3 minutes and the resulting
supernatant was removed, filtered using a 0.22 uM pore size hydrophilic
polyethersulfone membrane (Millipore) and stored at — 70°C. Activation of the MAIT
cells was confirmed by elevated levels (>50% positivity) of cell surface expression of
CD69 and CD25 on FACS analysis compared with isotype controls. These levels were
confirmed as being greatly above the corresponding values in the baseline non-

stimulated cells.
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2.11. Co-cultures of Vy9" T cells and monocytes

Purified monocytes were added at 2 million/ml in complete RPMI medium in a variety
of conditions including in the presence of Zometa 10 uM, ultra-pure LPS 100 ng/ml and
Vy9" cell supernatant 1:4. These were cultured for 18 hours before analysis of cytokine

production was performed.

2.12. Antigen presentation assays with sepsis neutrophils

M1-specific CD8" T cells were generated by stimulating PBMCs with 0.1 nM M1p58-
66 peptide (kindly provided by P. Romero, University of Lausanne, Switzerland). After
3 days, 40 U/mL of IL-2 was added. Cells were re-stimulated after 10-14 days in the
presence of irradiated (40 Gy) PBMCs. Resting cells with 25-45% M1p58-66—specific
cells were used for assays, as determined by tetramer staining (kindly provided by A.
Sewell, Cardiff University, United Kingdom). M1(p58-66) specific CD8" T cell lines
were >95% pure, as confirmed by tetramer staining (Figure 2.4). Sepsis patients
recruited were rapidly typed for their HLA-A2 status using FACS analysis, gated on
neutrophils using whole blood lysed using 0.2% hypotonic saline. Samples that were
HLA-A2" compared with isotype controls were subsequently used in the remainder of
the experiment. Fresh neutrophils from these HLA-A2" sepsis patients were incubated
with 0.01-1 uM recombinant influenza M1 protein for 18 hours or cultured in medium
for 17 hours before addition of 0.1 uM M1(p58-66) peptide for a further 1 hour. In each
case, following extensive washing, neutrophils were incubated with HLA-A2" peptide-
specific CD8" T cells at a ratio of 1:1. After 1 hour, 10 pg/ml brefeldin A (Sigma) was
added and cultures were incubated for a further 4 hours. Activation of M1(p58-66)
positive CD8" T cells was assessed by intracellular cytokine staining with the relevant
controls and analysed by flow cytometry. Expanded M1-specific CD8" T cells were
kindly provided by W. Khan, Cardiff University, United Kingdom.
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M1-specific CD8" T cells

M1-specific
CDS" T cells

98%

Influenza M1 tetramer

»

CD8
Figure 2.4 Flow cytometric purity of M1-specfic CD8" T cells

After the exclusion of dead cells and doublets, gating on Influenza M1p58-66 tetramer” and CD8" cells
was used to ensure a high purity in the responder cell population.

2.13. Statistical methods

2.13.1. Basic statistical analyses

Statistical analyses were performed using SPSS 19.0, GraphPad Prism 6.0 and R
version 3.0.2. All variables were tested for normal distributions visually and using the
Shapiro-Wilk test. Nonparametric variables were log-transformed where required.
Descriptive statistics are expressed as medians with interquartile ranges unless stated
otherwise. Tests of significance used in Chapter 3 are shown in Table 2.6. The statistical

analyses used in Chapter 4 are outlined in Table 2.7

Although non-parametric tests could be employed in place of transformation, the
differences acquired in the initial comparisons were used to inform the formation of
combination models through linear regression and predictive modelling. Therefore, the
capture of any potential significant differences was of prime importance and any
artifactual differences would be subsequently excluded through the production of non-

linear, non-parametric modelling.
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Table 2.6 Statistical tests used in Chapter 3.

Comparison

Statistical test

Healthy/sepsis/SIRS

One-way ANOVA, non-assumption of equal
variability and Tukey’s correction for multiple

comparisons.

Sepsis died/sepsis survived

Multiple t tests with Holm-Sidak method for

correction for multiple comparisons.

Culture-negative/Gram-positive

/ Gram-negative

One-way ANOVA, non-assumption of equal
variability and Tukey’s correction for multiple

comparisons.

Outline of the statistical tests used in the main immunophenotyping chapter in different comparator

groups.
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Table 2.7 Statistical tests used in Chapter 4.

Comparison

Statistical test

Monocyte cytokine responses to

LPS stimulation

Analysis is based on a repeated measures two-way
ANOVA with Dunnett’s correction for multiple
comparisons based on a reference group of medium
cultured cells. The use of Dunnett’s correction here

is due to the reference of a control group.

Osteoporosis ~ patient  data

analysis

Data were analysed using a matched Friedman test
due to the non-parametric nature of the data with the
reference group as day 0 and Dunn’s correction for

multiple comparisons.

Antigen presentation data

Data were analysed by one or two-way ANOVA
with Dunnett’s post-hoc testing. The use of
Dunnett’s correction here is due to the reference of a
control group. Where no control group was used,
Bonferroni’s post-hoc testing was used. Any paired

data were analysed using Mann-Whitney tests

Sepsis subset data

Smaller data subsets used here were analysed using
Kruskal-Wallis  tests and Dunn’s multiple
comparison tests and paired data using Mann-

Whitney tests.

Outline of statistical tests used in the immunosuppression analyses in different comparator groups.

43




2.13.2. Regression analyses

Predictive biomarkers were assessed using linear regression; statistically significant
(»<0.05) variables from univariate analyses were included in multiple regression
analyses based on forward selection or all variables included with backward selection as

indicated.

2.13.3. Receiver operator curve analyses

Discrimination between binary groups was assessed using the area under the receiver
operating characteristic curve (AUC). Comparisons between different AUC values
resulting from different receiver operating curves were compared using a nonparametric
approach. The receiver operating curve analysis was also used to calculate cut-off
sensitivity and specificity values. The resulting models from multiple regression and
machine learning analyses were used to produce predicted values for combinations of
biomarkers. These values were then used to form additional combination receiver
operating curves. All distributions shown in figures relate to the mean and standard

error of the mean unless otherwise stated.

2.13.4. Machine learning algorithms

The production of neural networks for combination biomarker prediction utilised the
Neural Networks in R using the Stuttgart Neural Network Simulator (SNNS) version
0.4. Unless otherwise stated this used 2 hidden nodes with a 10% training: testing set
split and 3000 maximum training iterations. Further details are given in 3.3.1.4,
“Fingerprint prediction models”. Decision trees were produced using Recursive
Partitioning and Regression Tree package (rpart) version 4.1-8 the full script of which

can be found in 3.3.1.4, “Fingerprint prediction models”.

2.14. The contribution of data by others

There have been important contributions by others that have enabled this work to
synthesize and make sense of a complex story. Dr Ann Kift-Morgan carried out the
multiplex cytokine analysis discussed in Chapter 3. Dr Joanne Welton contributed work
related to the osteoporosis patient data in Chapter 4 and Dr Martin Davey contributed

data related to the in vivo neutrophil analysis in Chapter 4
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CHAPTER 3

CHARACTERISATION OF IMMUNE

RESPONSES IN SEPSIS
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Chapter 3 Characterisation of immune responses in
sepsis

3.1. Introduction

Accurate prediction forms a cornerstone of modern medicine. Prediction leads not only
to medical diagnostics but also to outcome forecasting as demonstrated in Chapter 1,
both of which are essential to the delivery of evidence-based treatments to the right
patients, at the right times”"'*'. Whilst medical diagnostics have advanced since the age
of relying purely upon a patient’s history and examination, it still depends upon on a
small number of poorly performing biomarkers often considered in isolation’”'%!0%1%3,

This is divorced from the understanding of health being a complex integration of

multiple systems with reciprocal change and interconnected results.

This chapter aims to not only identify new biomarkers that may be useful in the
diagnosis of sepsis, the prediction of death or the prediction of an infecting organism
type, but also importantly to combine a number of biomarkers using novel statistical
techniques. In combination, biomarkers that have historically been of little use clinically

may produce accurate prediction models that impact upon patient care.

However, before this process can start, the immunological changes that occur in sepsis
and related conditions will firstly be described. These changes will be considered from
clinical, cellular and humoral immunology perspectives in a range of patients classified

by disease type, survival, and infecting organism subgroups.

Whilst this descriptive approach is essential for the formation of predictive models, it
has several shortcomings. Most notably, this approach will be unable to draw
conclusions about the mechanistic basis for any descriptive changes shown in different
subgroups. This chapter must rely upon peer-reviewed, published evidence to explore
what these underlying mechanisms may be. However, it is hoped that this process of
description can form the initial part of a journey towards developing mechanistic
theories that underpin an eventual understanding of this complex, devastating disease.

Furthermore, even before a complete understanding is achieved, descriptive changes
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can be applied pragmatically to help advance patient care through resulting predictive

models.

3.2. Aims

* Describe the early clinical, cellular and humoral immunological changes in:
(a) Acute severe sepsis patients.

(b) Acute severe SIRS patients.

* Perform comparative analysis between these groups including healthy

controls.

* Describe sub-group differences in sepsis patients according to:
(a) Patient survival.

(b) Infecting organism subtype.

* Form statistical models to accurately predict patient diagnosis, outcome, and
infecting organism subtype in sepsis. These models should take into
consideration the practical aspects of developing point-of-care diagnostic

tests used in a clinical environment.

3.3. Results
Figure 3.1 summarises the total number of sample sets used in the different aspects of
the study for patients with sepsis. A similar outline is provided in Figure 3.2 for SIRS

patients and healthy controls.
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4 patients missing from 90
day mortality follow-up from
main cohort of 60.

56 total

Survivor
38

Non-survivor
18

FACS Cytokine
36 38

FACS Cytokine
15 18

Clinical
38

Clinical
15

60 total

Gram-positive
17

Gram-negative
24

Culture
negative
19

FACS Cytokine

FACS Cytokine

FACS Cytokine

2 samples not suitable
for FACS analysis due to
failure of cell separation.

7 samples not for PCT
analysis due to batch
processing and sample
issues in Germany.

3 samples not suitable
for FACS analysis due to
failure of cell separation.

APACHE scores missing
on 3 patients.

6 samples not for PCT
analysis due to batch
processing and sample
issues in Germany.

17 17 20 22 18 19
Clinical Clinical Clinical
16 22 19
APACHE scores missing || APACHE scores missing APACHE scores missing
on 1 patient. on 3 patient. on 3 patient.

2 samples not for PCT
analysis due to batch
processing and sample
issues in Germany.

2 plasma samples not
suitable for cytokine
analysis due to poor
sample condition after
storage.

8 samples not for PCT
analysis due to batch
processing and sample
issues in Germany.

2 plasma samples not
suitable for cytokine
analysis due to poor
sample condition after
storage.

3 samples not for PCT
analysis due to batch
processing and sample
issues in Germany.

Other studies
3 samples for
monocytes study

1 sample for antigen
presentation study

Other studies
2 samples for
monocytes study

2 samples for antigen
presentation study

Figure 3.1 Overview of sample flow in recruited sepsis patients.

The above outlines the numbers of samples processed and analysed in sepsis patients recruited into the
main study. Where there are discrepancies in the number of samples taken forward, an explanation is
given in the free text areas. It shows further breakdowns of survival and organism class along with the use
of these samples in subsequent experiments.
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Survivor Non-survivor
18 4
FACS Cytokine FACS Cytokine FACS Cytokine
9 - 6 16 4 4
Clinical Clinical Clinical

- 16 4
One FACS sample APACHE scores missing
unusable due to on 2 patients.
mechanical failure of the
FACS machine. 10 FACS samples in total

due to a period of FACS
machine mechanical
failure and plasma only
collection due to staff
cross-covering during
absence.

2 cytokine samples not
suitable due to high
viscosity.

Figure 3.2 Overview of sample flow in recruited healthy control and SIRS patients.

The above outlines the numbers of samples processed and analysed in healthy controls and SIRS patients
recruited into the main study. Where there are discrepancies in the number of samples taken forward, an
explanation is given in the free text areas.
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3.3.1. Immune differences according to survival status

In order to study differential immune responses between survivors and non-survivors at
90 days, data from 56 of the patients recruited with severe sepsis on day 1 of their
admission to ICU were analysed. Using clinical and microbiological data collection,
multi-colour flow cytometry and multiplex ELISA, differences that may exist between
these groups were analysed. The groups were well matched with similar ages, gender
distributions, and body mass index (BMI) measurements with no significant differences

in the sites of pathology (Table 3.1).

Table 3.1 Baseline characteristics of sepsis patients according to survival status at 90 days.

Sepsis lived Sepsis Died

Total number of patients 38 18
Age (median (quartiles)) years | 60 (50-73) 63 (60-71)
Male gender (%) 50 50
BMI (median (quartiles)) 27.5(23.8-35.0) | 21.3 (25.0-37.5)
Site of pathology (%)

Abdominal 14 (36.8) 8(44.4)

Respiratory 15 (39.5) 6 (33.3)

Soft tissue 5(13.2) 2(11.1)

Urinary tract 4 (10.5) 2(11.1)

The table shows intergroup differences in the age, gender, BMI, or site of pathology of patients in each
respective group.

3.3.1.1. Clinical differences
Clinical measures of immune status are a key feature of a patient’s initial investigations

when admitted to ICU with severe sepsis. These include a differential white cell count
and biomarkers such as C-reactive protein (CRP). Figure 3.3 shows no significant
differences in these measures at either day 1 or day 5 of a patient’s admission with
severe sepsis. Furthermore, whilst the eventual outcome between both groups is
radically different, initial organ failure scores used to assess disease severity show no
differences at either day 1 or day 5 (Figure 3.4). These scoring systems include the
Acute Physiology and Chronic Health Evaluation II (APACHE) score capturing the

worse value in twelve physiological parameters during the first 24-hours of critical care
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admission, and the Sequential Organ Failure Assessment (SOFA) score based on a six
component, organ-based calculation measured throughout a patient’s stay. Further

details of these scoring systems can be found in Appendix 1: Scoring systems used in

critical care.
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Figure 3.3 Differences in standard clinical immune parameters between sepsis survivors and non-
survivors. Differences in commonly measured clinical immune parameters are shown between sepsis
survivors and non-survivors at both day 1 and day 5 time points. These include peripheral blood total
leukocyte, neutrophil, lymphocyte and monocyte counts, as well as plasma CRP level. Day 1 survivors n
=38, day 5 survivors n =37, day 1 non-survivors n = 18, day 5 non-survivors n = 16.
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Figure 3.4 Differences in severity of illness scores between sepsis survivors and non-survivors.

Severity of illness scores in sepsis survivors and non-survivors are shown including APACHE and SOFA
scores. The maximum SOFA score was the highest recorded during a patient’s ICU admission excluding
periods following active withdrawal of treatment. Survivors n = 38, non-survivors n = 15 for APACHE
and 18 for SOFA and max SOFA scores.

3.3.1.2. Cellular immunology
By examining the immune response in more detail using multi-colour flow cytometry,

subtle differences can be shown in patients that ultimately die from sepsis. Whilst the
basic clinical immune characterisation failed to show differences in differential white
cell counts, Figure 3.5 shows minor significant differences in CD3" T cells as a
percentage of total cells. These changes were not compensated by statistically
significant reciprocal increases in the other cell subsets measured. There were further
trends in subdivisions of CD3" T cells, with a higher percentage of Vy9"™ T cells in

survivors although this was not statistically significant.
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Figure 3.5 Differences in immune cell types analysed by flow cytometry in sepsis survivors and non-
survivors. The main cell lineages observed in peripheral blood are shown in sepsis survivors and non-
survivors. (A) Shows the differential leukocyte split into CD15" neutrophils, CD14" monocytes and CD3"
lymphocytes. (B) Shows how the CD3" subpopulations are further sub-divided in Vy9' T cells, CD4" T
cells, and CD8" T cells in these differing groups. Survivors n = 36, non-survivors n = 15. Numbers in
specific gates may vary due to low subset number.

Whilst neutrophil influx and activation is a major component of the pathophysiology of
sepsis, there were few differences in the patterns of activation in survivors and non-
survivors (Figure 3.6). However, rapidly elevated levels of cell-surface CD80 on
neutrophils, likely due to translocation, were seen in survivors pointing towards new
gain-of-function abilities in these neutrophils. This also fits with a trend of increased

CD86 also required for antigen presentation cell (APC)-like functions.
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Figure 3.6 Differences in neutrophil survival and cell-surface markers in sepsis survivors and non-
survivors. (A) Neutrophil survival analysis using aqua staining of gated single neutrophils in sepsis
survivors and non-survivors. (B) Cell-surface expression levels of classical neutrophil activation markers
CD11b, CD62L, and CD64 in sepsis survivors and non-survivors measured in mean fluorescence
intensity (MFI). (C) Levels of cell-surface markers CD40, CD64, CD80, CD83, CD86, and HLA-DR on
neutrophils from sepsis survivors compared with non-survivors measured in percentage of positive
expression compared with isotype controls. Survivors n = 36, non-survivors n =12. Numbers in specific

gates may vary due to low subset number.

Sepsis monocytes showed a similar pattern of APC-related cell-surface protein
expression differences in survivors and non-survivors including elevated levels of HLA-
DR and CD86 in survivors (Figure 3.7). In addition, there was a small yet significant

increase in CD64 on monocytes in non-survivors.
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Figure 3.7 Differences in monocyte cell-surface markers seen in sepsis survivors and non-survivors.

Levels of cell-surface markers CD40, CD64, CD80, CD83, CD86, and HLA-DR on monocytes from
sepsis survivors and non-survivors measured in percentage of positive expression compared with isotype

controls. Survivors n = 35, non-survivors n = 13. Numbers in specific gates may vary due to low subset
number.

It can also be seen in Figure 3.8 that although there is a trend for increased cell

activation across the lymphocyte subtypes, there are no significant differences.
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Figure 3.8 Survival and activation markers in CD3" T cells and their subtypes in survivors and
non-survivors. (A) CD3" T cell death analysed according to aqua staining on CD3" gated cells. (B) Cell-
surface activation makers CD25 and CD69 expressed on CD4", CD8" and Vy9' T cells in sepsis
survivors compared with non-survivors. All values are measured in percentage of positive expression
compared with isotype controls. Survivors n = 31, non-survivors n = 9. Numbers in specific gates may
vary due to low subset number.

Finally, the subset markers on both Vy9" and Vy9~ CD3" T cells as well as more
generalised memory markers for lymphocytes were examined (Figure 3.9 and Figure

3.10). Again, no significant differences were found in these divisions when considering

survival as an outcome.
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Figure 3.9 Cell-surface markers on Vy9" and Vy9~ CD3" T cells in sepsis survivors and non-
survivors. (A) Vy9' T cell and (B) VY9~ T cell expression of cell-surface markers CD40, CD64, CD80,
CD83, CD86, and HLA-DR on sepsis survivors compared with non-survivors. All values are measured in
percentage of positive expression compared with isotype controls. Survivors n = 31, non-survivors n = 9.
Numbers in specific gates may vary due to low subset number.
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Figure 3.10 Memory subsets of CD4", CD8", and Vy9' T cells in survivors and non-survivors. (A)
CD4", (B) CD8" and (C) VY9 cell divisions of memory subsets. Naive subsets in CD4" and CD8" T cells
were characterised as CD45RA"/CCR7" cells, central memory (CM) as CD45RA/CCR7" cells, effector
memory (EM) as CD45RA/CCR7 cells and effector memory RA (EM-RA) as CD45RA"/CCR7
according to the classification by Sallusto et al., 1999%.Vy9" cells were classed as naive
CD45RA"/CD27", central memory CD45RA/CD27", effector memory CD45RA/CD27 and effector
memory RA CD45RA'/CD27 subtypes, based on the definition by Dieli et al., 2003%”. Survivors n = 31,
non-survivors n = 9. Numbers in specific gates may vary due to low subset number.

3.3.1.3. Cytokine analysis
To gain a complete picture of the immunological differences seen in these two

populations, the humoral aspects of the immune response need to be considered as well
as the cellular components. By using stored plasma from these patients, multiplex

cytokine analysis was performed on day 1 and 5 of ICU admission.

It is clear that survivors showed a greater proinflammatory cytokine response to sepsis
at an early time point (Figure 3.11). Procalcitonin measured using the sensitive assay
variation as well as IL-6 and GM-CSF were significantly elevated in survivors
compared with non-survivors. These cytokines are known to rise quickly following
systemic infection whilst others, such as IL-2, may need a cascade of secondary signals

to produce a maximal response. Therefore, IL-2 was not found to be elevated until day 5
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(Figure 3.12). At this later time point, greater levels of the ultra-sensitive Kryptor
procalcitonin analysis (sensePCT), pro-ADM, GM-CSF, IFN-y and IL-2 were

associated with non-survivors, perhaps indicating the presence of continued, unresolved

infection or second-hit infections.
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Figure 3.11 Day 1 differences in plasma cytokine levels in sepsis survivors and non-survivors.

Cytokines are divided according to their relative level of magnitude in pg ranges. (A) Levels of
procalcitonin (PCT), proadrenomedullin (proADM), and the sensitive Kryptor procalcitonin assay
(sensePCT) in sepsis survivors compared with non-survivors. (B) Levels of IL-6, IL-8, IL-10 and IL-12 in
sepsis survivors compared with non-survivors. (C) GM-CSF, IFN-y, IL-1p, IL-2 and TNF-a levels in

sepsis survivors compared with non-survivors. Survivors n =31 (A) and 38 (B & C), non-survivors n =
12 (A) and 18 (B & C).
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Figure 3.12 Day 5 differences in plasma cytokine levels seen in survivors and non-survivors.

Cytokines are divided according to their relative level of magnitude in pg ranges. (A) Levels of
procalcitonin (PCT), proadrenomedullin (proADM), and the sensitive Kryptor procalcitonin assay
(sensePCT) in sepsis survivors compared with non-survivors. (B) Levels of IL-6, IL-8, IL-10 and IL-12 in
sepsis survivors compared with non-survivors. (C) GM-CSF, IFN-y, IL-1p, IL-2 and TNF-a levels in
sepsis survivors compared with non-survivors. Survivors n =9 (A) and 21 (B & C), non-survivors n = 3
(A) and 9 (B&C).

3.3.1.4. Fingerprint prediction models
Using the immune differences so far identified, it appears possible to select single

markers to produce a diagnostic test that distinguishes survivors from non-survivors
such as PCT, IL-6, and GM-CSF. However, given the complexity, variation, and
subtlety of these differences, the sensitivity, specificity, and usefulness of such a single
marker would be limited. Indeed this has been found to be the case in many of the
newer identified biomarkers’'**'**. However, using a combination of small signals to
predict the likelihood of patient survival would be a more robust and ultimately more

physiologically plausible technique considering the complexity of a system of this

nature.
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Whilst all of the markers that showed statistical differences could be combined, ideally
a resulting model should be practical as well as accurate. Such analysis needs to be
possible not only in a laboratory setting but also at the point-of-care as a useful
diagnostic test to rapidly impact on patient survival in the real world. Statistical
techniques that reduce the numbers of variables used to form predictive models can thus

be used for this purpose.

In Table 3.2, all significant variables identified in the preceding analysis were entered
into a binary logistic model with backward conditioning. These included IL-6,
sensePCT, GM-CSF, CD3%, CDI14'CD86%, CD14'HLA-DR%, CDI14 CD64%,
CD15°CD80%. This model can identify the most suitable measures that correctly
differentiate between the binary outcomes of survival and non-survival. In this case, a
model was produced that included just two variables (day 1 CD3" percentage and day 1
GM-CSF level) that could be used to predict patient survival. Using this model and
applying it to the existing dataset allowed the generation of a receiver operator curve
(ROC) to further investigate the clinical usefulness of this prediction. This model
provided an AUC of 0.77 (95% confidence intervals of 0.66 — 0.89) for the prediction of
patient death calculated at day 1 shown in Figure 3.13.

Table 3.2 Predictor variables for patient survival selected using binary logistic regression with
backwards conditioning.

B S.E. | Wald | df | Sig. | Exp(B) | CI lower | CI upper

CD3% -5341.249 14593 |1 |.032.587 287 -.534
D1 GM-CSF | -.190 | .131 | 2.092 | 1 | .148|.827 521 -.190
Constant 739 1.669 | 1.219 | 1 [.270 | 2.094

All significant variables were entered into this model of patient survival using binary logistic regression
with backwards conditioning at p < 0.05. The remaining significant variables in the prediction model at
this level were day 1 CD3" cell percentage from total cells measured by flow cytometry and day 1 level of
plasma GM-CSF measured by ELISA.

Whilst this model gives an AUC that is comparable to many diagnostic tests used in

192194 “new statistical methods can further improve upon this approach.

medicine today
Neural network models allow complex non-linear relationships to be effectively
modelled for not only binary but also multinomial outputs. However, the ability to
“prune” these networks to reduce the number of variables required for accurate

modelling is poorly developed. Therefore, by using a script designed to progress
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through all permutations of an incremental number of defined variables, models could
be compared using their relative AUC values. Table 3.3 demonstrates that using a
combination of just three variables (IL-6, sensePCT, CD3%) neural networking could
produce a prediction model able to distinguish patient survival at day 1 with an AUC
value of 0.90 (95% confidence intervals of 0.78 — 0.99). The highlighted row is
suggested as the most practical combination of variables that may be taken forwards for
development into a point-of-care test. The practical results from the requirement to
measure just two key cytokines along with one cell lineage percentage achievable
reliably, at speed and for a low cost. This resulting model is shown in Figure 3.13 and
the script written to perform this calculation shown in Appendix 3: R script. As outlined
in 2.13.4 Machine learning algorithms, this analysis uses 2 hidden nodes and 3000
bootstrapped maximum iteration. Although there is no theoretical limit on the number
of hidden layers in a typical back-propagation network, there are typically between 1
and 2. The AUCs generated were preferable where 2 hidden nodes were used (data not

shown).
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Table 3.3 Predictor variables for patient survival selected using neural network modelling.

Number of Combination AUC
variables
8 IL-6, sensePCT, GM-CSF, CD3%, CDI14 CD86%, |0.99
CD14'HLA-DR%, CD14 " CD64%, CD15'CD80%
7 IL-6, sensePCT, CD3%, CD14'CD86%, CD14 HLA-DR%, | 0.99
CD14°CD64%, CD15"CD80%
6 IL-6, sensePCT, CD3%, CD14 HLA-DR%, CD14 CD64%, | 0.98
CD15'CD80%
5 IL-6, sensePCT, CD3%, CD14'CD64%, CD15 'CD80% 0.97
4 IL-6, CD3%, CD14"'CD64%, CD15"CD80% 0.96
3 IL-6, sensePCT, CD3% 0.90
2 IL-6, CD14 HLA-DR% 0.87

All significant variables were modelled using a feed-forward neural network model with 2 hidden nodes
and 3000 maximum iteration. The table shows the best AUC values for each number of possible variable
combinations. The highlighted combination of IL-6, sensePCT (Kryptor assay) and CD3" cell percentage

from total cells was most favourable given the AUC value and the practical advantages of a small

variable number for development into a point-of-care test.
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Outcome prediction using a binary Outcome prediction using a neural
logistic regression model: network model:
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Figure 3.13 ROC curves for prediction of patient survival using logistic regression and neural
network modelling. Using the variables sets previously selected, ROC curves were constructed using the
predicted probabilities from each model’s output. (A) Shows a binary logistic regression model with 2
predictor variables (day 1 plasma GM-CSF and CD3" cell percentage from total cells) with an AUC of
0.77. (B) Uses a neural network model with 3 predictor variables (day 1 plasma IL-6, day 1 sensePCT
(Kryptor assay), and CD3" cell percentage from total cells showing an AUC value of 0.90 for patient
survival.

Following production of the neural network model, a decision tree was constructed
(Figure 3.14) using the same variable set for further validation. Whilst the linear nature
of the decision tree limits its ability to perform to the same degree of accuracy as the
neural network model, it does allow cut-off values to be suggested. Through the process
of decision tree production, the three input variables have been automatically reduced to
two due to model saturation. The sensitivities shown in this tree are representative of the

total sensitivity for that outcome whilst the specificities relate to the individual

specificities of each branch.
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Figure 3.14 A decision tree model for prediction of patient survival.

Using the variable sets previously selected, a decision tree model was constructed without forced pruning.
The resulting variables included in the decision trees were automatically chosen according to the ability
to discriminate based on the illustrated cut-off values. In this example the CD3" cell percentage from total
cells plus day 1 IL-6 concentrations were required. The sensitivities relate to the overall sensitivity for
that diagnostic category in all branches whilst the specificity relates to branch specific values, as is the
nature of decision tree analyses.

3.3.2. Immune differences seen in sepsis and SIRS

The differentiation between patient survival and non-survival has already been
considered. This chapter will now consider the ability of immunophenotyping to
distinguish between the states of health, sepsis and SIRS. The baseline characteristics
for these different patient groups are shown in Table 3.4, demonstrating a lower age in
the SIRS population compared with sepsis patients. Despite these age differences, other
indices including the severity of illness scores were uniform across the groups.

However, the sites of pathology did differ between patients with sepsis and SIRS as
described in Table 3.4.
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Table 3.4 Baseline characteristics in patients with sepsis, SIRS, and healthy controls.

Sepsis SIRS Healthy
Total number of patients 60 22 10
Age (median (quartiles)) years | 63 (54-71)* 44 (34-65)* 57 (54-63)
Male gender (%) 50.9 76.5 50.0

BMI (median (quartiles))

27.5 (24.7-35.7)

31.5(22.5-31.6)

27.6 (24.2-29.1)

ICU mortality (%) 9 (15.0) 2(9.1) -
Hospital mortality (%) 14 (23.3) 4 (18.1) -
90-day mortality (%) 18 (32.1) 4 (18.1) -
Site of pathology (%)*

Abdominal 22 (36.7) 6 (27.3)

Cardiac 0 1 (4.5)

Trauma 0 4(18.2)

Respiratory 23 (38.3) 6 (27.3)

Soft tissue 9 (15.0) 2(9.1)

Urinary tract 6 (10.0) 1 (4.5)

Other 0 2 (9.1)

The table shows intergroup differences in the age, gender, BMI, ICU mortality, and sites of pathology of
patients in each respective group. 90-day hospital mortality related to 56 sepsis patients for which 90 days
follow-up was possible as shown in the previous section.

3.3.2.1. Clinical differences

No standard clinical immune investigations measured were able to distinguish between

sepsis and SIRS apart from an elevated CRP on day 1 in the sepsis group (Figure 3.15).

However, by day 5 there was a subgroup of SIRS patients that also displayed an

elevated CRP therefore limiting the usefulness of this marker after the initial stages of a

patient’s presentation. Again, the distribution of severity of illness scores was broadly

similar between both groups allowing an unbiased comparison of other parameters to

occur (Figure 3.16).
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Figure 3.15 Differences in standard clinical immune parameters between sepsis and SIRS patients.

Differences in commonly measured clinical immune parameters are shown between sepsis and SIRS
patients at both day 1 and day 5 time points. These include peripheral blood total leukocyte, neutrophil,
lymphocyte and monocyte counts, as well as plasma CRP level. Sepsis day 1 n = 60, day 5 =57, SIRS
day 1 =20 (CRP n=16), day 5 = 14.
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Figure 3.16 Differences in severity of illness scores between sepsis and SIRS patients. Severity of
illness scores in sepsis and SIRS patients are shown including APACHE and SOFA scores. The
maximum SOFA score was the highest recorded during a patient’s ICU admission excluding periods
following active withdrawal of treatment. Sepsis n =57 APACHE, n = 60 SOFA & max SOFA, SIRSn =
20 APACHE, n =22 SOFA and max SOFA.
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3.3.2.2. Cellular immunology
Examining the detailed cellular changes using flow cytometry revealed many trends and

some significant differences between these three groups. There were trends in increased
CD3" and Vy9" T cells in healthy controls compared with both sepsis and SIRS patients
(Figure 3.17). However, the large variations in healthy controls for these indices made

any comparisons of this nature underpowered.
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Figure 3.17 Differences in immune cell types analysed by flow cytometry in healthy controls,
patients with sepsis and SIRS. The main cell lineages observed in peripheral blood are shown in healthy
controls, patients with sepsis and SIRS. (A) Shows the differential leukocyte split into CD15" neutrophils,
CD14" monocytes and CD3" lymphocytes. (B) Shows how the CD3 " subpopulations are further sub-
divided in Vy9" T cells, CD4" T cells, and CD8" T cells in these differing groups. Healthy n =9, sepsis n
=55, SIRS n = 10.

When neutrophil markers were considered, there were a number of significant
differences that are described in Figure 3.18. Firstly, the numbers of dead neutrophils
were greater in sepsis compared with SIRS patients although this included a number of
outliers. The adhesion molecule CD62L as well as the activation marker CD64 were
increased in patients with sepsis. CD40, known to interact with platelets in sepsis, was

also increased on sepsis neutrophils along with the APC marker CD86'*.
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Figure 3.18 Differences in neutrophil survival and cell-surface markers in healthy controls, patients
with sepsis and SIRS. (A) Neutrophil survival analysis using aqua staining of gated single neutrophils in
healthy controls, sepsis and SIRS patients. (B) Cell-surface expression levels of classical neutrophil
activation markers CD11b, CD62L, and CD64 in healthy controls, sepsis, and SIRS patients measured in
MFTI. (C) Levels of cell-surface markers CD40, CD64, CD80, CD83, CD86 and HLA-DR on neutrophils
from healthy controls, sepsis and SIRS patients compared with non-survivors measured in percentage of
positive expression compared with isotype controls. Healthy n =9, sepsis n = 53, SIRS n = 10.

The significant results on monocytes included decreased CD40 seen in both sepsis and
SIRS patients when compared with healthy controls (Figure 3.19). Furthermore, an
early and profound decrease in cell-surface HLA-DR was observed in both sepsis and
SIRS patients compared with healthy controls. This has been observed by others and

usually has been interpreted as a sign of immunosuppression' ',
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Figure 3.19 Differences in monocyte cell-surface markers seen in healthy controls, sepsis, and SIRS
patients. Levels of cell-surface markers CD40, CD64, CD80, CD83, CD86 and HLA-DR on monocytes

from healthy controls, sepsis and SIRS patients measured in percentage of positive expression compared

with isotype controls. Healthy n =9, sepsis n =53, SIRSn=9.

Whilst the percentage of CD3" T cells has been shown to be lower in both sepsis and
SIRS patients (Figure 3.17), the numbers of these CD3" T cells that were apoptotic are
greatly increased in sepsis patients compared with SIRS patients as shown in Figure
3.20. Furthermore, the activation of Vy9" T cells in sepsis patients as measured by
CD69 was significantly increased in sepsis compared with SIRS patients. There was
also a trend in the activation marker CD25 on both Vy9" and CD8" cells although these

did not reach statistical significance.
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Figure 3.20 Survival and activation markers in CD3" T cells and their subtypes in healthy controls,
patients with sepsis and SIRS. (A) CD3" T cell death analysed according to aqua staining on CD3"
gated cells. (B) Cell-surface activation makers CD25 and CD69 expressed on CD4", CD8" and Vy9' T
cells in healthy controls, sepsis, and SIRS patients. All values are measured in percentage of positive
expression compared with isotype controls. Healthy n =9, sepsis n =45, SIRS n=9.
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V9" T cells also demonstrated higher levels of CD86 and HLA-DR in sepsis patients
as shown in Figure 3.21, findings that were not replicated with Vy9~ CD3" T cells.
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Figure 3.21 Cell-surface markers on Vy9" and Vy9~ CD3" T cells in healthy controls, patients with
sepsis and SIRS. (A) Vy9' T cell and (B) VY9 T cell expression of cell-surface markers CD40, CD64,
CD80, CD83, CD86, and HLA-DR in healthy controls, sepsis, and SIRS patients. All values are
measured in percentage of positive expression compared with isotype controls. Healthy n =9, sepsis n =
45,SIRSn=09.

Finally, an analysis of memory cell subsets showed increased numbers of naive cells in
both CD4" and CDS8" populations whilst Vy9" cell subsets showed no significant
differences (Figure 3.22).
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Figure 3.22 Memory subsets of CD4", CD8" and Vy9" T cells in in healthy controls, patients with
sepsis and SIRS. (A) CD4", (B) CD8" and (C) Vy9' cell divisions of memory subsets. (A) CD4", (B)
CD8" and (C) Vy9" cell divisions of memory subsets. Naive subsets in CD4" and CD8" T cells were
characterised as CD45RA/CCR7" cells, central memory (CM) as CD45RA/CCR7" cells, effector
memory (EM) as CD45RA/CCR7 cells and effector memory RA (EM-RA) as CD45RA"/CCR7T
according to the classification by Sallusto et al., 1999%.Vy9" cells were classed as naive
CD45RA"/CD27", central memory CD45RA/CD27", effector memory CD45RA/CD27 and effector
memory RA CD45RA'/CD27 subtypes, based on the definition by Dieli et al., 2003%”. Healthy n =9,
sepsis n =45, SIRSn=9.

3.3.2.3. Cytokine analysis
Figure 3.23 shows the day 1 cytokine analysis of patients with sepsis compared with

SIRS. Here clear differences emerged in the classical proinflammatory cytokines
including increased levels of IL-6, TNF-a, and IFN-y in sepsis compared with SIRS
patients. However, significant differences in recently described biomarkers were also
demonstrated including procalcitonin, sensitive procalcitonin and proadrenomedullin.
Furthermore, an increased IL-2 was shown in sepsis patients contradicting previous

studies that described lower levels in this group'®'%.
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Figure 3.23 Day 1 differences in plasma cytokine levels in sepsis and SIRS patients. Cytokines are
divided according to their relative level of magnitude in pg ranges. (A) Levels of procalcitonin (PCT),
proadrenomedullin (proADM) and the sensitive Kryptor procalcitonin assay (sensePCT) in sepsis and
SIRS patients. (B) Levels of IL-6, IL-8, IL-10, and IL-12 sepsis and SIRS patients. (C) GM-CSF, IFN-y,
IL-1pB, IL-2 and TNF-a levels in sepsis and SIRS patients. Sepsis samples n =46 (A) and 58 (B&C), SIRS
n=20.

3.3.2.4. Fingerprint prediction models
Due to the large number of significant differences between groups of patients with

sepsis and SIRS, a binary logistic regression model (Table 3.5) comparing these groups
resulted in a very good AUC (Figure 3.24, A). The model was unable to reduce the
number of variables required to an amount either practical or useful in a point-of-care
test. However, using a pruned neural network, the relative increases in AUC for the
given complexity of additional variable numbers could be compared (shown in Table
3.6). The combination of TNF-a, IL-2, Vy9" CD69% and CD3" live% highlighted still
produced a ROC curve with an AUC of 0.93 (Figure 3.24, B) whilst providing a more

practical implementation of these findings.
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Table 3.5 Predictor variables for patient disease type (sepsis or SIRS) selected using binary logistic
regression with backwards conditioning.

B S.E. [ Wald | df Sig. | Exp(B) | CI CI
lower | upper
CDI15" CD62L -.001 001 [1.922 1 166 | .999 .998 1.000
MFI
CDI15" CD64 .010 006 |[2.565 (1 109 | 1.010 | .998 1.023
MFI
CD3% 725 380 |3.634 |1 057 | 2.065 .980 4.351
CD4" naive -.129 065 [3.907 |1 .048 | .879 773 .999
CRP -.025 010 5948 |1 015 | .975 955 .995
IFN-y -.206 A28 2612 |1 106 | .813 .633 1.045
IL-2 737 345 4558 |1 .033 | 2.090 1.062 | 4.112
PCT -.057 032 [3.106 |1 078 | .945 .887 1.006
sensePCT 142 087 [2.657 |1 103 | 1.152 [ .972 1.366
TNF-a =517 231 [5.031 1 025 |.596 379 937
Urea -.350 A72 14120 |1 .042 |.705 503 .988
V y9" CD69% -.069 042 12710 | 1 100 [ .934 .860 1.013
Vy9" CD86% -.114 057 14.027 |1 .045 | .892 798 .997
Constant -54.061 | 33.18 | 2.654 | 1 103 |.000

All significant variables were entered into this model of patient survival using binary logistic regression
with backwards conditioning at p < 0.05. The remaining 13 significant variables in the prediction model
at this level are shown in the first column.
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Number of Combination AUC

variables used

5 IL-2, urea, VY9 CD69%, CD3" live%, 1
CD15 CD62LMFI

4 TNF-a, IL-2, VY9" CD69%, CD3" live% 0.93

3 TNF-a, VY9" CD69%, CD3" live% 0.91

2 TNF-a, VY9 CD69%, 0.86

Table 3.6 Predictor variables for patient disease type (sepsis or SIRS) selected using neural network
modelling.

All significant variables were modelled using a feed-forward neural network model with 2 hidden nodes

and 3000 maximum iteration. The table shows the best AUC values for each number of possible variable
combinations. The highlighted combination of plasma TNF-a level, plasma IL-2 level, Vy9' T cell CD69
positive cell percentage and CD3" T cell percentage from total cells was most favourable given the AUC
value and the practical advantages of a small variable number for development into a point-of-care test.
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Figure 3.24 ROC curves for prediction of patient disease type (sepsis or SIRS) using logistic
regression and neural network modelling. Using the variables sets previously selected, ROC curves
were constructed using the predicted probabilities from each model’s output. (A) Shows a binary logistic
regression model with all 13 significant predictor variables with an AUC of 0.98. (B) Uses a neural
network model with 4 day 1 predictor variables (plasma TNF-a level, plasma IL-2 level, Vy9' T cell

CD69 positive percentage and CD3" cell percentage from total cells showing an AUC value of 0.93 for
patient disease type.
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Following production of the neural network model, a decision tree was constructed
(Figure 3.25) using the same variable set for further validation. This tree is significant
more complex than the previous related to patient outcome due to the multiple cut-off
levels of IL-2 needed to produce a robust model. It is standard to produce decision
models with a binary branching pattern as shown below.

TNF-a
no <11.5 pg/ml yes

«—

IL-2
no > 0.4 pg/ml yes
82% sensitivity IL-2
100% specificity no > 3.7 pg/ml yes

82% sensitivity
100% specificity IL-2

no > 1.7 pg/ml yes

100% sensitivity
72% specificity

82% sensitivity 100% sensitivity
100% specificity 56% specificity

Figure 3.25 A decision tree model for prediction of sepsis vs. SIRS.

Using the variable sets previously selected, a decision tree model was constructed without forced pruning.
The resulting variables included in the decision trees were automatically chosen according to the ability
to discriminate based on the illustrated cut-off values. In this example the day 1 plasma TNF-a and IL-2
concentrations were required. The multiple branches of IL-2 are shown to illustrate the different
categories of IL-2 concentrations used to divide the populations. The sensitivities relate to the overall
sensitivity for that diagnostic category in all branches whilst the specificity relates to branch specific
values, as is the nature of decision tree analyses.

3.3.3. Immune differences according to infecting organism type
The final division of patients into discrete categories will examine the immune-
fingerprints left by different infecting organism types in patients with severe sepsis. It is

this application of immune fingerprinting that is most novel and has the greatest ability

to significantly impact on the care of critically ill patients.
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This chapter aims to identify the Gram-status of an organism causing sepsis by

interpreting a patient’s own immune response to that infection. This method overcomes

many of the inherent disadvantages of using microbiological culture or PCR-based

identification techniques. It will identify not simply what microbes can be grown in

culture from a sample, but importantly what microbes are causing disease. This should

thus be able to compensate for sample contamination, non-pathogenic microbes and

culture-negative sepsis patient samples.

Table 3.7 shows that apart from the site of pathology, there were no significant

differences between the organism subgroups of patients with sepsis.

Table 3.7 Baseline characteristics in patients according to infective organism group.

Gram-negative

Gram-positive

Culture-negative

Total number of patients 24 17 19
Age (median (quartiles)) years | 63 (54-73) 63 (53-69) 64 (52-77)
Male gender (%) 40.9 57.1 473

BMI (median (quartiles))

24.2(22.3-29.9)

27.1 (25.6-34.7)

34.9 (25.2-42.6)

ICU mortality (%) 2 (8.3) 4 (23.5) 3(15.8)
Hospital mortality (%) 8(33.3) 5(29.4) 3 (15.8)
90-day mortality (%) 9(37.5) 6 (35.3) 3 (15.8)
Site (%)*
Abdominal 10 (41.7) 5(29.4) 7 (36.9)
Respiratory 7 (29.2) 7 (41.1) 9(47.4)
Soft tissue 1(4.2) 5(29.4) 3 (15.8)
Urinary tract 6 (25.0) 0(0.0) 0(0.0)

The table shows intergroup differences in the age, gender, BMI, and sites of pathology of patients in each

respective group.
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3.3.3.1. Clinical differences
The day 1 and day 5 clinical blood results according to infecting organism subgroup are

shown in Figure 3.26. There were no significant differences seen in any of these
standard immune parameters routinely relied upon in clinical practice. Furthermore, the
similar patterns of organ failure scores between groups shown in Figure 3.27 allowed us
to fairly compare any identified biomarkers as a true measure of organism differences
rather than simply a surrogate for the severity of illness. Further clinical details are

shown in Appendix 2: Further data, Table 0.9 to Table 0.12.
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Figure 3.26 Differences in standard clinical immune parameters between sepsis patient infective
groups. Differences in commonly measured clinical immune parameters are shown between sepsis
patients in different infective groups at both day 1 and day 5 time points. These include peripheral blood
total leukocyte, neutrophil, lymphocyte and monocyte counts, as well as plasma CRP level. Culture-
negative day 1 & 5 n= 19, Gram-positive day 1 & 5 n= 17, Gram-negative day 1 = 24, day 5 n = 20.
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Figure 3.27 Differences in severity of illness scores between sepsis patients with different infective
organisms. Severities of illness scores in sepsis patients of differing infectious groups are shown
including APACHE and SOFA scores. The maximum SOFA score was the highest recorded during a
patient’s ICU admission excluding periods following active withdrawal of treatment. Culture-negative n
=19, Gram-positive n = 16, Gram-negative n =22 (APACHE), n = 24 (SOFA % max SOFA).

A full list of the microbiological findings and outcome for these patients is shown in

Table 3.8.
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Table 3.8 Microbiological findings and source of infection in sepsis patients.

Study Culture result Gram status | Outcome | Source Associated

1D experiments

SEP001 | - Culture- Lived Respiratory
negative

SEP002 | Klebsiella oxytoca Gram- Lived Abdominal
negative

SEP003 | - Culture- Lived Abdominal
negative

SEP004 | Staphylococcus aureus Gram- Died Respiratory
positive

SEP00S | Escherichia coli Gram- Lived Abdominal
negative

SEP006 | - Culture- Died Abdominal
negative

SEP007 | Streptococcus Gram- Lived Respiratory

pneumoniae positive

SEP008 | - Culture- Lived Abdominal
negative

SEP009 | - Culture- Lived Abdominal
negative

SEPO010 | Staphylococcus aureus Gram- Lived Respiratory
positive

SEPO11 | Escherichia coli Gram- Died Abdominal
negative

SEPO012 | Enterococcus faecalis Gram- Died Abdominal
positive

SEPO013 | Pseudomonas aeruginosa | Gram- Lived Respiratory
negative

SEP014 | - Culture- Lived Respiratory
negative

SEPO015 | Enterococcus faecalis Gram- Lived Abdominal
positive

SEP016 | Haemophilus influenzae Gram- Lived Respiratory
negative

SEPO017 | Staphylococcus aureus Gram- Lived Respiratory
positive

SEPO018 | Enterococcus faecalis Gram- Died Abdominal
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positive

SEP019 | Enterobacter cloacae Gram- Died Abdominal
negative

SEP020 | - Culture- Died Abdominal
negative

SEP021 | - Culture- Died Soft tissue
negative

SEP022 | Escherichia coli Gram- Lived Urinary
negative tract

SEP023 | Proteus Gram- Died Urinary
negative tract

SEP024 | - Culture- Lived Soft tissue
negative

SEP025 | Escherichia coli Gram- Died Urinary
negative tract

SEP026 | Escherichia coli Gram- Died Urinary
negative tract

SEP027 | Streptococcus Gram- Lived Respiratory | Monocyte rescue

pneumoniae positive

SEP028 | Dermabacter hominis Gram- Lived Abdominal | Monocyte rescue
positive

SEP029 | - Culture- Lived Abdominal
negative

SEP030 | Escherichia coli Gram- Died Abdominal | Monocyte rescue
negative

SEPO031 | Streptococcus pyogenes Gram- Lived Soft tissue
positive

SEP032 | Staphylococcus aureus Gram- Died Soft tissue
positive

SEPO033 | Staphylococcus aureus Gram- Lived Soft tissue
positive

SEP034 | Morganella morganii Gram- Died Abdominal
negative

SEP035 | Stenotrophomonas Gram- Lived Respiratory

maltophilia negative

SEP036 | - Culture- Lived Respiratory
negative

SEP037 | - Culture- Lived Respiratory
negative
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SEP038 | Streptococcus Gram- Died Respiratory | Monocyte rescue
pneumoniae positive
SEP039 | - Culture- Lived Respiratory
negative
SEP040 | Haemophilus influenzae Gram- Lived Soft tissue Monocyte rescue
negative
SEP041 | - Culture- Lived Respiratory
negative
SEP042 | Proteus Gram- Died Abdominal
negative
SEP043 | - Culture- Lived Respiratory
negative
SEP044 | Enterobacter cloacae Gram- Lived Urinary
negative tract
SEP045 | - Culture- Lived Respiratory
negative
SEP046 | Klebsiella oxytoca Gram- Lived Abdominal
negative
SEP047 | Pseudomonas sp Gram- Lived Respiratory
negative
SEP048 | Escherichia coli Gram- Lived Abdominal
negative
SEP049 | Escherichia coli Gram- Lived Respiratory
negative
SEP05S0 | - Culture- Lived Abdominal
negative
SEPO051 | Staphylococcus Gram- Lived Soft tissue APC assay
epidermidis positive
SEP052 | Streptococcus Gram- Died Respiratory
pneumoniae positive
SEPO053 | Haemophilus influenzae Gram- Lived Respiratory
negative
SEP054 | Klebsiella pneumonia Gram- Lived Respiratory | APC assay
negative
SEPO055 | Staphylococcus aureus Gram- Lived Soft tissue
positive
SEP056 | Escherichia coli Gram- Died Urinary APC assay
negative tract
SEP057 | - Culture- Lived Respiratory
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negative

SEPO058 | Enterococcus faecalis Gram- Lived Abdominal

positive

SEP059 | - Culture- Lived Soft tissue

negative

SEP060 | Enterobacter asburiae Gram- Lived Abdominal

negative

The table above outlines the microbiological findings, agreed source of infection and patient outcome at
90 days. The single organism specified and source of infection was adjudicated by an independent
microbiologist with full access to the patient’s clinical notes, electronic clinical results and in conjunction
with the clinical consultant intensivist responsible for the patient’s care. The Gram status of the organism
was recorded according to the classification used in UK Standards for Microbiology Investigations. Any
associated experiments performed with these samples are listed in the final column. APC assay = antigen
presentation cell assay.

3.3.3.2. Cellular immunology
Whilst the classical clinical divisions into neutrophils, monocytes, and lymphocytes did

not reveal any significant differences between these subgroups, the levels of Vy9' T
cells were significantly higher in Gram-negative infections compared with both Gram-
positive and culture-negative patients (Figure 3.28). Furthermore, culture-negative
patients had a lower percentage of V32" cells amongst all Vy9™ T cells (data not

shown).
Whilst there were trends in other cellular parameters differences between these

subgroups, most notably CD40 and HLA-DR expression on monocytes, there were no

further significant differences identified (Figure 3.29 to Figure 3.33).
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Figure 3.28 Differences in immune cell types analysed by flow cytometry in sepsis patients with
different infecting organisms. The main cell lineages observed in peripheral blood are shown in sepsis
patients with different causative organisms. (A) Shows the differential leukocyte split into CD15"
neutrophils, CD14" monocytes and CD3" lymphocytes. (B) Shows how the CD3" subpopulations are
further sub-divided in Vy9" T cells, CD4" T cells, and CD8" T cells in these differing groups. Culture-
negative n = 18, Gram-positive n = 17, Gram-negative n = 20. Some counts may be variable depending
on the subsequent gating of sub-sets.
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Figure 3.29 Differences in neutrophil survival and cell-surface markers in sepsis patients with
different infective organism types. (A) Neutrophil survival analysis using aqua staining of gated single
neutrophils in sepsis patients with different infective organism types. (B) Cell-surface expression levels of
classical neutrophil activation markers CD11b, CD62L, and CD64 in sepsis patients with different
infective organism types measured in MFI. (C) Levels of cell-surface markers CD40, CD64, CD80,
CD83, CD86, and HLA-DR on neutrophils from sepsis patients with different infective organism types
measured in percentage of positive expression compared with isotype controls. Culture-negative n = 18,
Gram-positive n = 17, Gram-negative n = 18. Some counts may be variable depending on the subsequent
gating of sub-sets.
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Figure 3.30 Differences in monocyte cell-surface markers seen in sepsis patients with different
infecting organism types. Levels of cell-surface markers CD40, CD64, CD80, CD83, CD86, and HLA-
DR on monocytes from sepsis patients with different infecting organism types measured in percentage of
positive expression compared with isotype controls. Culture-negative n = 18, Gram-positive n = 17,
Gram-negative n = 18. Some counts may be variable depending on the subsequent gating of sub-sets.
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Figure 3.31 Survival and activation markers in CD3" T cells and their subtypes in sepsis patients
with different infective organism types. (A) CD3" T cell death analysed according to aqua staining on
CD3" gated cells. (B) Cell-surface activation makers CD25 and CD69 expressed on CD4', CD8" and
Vy9" T cells in in sepsis patients with different infective organism types. All values are measured in
percentage of positive expression compared with isotype controls. Culture-negative n = 12, Gram-
positive n = 17, Gram-negative n = 16. Some counts may be variable depending on the subsequent gating
of sub-sets.
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Figure 3.32 Cell-surface markers on Vy9" and Vy9~ CD3" T cells in sepsis patients with different
infecting organism types. (A) Vy9' T cell and (B) Vy9™ T cell expression of cell-surface markers CD40,
CD64, CD80, CD83, CD86, and HLA-DR in in sepsis patients with different infecting organism types.
All values are measured in percentage of positive expression compared with isotype controls. Culture-
negative n = 12, Gram-positive n = 17, Gram-negative n = 16. Some counts may be variable depending
on the subsequent gating of sub-sets.
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Figure 3.33 Memory subsets of CD4", CD8" and Vy9™ T cells in sepsis patients with different
infecting organism types. (A) CD4', (B) CD8" and (C) Vy9" cell divisions of memory subsets. (A)
CD4", (B) CD8" and (C) VY9 cell divisions of memory subsets. Naive subsets in CD4" and CD8" T cells
were characterised as CD45RA"/CCR7" cells, central memory (CM) as CD45RA/CCR7" cells, effector
memory (EM) as CD45RA/CCR7 cells and effector memory RA (EM-RA) as CD45RA‘/CCR7T
according to the classification by Sallusto et al., 1999%.Vy9" cells were classed as naive
CD45RA"/CD27", central memory CD45RA/CD27", effector memory CD45RA/CD27 and effector
memory RA CD45RA'/CD27 subtypes, based on the definition by Dieli et al., 2003°”. Culture-negative n
= 12, Gram-positive n = 17, Gram-negative n = 16. Some counts may be variable depending on the
subsequent gating of sub-sets.

3.3.3.3. Cytokine analysis
By analysing the humoral aspects of sepsis immunity, some clear differences emerged.

Figure 3.34 shows that levels of both TNF-a and IL-1PB were raised in Gram-negative
infections compared with Gram-positive or culture-negative patients. Furthermore, it
was shown that IL-2 was lower in culture-negative patients, mirroring that of the non-

infective SIRS patients earlier in Figure 3.23.
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Figure 3.34 Day 1 differences in plasma cytokine levels in sepsis patients with different infecting
organism types. Cytokines are divided according to their relative level of magnitude in pg ranges. (A)
Levels of procalcitonin (PCT), proadrenomedullin (proADM) and the sensitive Kryptor procalcitonin
assay (sensePCT) in sepsis patients with different infecting organism types. (B) Levels of IL-6, IL-8, IL-
10, and IL-12 sepsis patients with different infecting organism types. (C) GM-CSF, IFN-y, IL-1p, IL-2
and TNF-a levels in sepsis patients with different infecting organism types. Culture-negative n =19 (16
for PCT), Gram-positive n =17 (15 for PCT), Gram-negative n = 22 (14 for PCT).
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3.3.3.4. Fingerprint prediction models
Unlike previous groupings, logistic regression was not able to accurately predict the

outcome of a patient’s culture results using the significant differences outlined above
(data not shown). However, using a neural network model discussed previously, it is
now possible to accurately predict the infecting organism group by using a combination
of 4 markers highlighted in Table 3.9. This simple combination would allow a point-of-
care diagnostic test to produce a ROC curve shown in Figure 3.35 with an AUC for
organism prediction of 0.94. This would include determining Gram-positive, Gram-

negative or culture-negative patient status.

Table 3.9 Predictor variables for sepsis infecting organism subtype selected using neural network
modelling.

Combination AUC
IL-1B, IL-2, TNF-a, VY9 % 0.94
IL-1B, IL-2, VY9 % 0.91
IL-1B, IL-2, TNF-a 0.73
IL-2, VY9'% 0.89

All significant variables were modelled using a feed-forward neural network model with 2 hidden nodes
and 3000 maximum iteration. The table shows the best AUC values for each number of possible variable
combinations. The highlighted combination of plasma IL-1p level, plasma IL-2 level, plasma TNF-a
level, Vy9' T cell percentage from the CD3" gate was most favourable given the AUC value and the
practical advantages of a small variable number for development into a point-of-care test.
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Figure 3.35 ROC curves for prediction of sepsis infecting organism type using neural network
modelling.

Using the variables sets previously selected, ROC curves were constructed using the predicted
probabilities from the neural network model output. This uses 4 day 1 predictor variables (plasma IL-1(
level, plasma IL-2 level, plasma TNF-a level and Vy9™ T cell percentage from total lymphocytes,
showing an AUC value of 0.94 for infecting organism type.
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Following production of the neural network model, a decision tree was constructed
(Figure 3.36) using the same predictor set for validation.

Vyo+T cell %

>1.1%
no yes
Gram
TNF-a negative
no > 7.9 pg/mi yes infection
l 72% sensitivity
Culture s 72% specificity
negative positive
infection infection
74% sensitivity 59% sensitivity
64% specificity 69% specificity

Figure 3.36 A decision tree model for prediction of Gram status of the infecting organism.

Using the variable sets previously selected, a decision tree model was constructed without forced pruning.
The resulting variables included in the decision trees were automatically chosen according to the ability
to discriminate based on the illustrated cut-off values. In this example the Vy9" cell percentage from
CD3" cells plus day 1 TNF-a concentrations were required. The sensitivities relate to the overall
sensitivity for that diagnostic category in all branches whilst the specificity relates to branch specific
values, as is the nature of decision tree analyses.
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3.4. Discussion

3.4.1. The current state of the art

It has been argued in Chapter 1 that the real advances in the care of patients with sepsis
stem from relatively simple, cheap interventions delivered to the right patients at the
right times. Early appropriate antibiotic is currently still considered by many to be the
most effective weapon against sepsis despite the pharmaceutical industry investing
millions of pounds developing complex immunotherapy that has, thus far, failed to

deliver'®'®

. However, to fully realise the benefits of these treatments, accurate
diagnostics are needed to direct their use'®''’. This chapter reinforces the emerging
view that the utility of many classical medical diagnostics are limited''"'"". Indeed, it
has been suggested that if the stethoscope were submitted for consideration as a piece of
medical equipment at today’s standards, it would be rejected on the grounds of its poor

sensitivity and specificity''"''.

Just one of the standard clinical measures, CRP, has been shown in this study to be an
accurate discriminator in sepsis. However, whilst significant differences were seen
between the day 1 level of CRP in patients with sepsis compared with SIRS, the
resulting models fail to include CRP in their final selections. Furthermore, these
differences in CRP dissipate at day 5, a time-point where a distinction between sepsis

and SIRS is most needed in complex patients with multi-system disease.

Finally, even if standard markers were shown to be of use, the implementation of these
as diagnostic tools often relies upon single measures considered in isolation. This
contradicts the increasing adoption of health and thus disease as an integration of

multiple complex systems with significant cross-talk''*'">.

3.4.2. Cross-discipline fertilisation

There is no shortage of studies proclaiming the discovery of a new biomarker useful in
sepsis and many other areas of medicine. However, whilst interesting and often based
on solid theoretical grounds, these single markers are often time-consuming to measure,
expensive to measure and considered in isolation. Indeed, the 13 variables shown in our
binary logistic model to distinguish between sepsis and SIRS were all considered, the
costs to the health system in delivering these as a point-of-care test would be

prohibitive.
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Medicine should aim towards the integration of a number of relatively simple markers
that, in combination, can model a complex system accurately, cheaply and can be
deployed to make a difference to patients at the bedside. However, this approach cannot
rely upon the standard statistical concepts in the medical research literature. It needs
cross-fertilisation between a diverse range of academic disciplines to produce useful
endpoints. Neural network models, although based loosely upon the structure of our

nervous system1 13-116

, were first developed to reduce echoes heard in primitive phone
exchanges. Today, they are mostly used in economic forecasting, image compression,
and handwriting recognition technology'®”"''*!''®. The realisation that these systems
integrate multiple complex non-linear signals into discrete outputs allowed this study to
adapt neural networks to help solve its central problem of prediction. It seems that
emerging concepts in fields as diverse as macroeconomics can be successfully applied

to help further medical research and ultimately, patients.

3.4.3. Mechanistic basis for descriptive marker differences

The nature of this descriptive study allows models for prediction to be made but limits
the ability to describe the underlying mechanisms responsible for any changes seen.
However, there are emerging trends in the descriptive data that can be informed by

published mechanisms prompting further explorative experiments detailed in Chapter 4.

3.4.3.1. Survival and non-survival mechanisms
The increased CD80 on neutrophils of survivors along with higher HLA-DR and CD86

on monocytes suggest an importance of APC-like functions associated with patient
survival. The loss of HLA-DR on monocytes has long been attributed to the CARS
syndrome of immunosuppression that may follow sepsis'®'". There is also a strong
positive association between monocyte HLA-DR levels and patient survival'®'".
However, it may be that as well as loss-of-function modulation in compensatory anti-
inflammatory response syndrome (CARS) (such as a monocyte’s ability to act as an
APC), immune reprogramming may lead to gain-of-function in other cell subtypes. This
will be explored further in Chapter 4. The rapid reversal of a pattern of elevated
proinflammatory cytokines seen in survivors at day 1 (higher IL-6, PCT and GM-CSF)
into the inverse pattern of higher proinflammatory cytokines seen in non-survivors at
day 5 (higher IFN-y, GM-CSF and IL-2) is intriguing. This may be attributable to a

number of published associations including death due to on-going active infection,
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development of secondary pathology, or a second-hit infection''”""'®. This also suggests
that time-analysis of collections of markers could be used in future studies to help

predict the eventual course of a disease''™'"°.

The higher levels of day 1 IL-6 seen in survivors on day 1 does warrant further
discussion as this contradicts much of the published literature where the reverse
relationship is shown'?*'?>. Many of those studies have used caecal puncture murine
models that have been criticised in recent years'**. The studies also have small numbers
of patients, including those without severe sepsis or septic shock, and so cannot be

directly compared to this study. However, the GenIMS study'*’

was a large, well-
conducted study in humans with over 30% of patients having severe sepsis. That study
shows a consistent relationship between 90-day mortality and IL-6 levels at days 1-7
contradicting the present work that shows the inverse relationship at day 1 although a
similar pattern at day 5. There are several reasons that may explain this difference. Most
notably, the present study has 37.5% of patients that survived with a Gram-negative
infection. It has been described in many published in vitro and in vivo works that Gram-
negative infections produce higher levels of IL-6 than those of Gram-positive infections
124126 However, as the GenIMS study focused on patients with community acquired
pneumonia, the rates of Gram-negative infections here in patients that survived were
just 2%. In patients with a more balanced cause of sepsis, this relationship between
death and elevated IL-6 levels has been questioned in an alternative study'?’. In
addition, the relationship between survival and IL-6 at day 5 in this study was shown to
have a positive correlation. It is known that sepsis is a disease where time plays an

important part in the immune response'**'*°

, yet the very nature of the disease is that
one patient’s first day in hospital may differ dramatically in the timescale of that disease
process compared with another patient’s illness. Indeed, some sepsis studies consider
the time zero point as the moment a patient becomes hypotensive'', while others
consider this to be the moment of diagnosis, regardless of how long the patient has been
in hospital**'**. Whilst the levels of IL-6 are significantly higher in the GenIMS study
from day 1, the extent of this difference is far greater by day 5 which the findings of this

study conforms to.

Thus the systems in place to admit patients to hospital, admit them to a critical care

environment and the very differences in the ability of a population to self-manage at

95



home before hospital admission may influence dramatically the time point of sampling
and hence the absolute and relative values of cytokine levels when considering survival
and non-survival. This dynamic time course is thus difficult to compare across disparate
groups. However, even with the above explanations, the weight of evidence does
question the relation found in this study. Taken along with the timing of sampling being
performed only after the admission of a patient into a critical care environment, the
utility of prediction survival is diminished and further confirmatory work would be

needed before a model of this type could be confidently put into clinical practice.

3.4.3.2. Sepsis and SIRS mechanisms
Examining the differences between healthy controls, sepsis and SIRS patients, it is

shown that sepsis induces a greater amount of neutrophil death with higher levels of
cell-surface CD62L and CD64 on surviving neutrophils. Sepsis has a number of
aetiologies responsible for neutrophil death including necrosis, apoptosis, autophagy,

119,134 CDO62L, essential for interaction with

and the recently described NETosis
oligosaccharide present on endothelial-cell surface glycoproteins, has been described to
shed significantly in sepsis to limit local immune cell adherence thereby reducing

microvascular damage'**'¥

. CD64 is a very well described marker of neutrophil
activation and has been suggested as a biomarker in sepsis'>>'*°. The elevated levels of
the platelet-interacting CD40 links with the multisystem spectrum of disease caused by
sepsis, where platelet dysfunction and disseminated intravascular coagulation frequently
coexist. Again, the importance of APC-like function in critical illness can be understood
with a rapid and profound decrease in monocyte HLA-DR in both sepsis and SIRS
patients compared with healthy controls and elevated CD86 on neutrophils in sepsis.
The increased activation of Vy9" T cells seen in sepsis patients (expressed as CD69
levels) is likely attributable to the predominance of Gram-negative (HMB-PP positive)
organisms known to induce Vy9" T cell activation. Whilst the observed cytokine pattern
is largely typical of sepsis patients, the high IL-2 is contradictory to much of the

136137 and goes against the increased levels of CD3" T cell death that have been

literature
attributed to low IL-2 levels. However, many of these studies sample from patients at a
much later time point, again reinforcing the importance of timing. Again, this study
finds an elevated level followed by a lower level in sepsis patients is seen at the day 5

time point (data not shown).

96



Circulating y6 T cells were previously shown to be activated in patients with
sepsis’®”!*®. However, no study has so far been conducted as to the specific involvement
of the Vy9/V82" subset of peripheral y& T cells and their activation status in sepsis
depending on the nature of the causative pathogen. Our present findings demonstrate
higher absolute counts and higher frequencies of Vy9/V32 T cells among all circulating
T cells in infections caused by Gram-negative species compared with Gram-positive
microorganisms, in support of their differential responsiveness to distinct groups of

pathogens'**'%.

Neutrophil apoptosis, as assessed by gated neutrophils with intermediate loss of cell
surface CD16'’, was higher in survivors with sepsis. This generally agrees with the
most recent published work showing a negative association between severity of illness

and neutrophil apoptosis'*'. However, the work of Marshal and others '**'*

points
towards a delay in neutrophil apoptosis in sepsis compared with healthy controls
following cell culture. The apparent elevated level of neutrophil apoptosis in sepsis
patients compared with healthy controls appears to contradict this view. However, these
studies explore the delays in the completion of apoptosis resulting in cell death of
neutrophils. Therefore, whilst the time to functional apoptosis and hence cell death is
likely to be extended in this study, the overall rates of initiation of neutrophil apoptosis
are higher in sepsis patients. Thus whilst taking a snap-shot of a sepsis patient shows a
higher percentage of neutrophils expressing cell surface evidence of apoptosis, this does
not exclude the functional delays in apoptosis shown by Marshal and others through
translocation of NF-«xB, caspase-9 and other mitochondrial changes. These can occur

alongside cell-surfaces changes indicative of the initiation of the apoptotic response.

Therefore, these

“neutrophils are constitutively apoptotic, but they also have the ability to subvert their
programmed cell death in response to stimuli from the microenvironment of

. 144
inflammation.

Therefore, the cell-surface loss of CD16 in these sepsis neutrophils is indicative of their
constitutional apoptotic nature. The functional delays in this process are not visible as
this study looks only at cell-surface changes and not the NF-kB, caspase-9 and other

mitochondrial changes described by Marshal.
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3.4.3.3. Infective organism subtype differences
The initial study design was powered specifically to detect differences in Vy9" T cells

between Gram-negative and Gram-positive infections. This was largely based around an
organism’s differential ability to stimulate these cells through HMB-PP expression as
described in vivo in peritoneal dialysis patients'*'**. Whilst it was not possible to show
increased levels of activation of these cells, an increased percentage Vy9' T cells in
Gram-negative (HMB-PP positive) infections that mirror that study is demonstrated.
The increased TNF-a and IL-1B in Gram-negative infections may be due to the

influence of LPS!*146

whilst the lower IL-2 in culture-negative groups parallels the
SIRS (non-infective) group. As sepsis is a clinical diagnosis requiring only the
“suspicion of infection”, the culture-negative group may include patients that in fact do

not have an infective aetiology underlying their critical illness.

3.4.4. Implications of resulting models
The production of accurate predictive models does not in itself provide a means to
improve patient care. It is the application of these models to the process of care where

improvements in morbidity and mortality can be made.

Use of the survival prediction model requiring just three variables (IL-6, sensePCT and
CD3"%) may allow a healthcare system with limited resources better target those at the
highest risk of death and harm. Patients at high risk of death should be cared for in the
critical care environment even if the standard physiological variables that underlie the

risk scoring systems fail to identify such patients'*®'*".

The ability to distinguish between patients with sepsis and SIRS will become
increasingly important, as the use of immune-modulating drugs becomes more
widespread'*'*®. The ability to distinguish between non-infective life-threatening
inflammatory syndromes, such as acute pancreatitis, and sepsis may allow a reduction
in the inappropriate use of broad-spectrum antibiotics. This is essential not only to an
individual’s risk of multi-resistant organism infection and antibiotic-associated side
effects but also to the wider issues surrounding antibiotic resistance®"'*. In addition, it
will help direct clinical to any non-infective diagnoses that may benefit from evidence

based intervention directed at that particular pathology.
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At this stage, it is possible to distinguish between Gram-positive and Gram-negative
infections. As early appropriate antibiotics are considered by many to be the only
effective intervention, reducing sepsis mortality by as much as 50%°"'*, this ability
may allow personalised, directed antibiotic therapy that is not currently possible. The
increasing incidence of community-associated MRSA'**'*® often necessitates the
critically 1ll sepsis patient to receive antibiotics such as Vancomycin that carry inherent
risks to this cohort of sick patients. Furthermore, the knowledge of an organism’s Gram-
type may help direct diagnostics towards sites likely to be the source of such an
infection. For example, a test that rapidly identifies a causative Gram-negative organism
increases the likelihood of pyelonephritis compared with the cellulitis that has attracted
the most attention of the clinical team. A different infective source may thus require a
different approach to source control. The uncertainty in the evidence base for antibiotic
use discussed in the introduction may be alleviated through studies that correctly target
antibiotic use towards patients most likely to benefit, namely those with sensitive
organisms. Finally, it is hoped in the future that through exploitation of other
immunological markers and greater sample numbers, further sub-categorisation of
organisms may be possible. The inclusion of MAIT cell markers may allow

differentiation between streptococcal and staphylococcal infections'™'*".

It may
eventually be possible to create unique immune-fingerprints for individual organism
species such as Escherichia coli and MRSA. This could use a system of identification

based on Table 3.10.
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Table 3.10 A system for bacterial identification using immune fingerprints.

Non-mevalonate pathway  Vitamin B2 synthesis
(Vy9/V82 T cell activation)  (MAIT cell activation)

Gram-negative bacteria
Acinetobacter baumannii
Chryseobacterium gleum
Enterobacter cloacae
Escherichia coli
Haemophilus influenzae
Helicobacter pylori
Klebsiella pneumoniae
Legionella pneumophila
Neisseria meningitidis
Pseudomonas aeruginosa
Shigella dysenteriae

Gram-positive bacteria
Bacillus anthracis
Clostridium difficile
Corynebacterium diphtheriae
Enterococcus faecalis
Listeria monocytogenes
Mycobacterium tuberculosis
Propionibacterium acnes
Staphylococcus aureus
Streptococcus pyogenes -

Other bacteria
Borrelia burgdorferi - -
Leptospira interrogans + +
Mycoplasma genitalium - -
Mpycoplasma penetrans + -
Treponema pallidum - -

Yeasts, fungi
Aspergillus fumigatus -
Candida albicans -
Crytococcus neoformans -
Saccharomyces cerevisiae -

+

+ 4+ 4+ |

i

+ + +

+ + +
+ 4+ +

I+ + + |
+ o+ 4

+ + + +

Using a variety of immune responses microbes can be sub-categorised by Gram-status, HMB-PP status,
and their ability to activate MAIT cells. This would allow a granular refining of microbe identification.
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3.4.5. Shortcomings in this study
There are two main groups of shortcomings in this study. Firstly, the issues surrounding
the study design and conduct. Secondly, issues surrounding the analysis and

interpretation of its data.

3.4.5.1. Study design
As discussed, this descriptive study is not best placed to describe underlying

mechanisms of any differences identified. However, setting this aside, the nature of this
as a pilot study necessitated that a power calculation was performed for a specific
purpose. An increase in Vy9" cell frequency of 5% in Gram-negative compared with
Gram-positive patients was considered a suitable endpoint. Thus, whilst there are many
non-significant trends in the data, the study is highly likely to be underpowered to detect
significance in many of these variables. However, as a pilot study it can now be argued
that the concept of immune fingerprinting to identify a causative organism’s category is

possible with larger studies needed to confirm and develop the details of this further.

The diagnosis of sepsis relies upon a combination of measured values and clinical
acumen. Specifically the patient needs to have “proven infection or suspicion of
infection”. However, without a gold standard for “infection”, patients classed as culture-
negative may in fact be more suitable categorised as patient with non-infective SIRS.
Whilst a thorough retrospective case note review was conducted for all patients in the
culture-negative category to identify alternative aetiologies, this problem remains in any
study of this nature. Additionally, the hospital in which the study was carried out did not
use PCR or MALDI-TOF based identification techniques that may have further
enhanced the ability to describe causative organisms or delineate the culture-negative

group further.

This study also lacks granular detail on the eventual outcome of those patients that died.
Although all-cause mortality is reported, this lacks both the timing and mode of death.
Ideally, patients that die from causes unrelated to their initial admission with sepsis
should be excluded when constructing predictive models of survival. For example, a
patient death due to a road traffic accident 30 days following their discharge from
hospital could not be considered related or predictable by using an immune

fingerprinting approach. Although both the ICU mortality and hospital morality could
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be used in this circumstance, 90 day mortality has become an accepted standard on
which many trials are based and hence the decision to use this time-point despite the

lack of clarity regarding the timing and mode of death.

In addition, when considering survival prediction to guide subsequent levels of care,
this should be centred on patient sampling at the initial entry level of care. Rather than
sampling patients following admission to the ICU, sampling ideally should occur before
hospital admission or in the accident and emergency department. This would allow
inclusive sampling of patients that may not have a subsequent ICU admission and
would be closer to the desired application of such a test as a point-of-care decision aid

to direct future standards of patient care.

3.4.5.2. Analysis
Whilst the baseline characteristics for most groups described were similar, the sites of

pathology between sepsis and SIRS patients, as well as between the infecting organisms
subgroups, were different. This could lead to the resulting models discriminating not
between the identified groups directly, but instead between causative sites of pathology
as discussed in the introduction. Future studies could concentrate on specific diseases
leading to sepsis, such as community-acquired pneumonia, and apply modelling to the
causative organisms alone in this subgroup to help remove any bias from these
confounders. Furthermore, this study considers only the spectrum of infections present
at a single hospital. The population that this hospital serves is a fairly ethnically
restricted group typical of a small Welsh town. Independent validation is required in a
multicentre setting to rule out such centre effects which may include genetic,

environmental, racial, and comorbidity restricted patterns.

There are clear discrepancies in the measured values of procalcitonin across the two
analysis techniques. The two techniques this study employed were the Liaison” system
(termed PCT) and the highly sensitive procalcitonin analysis carried out using the
Kryptor® system (termed sensePCT). Both have been developed and were processed by
Thermo Fisher Scientific directly. The Liaison® system is an enzyme-linked fluorescent
immunoassay for the quantitative measurement of PCT performed on the VIDAS
system, a multi-parametric immunoassay system produced by bioMérieux. This has a

measurement range of 0.09-200 ng/mL with values outside of this range analysed by
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serial dilution. However, there does exist both intra-assay and inter-assay variability of
5% as specified by the manufacturer’s quality control literature'*>. The Kryptor system
uses lateral flow immunoassay principles with monoclonal mouse anti-catacalcin
antibody conjugated with colloidal gold (tracer) and a polyclonal sheep anti-calcitonin
antibody (solid phase). This is measured on a Thermo Fisher Scientific point-of-care
testing system termed the BRAHMS direct Reader. This has a measurement range of
0.1-10ng/ml. In comparison to the Liaison™ system the sensitivity was 93% and 88%

although the variability can be as high as 20%.

Therefore, although measuring the same entity in this study, the differential analysis
methods and ranges used are likely to account for the variability between the two
results. However, the sensePCT used in this model is the technique favoured for point-
of-care testing by Thermo Fisher Scientific directly. These findings do conform to the
published literature on the comparison between these systems'>. Although Schuetz et al
conclude that the systems show good correlation, the relative variability between
samples in high measurement values in one subset of the data were as much as 24%

with the sensePCT having a lower average value.

3.4.5.3. Application of neural networks
The process of forming predictive modelling has a gold-standard approach to prevent

the problem of over-fitting. This process starts with a model formed using a unique
“training set” of data. Once the resulting model has been refined using this training set,
it is then applied to the “test set” to determine its sensitivity, specificity and ROC curve.
This test set should be separated from the data in the training set used to form the
model. Without this separation, there is a risk that any model will perform well when
formed by and tested against the same set of data. However, when applied to a new set
of data or scaled to different populations, this model would becomes less accurate. This
is termed over-fitting. However, due to the size of the dataset, it was not possible to
separate the data into a testing and training set. Again, any further studies with greater
patient numbers should be designed around this gold standard of model production. This
is especially true when the final models use markers with a smaller number of
observations, as is the case in those models including PCT values gained from a lower

number of patients compared with the main study dataset. Although these differences
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may be statistically significant, a larger cohort would be needed to validate that this has

not occurred simply by nature of chance in a small set of patients.

Neural networks offer many advantages over standard techniques in the field of
biomarker prediction. These include the ability to manage complex nonlinear
relationships, and detect multiple predictor variable interactions'>*. However, like any
model, there are inherent disadvantages that need to be considered alongside such
positive aspects. There are issues related to the inclusion of neural networks (and other
complex modelling) within viable commercial tools. Neural networks applied to
complex human disease may be considered as ‘black boxes’ that fail to explain or
illuminate the nature of causal relationships'>>. This may be especially true when the
clinician is expected to make direct patient decisions based upon complex algorithms
that are not human comprehensible or open to logical (and regulatory) scrutiny. After
production of a model, interpretation of the produced weighting matrix, equivalent to
the beta coefficients used in standard linear regression, is difficult. There is no standard
method to share or transfer these matrixes and they may include variables due to
background noise patterns that the researcher may consider unimportant or clinically
insignificant. Thus a model cannot be produced in complete isolation of knowledge
relating to the underlying mechanisms although an explicit hypothesis generation
approach is not needed in the strictest sense’. Once a model is accepted, its integration
into a practical device requires high levels of computational power. The communication
of results to the end user tends to be a nominal process with little opportunity for human
scrutiny. The inclusion of alternative human readable processes, such as the decision
trees examples, may help to alleviate some of these issues but will result in loss of many

of the advantages from a neural network approach.
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CHAPTER 4

IMMUNOSUPPRESSION IN EARLY

SEPSIS
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Chapter 4 Immunosuppression in early sepsis

4.1. Introduction
It has suggested that profound immune changes occur when patients survive first-hit

I3L136 * Sepsis-related immune suppression and the

infection with severe sepsis
compensatory anti-inflammatory response syndrome (CARS) have been appreciated for
some time'>*'”’. This spectrum of pathology has been linked to common infections
encountered in critical care including ventilator-associated pneumonia (VAP), catheter
related infections and reactivation of latent virus infections including herpes simple
viruses and cytomegalovirus®*'>’. As a result, the syndrome of CARS is associated with

an increased length of hospital stay for patients and worsened long-term outcomes™*'*®.

Monocyte cell-surface HLA-DR expression has long been accepted as an objective
measure of both the presence and the degree of CARS in sepsis patients'**'>*. Studies
have also suggested associations (but not causation) between HLA-DR expression and
the ability of monocytes to respond to PAMPs including LPS*'%. Most commonly,
monocytes with a HLA-DR expression level below 30% have been shown to have an
attenuated TNF-a response to LPS. This accompanies a negative relationship between
monocyte HLA-DR level and patient outcome measures including 90-day mortality.
These factors have focused the minds of the intensive care research community to
develop therapeutic strategies which aim to reverse CARS through interventions
targeted at improvements in monocyte HLA-DR level. The most notable of these
treatments has been the use of recombinant GM-CSF that has been subjected to several
small-scale randomised clinical trials **'*°. However, the primary endpoints in these
studies have mainly been an improvement in monocyte HLA-DR level rather than

measures that can be directly related to an immune response or patient related outcome.

Despite these strong associations, there have been few mechanistic studies that define
the roots of the CARS syndrome. The paper by Adib-Conquy does shed some light on
what these mechanisms may include and coins the term monocyte reprogramming
rather than immune suppression, arguing that many of the changes seen in CARS may
be adaptive rather than simply a loss-of-function'>*'®'. Indeed, here it will be argued
that CARS does not only herald loss of immune functions but may also include some

gain-of-function abilities in neutrophils particularly. The chapter describes how the
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reprogrammed monocytes have a limited ability to produce TNF-a in response to LPS
whilst the amount of the anti-inflammatory cytokine, IL-10, is increased. Furthermore,
they suggest that different subsets of monocytes (CD16 high, CD16 low, CD14 low)
have intrinsic levels of responsiveness to LPS with CD16 high monocytes having the
highest TNF-a responsiveness with lower IL-10 levels. An example of these subsets is

shown in Figure 4.1.

In this chapter, ultra-pure LPS will be used to elicit responses from sepsis monocytes
with HLA-DR levels below 30% and compare them with healthy controls. The
responsiveness of sepsis monocytes to LPS will then be increased using activated Vy9"
T cell supernatant. This supernatant contains many of the cytokines mechanistically

160-162

appropriate for the reversal of reprogramming identified in other studies , and has

been shown to aid survival and develop APC-like phenotypes in other cell types'®*'®.
In addition, using related in vivo studies it will be shown that the licenced
bisphosphonate drug Zometa can be used to stimulate Vy9" T cells in vivo in a safe and
targeted manner. It may thus be possible to attenuate aspects of the CARS syndrome by
using licenced drugs that activate Vy9" T cells in sepsis survivors and hence reduce the

burden of subsequent illness that often follows first-hit infections.
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Figure 4.1 Monocyte division into differing subsets. Monocytes can be subdivided into three main
distinct groups using the expression of cell-surface CD14 and CD16 based on isotype controls.

Neutrophils are the first cells that are recruited to sites of microbial infection. Although
classically viewed as terminally differentiated immune cells, there is emerging evidence
that neutrophils represent key components of the effector and regulatory arms of both
the innate and adaptive immune system'®'®*. As such, neutrophils secrete an array of
immunomodulatory factors affecting the recruitment and effector functions of various

cell types and engage in mutual interactions with immune and non-immune cells'®*',

Most intriguingly, neutrophils directly affect the generation of antigen-specific immune
responses, by facilitating monocyte differentiation and DC maturation and by
interacting with B cells and T cells'®'%". Of note, neutrophils patrol the spleen under
homeostatic conditions, and in acute inflammatory scenarios co-localise with T cells in

167,168

the white and with B cells in the marginal zone'®*'®’. Similarly, neutrophils enter

the draining lymph nodes during bacterial and parasitic infections'®'”'

where they may
influence adaptive immune responses. In mouse models of acute and chronic
inflammation, neutrophils have in fact been shown to present antigens directly to both

CD4" and CD8" T cells! "7,

In humans, neutrophils with a phenotype consistent with a possible APC function,
including surface expression of MHC class II, have been found in diverse inflammatory

172-176

and infectious scenarios The physiological context underlying a potential

differentiation of neutrophils into APCs remains poorly understood, and the
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implications for the stimulation of antigen-specific T cell responses are unclear.
Previous investigations described the generation of human neutrophils with antigen-
presenting features in vitro through the action of cytokines or by crosslinking
CD11b176’177, and in vivo in patients treated with GM-CSF, G-CSF, or IFN-y”S’m.
These observations were complemented recently by findings in mouse models
indicating that neutrophils can differentiate into “neutrophil-DC hybrids” in vitro and in
vivo and play a dual protective role by rapidly clearing pathogens and presenting
microbial antigens to CD4" T cells'*"**. Conversely, neutrophils have also been shown
to down modulate responses by activated T cells through the release of arginase and

reactive oxygen species (ROS) into the TCR:MHC synapse'™""'™

, adding to the
emergence of distinct neutrophil populations with tailored roles in modulating,
dampening and exacerbating immune response. This notwithstanding, direct antigen
presentation by neutrophils has thus far not been demonstrated in infected patients.
Furthermore, the cellular source of neutrophil-polarizing factors during acute
inflammation has not been identified, and the potential contribution of tissue-resident

and/or rapidly recruited immune cells in early infection has been overlooked.

Unconventional T cells such as human Vy9" T cells, Natural killer T (NKT) cells and
mucosal-associated invariant T (MAIT) cells represent unique sentinel cells with a
distinctive responsiveness to self and non-self low molecular weight compounds akin to
pathogen-associated (PAMPs) and danger-associated molecular patterns (DAMPs)'®!”
'8 Unconventional T cells represent a substantial proportion of all T cells in blood
(>15%) and mucosal epithelia (>50%), accumulate in many inflamed tissues, and have
been implicated in the regulation and pathology of inflammatory and infectious diseases
as well as in tumorigenesis’"'*'""*®, Given the efficient immune surveillance network
constituted by unconventional T cells, it has been suggested that such T cells orchestrate
innate and adaptive responses to different stimuli at the site of inflammation where they
engage with other components of the inflammatory infiltrate”""*'®>'% Recent reports
also demonstrated that innate lymphocytes including Vy9™ T cells and NKT cells are
ideally positioned in lymphoid tissues where they can interact with freshly recruited
monocytes and neutrophils in response to blood and lymph-borne pathogens'>'".
However, the crosstalk of human unconventional T cells and neutrophils has not been
studied in detail, and the contribution of different types of unconventional T cells to the

host response at early stages of infection remains unclear.
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This chapter will conclude by demonstrating that antigen presenting human neutrophils
can readily be found during acute sepsis. The presence of such APC-like neutrophils
may reflect early responses by unconventional T cells to microbial pathogens as the
phenotype and function of sepsis neutrophils can be replicated in vitro upon priming of
neutrophils by human Vy9" T cells and MAIT cells. Our findings thus provide a
physiological context and a cellular mechanism for the generation of neutrophils with

APC function in a broad range of microbial infections.

4.2. Aims
* Explore the association between monocyte cell-surface HLA-DR expression

and cytokine responses to LPS.

(a) Assess whether activation of Vy9" T cells can reverse monocyte

reprogramming and hence improve responsiveness of monocytes to

LPS.

(b) Link these findings to in vitro work that may justify the use of a
licenced bisphosphonate drug Zometa in future clinical trials of

sepsis-related CARS.

* Describe the ability of sepsis neutrophils to act as APC.
(a) Describe early phenotypic changes in sepsis neutrophils that point
towards an APC-like function.
(b) Perform cross-presentation assays to demonstrate the ability of sepsis
neutrophil to act as APCs ex vivo.
(c) Describe associations between neutrophil APC phenotypes and
activated unconventional T cells and link this to published

mechanistic ex vivo work.
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4.3. Results

The sepsis samples used in this chapter originated from patients enrolled in the main
phenotype study covered in Chapter 3 at day 5 of their ICU stay. All purities following
magnetic nanoparticle cell isolation were in excess of 98% and the HLA-DR cell-
surface expression level on all monocytes used was below 30% using an isotope
control. Representative FACS plots of a healthy control and a sepsis patient gated as

described in Figure 2.3 is shows in Figure 4.2.

Healthy control Sepsis patient

- Monocytes = Monocytes
3 HLA-DR+ 3 HLA-DR+

E 28%

HLA-DR

CD14

Figure 4.2 Representative FACS plots for monocyte HLA-DR cell-surface expression in healthy
controls and sepsis patients.

The level of live monocyte HLA-DR cell-surface expression as a percentage of cells compared with
individual isotype controls is shown in healthy controls and sepsis patients. Patients with monocyte HLA-
DR levels below 30% were used in the following series of immunosuppression experiments.

4.3.1. Cytokine expression following LPS challenge (n=5)

Despite the isolated sepsis monocytes having a cell-surface HLA-DR level below 30%,
their cytokine responsiveness to ultra-pure LPS was highly variable. Two out of the
total of five sepsis samples tested resulted in TNF-a levels comparable to healthy
controls (Figure 4.3 A and B) when stimulated immediately following isolation. This
questions the ability of HLA-DR to act as an accurate surrogate marker for sepsis-

related CARS.
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Figure 4.3 Monocyte cytokine production following ultra-pure LPS challenge. (A) Production of
ELISA measured TNF-a following ultra-pure LPS challenge in healthy control purified monocytes. (B)
Production of ELISA measured TNF-a following ultra-pure LPS challenge in sepsis patients’ purified
monocytes all with cell-surface HLA-DR levels below 30%. Healthy patients n = 4, sepsis patients n = 5.
Separate samples of isolated monocytes and PBMCs were cultured under a variety of
conditions for 20 hours before being stimulated with LPS. Pure monocytes isolated
from healthy individuals showed an enhanced TNF-a response to LPS when cultured in
the presence of cell-free Vy9' T cell supernatant (Figure 4.4 A). The bisphosphonate
Zometa activates VY9' T cells in the presence of monocytes. Therefore, in Figure 4.4 B,
as the PBMC culture includes Vy9" T cells, an enhanced TNF-a response to LPS can be
replicated without the need to add extrinsic Vy9" T cell supernatant. The IL-10 cytokine
response followed an inverse pattern as would be expected and described by the
literature'**">?. There is a downregulation of IL-10 in the pure monocytes cultured in
the presence cell-free VY9 T cell supernatant shown in Figure 4.4 C. This is again
replicated by the use of Zometa to activate Vy9' T cells present in the PBMC culture
shown in Figure 4.4 D.
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Figure 4.4 Cytokine production following ultra-pure LPS challenge in conditioned healthy
monocytes and PBMCs. Production of ELISA measured TNF-a after 20 hours in different culture
conditions following ultra-pure LPS challenge in (A) healthy control purified monocytes (B) healthy
control PBMCs. Production of ELISA measured IL-10 after 20 hours in different culture conditions
following ultra-pure LPS challenge in (C) healthy control purified monocytes (D) healthy control
PBMC:s. * p<0.05. Healthy patients n = 5, sepsis patients n = 5. Analysis is based on a repeated measures

two-way ANOV A with Dunnett’s correction for multiple comparisons based on a reference group of
medium cultured cells.
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When these assays are repeated using cells from sepsis patients, a broadly similar
pattern is observed in the upregulation of a TNF-o response to LPS when Vy9' T cell
supernatant is added to the cultures (Figure 4.5 A). There is a trend in this being
replicated using Zometa in PBMC cultures although this does not become statistically
significant due to the large variation in responses (Figure 4.5 B). Whilst there is a trend
in downregulation of IL-10 in the Vy9" T cell supernatant culture in sepsis monocytes,

no similar features are observed in the Zometa treated samples (Figure 4.5 C and D).
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Figure 4.5 Cytokine production following ultra-pure LPS challenge in conditioned sepsis monocytes
and PBMCs. Production of ELISA measured TNF-a after 20 hours in different culture conditions
following ultra-pure LPS challenge in (A) sepsis purified monocytes with HLA-DR levels below 30% (B)
sepsis PBMCs. Production of ELISA measured IL-10 after 20 hours in different culture conditions
following ultra-pure LPS challenge in (C) sepsis purified monocytes with HLA-DR levels below 30% (D)
sepsis PBMCs. * p<0.05. Sepsis patients n = 5. Analysis is based on a repeated measures two-way

ANOVA with Dunnett’s correction for multiple comparisons based on a reference group of medium
cultured cells.
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4.3.2. Immune rescue though monocyte subset changes

Although it has been shown that LPS responsiveness could be increased in different
culture conditions, this did not seem to be the result of an increased cell-surface
expression of monocyte HLA-DR. Figure 4.6 A uses the monocyte divisions outlined in
Figure 4.3 to examine cell-surface changes in the different monocyte subsets of CD16
low, CD16 high and CD14 low. It shows little change in the expression of monocyte
HLA-DR in any of the monocytes subsets or subgroups. However, when these subset
divisions are examined in detail, an increased percentage of the CD16 high monocytes
in sepsis patients following treatment with Vy9" T cell supernatant are shown (Figure
4.6 B). A representative example of the expansion of this CD16 high subset is shown in

Figure 4.7.
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Figure 4.6 Phenotypic changes in

sepsis monocytes subgroups under different culture conditions.

(A) Alternations in isolated sepsis monocyte HLA-DR cell-surface expression in CD14 low, CD16 low
and CD16 high subgroups in different culture conditions. (B) Relative distribution of healthy and sepsis
monocyte subgroups in PBMCs following different culture conditions. Healthy patients n = 5, sepsis
patients n = 5. Analysis is based on a repeated measures two-way ANOV A with Dunnett’s correction for
multiple comparisons based on a reference group of medium cultured cells. Comparisons in A were
performed independently for healthy controls and sepsis patients.
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Figure 4.7 An example of subset changes in sepsis monocytes following culture in the presence of
V9" T cell supernatant. Relative changes in the distribution of CD14 low, CD16 low, and CD16 high
monocyte subsets in a sepsis patient before positive selection (baseline), following positive selection
(isolated) after medium culture controls (medium) and following culture with VY9 T cell supernatant.
Cell survival assessed by cell-surface live/dead aqua staining is shown below each FACS plot.

4.3.3. The use of bisphosphonates to rescue monocytes

Although using an artificially produced Vy9" T cell supernatant resulted in phenotypic
and functional monocyte changes, an intervention of this kind would only be suitable
for patients if these responses could be simulated in vivo by the use of safe drugs. The
use of Zometa in this experiment suggests that this may be an effective avenue to
explore. Therefore, the immune changes that follow when otherwise healthy patients
with osteoporosis started taking Zometa were studied. Dr Joanne Welton processed the
following samples with all statistical analysis performed by myself. The study cohort
comprised of 19 healthy non-smoking adult females with postmenopausal osteoporosis
and a bone density T-score of -2.5 or worse at either total spine, total hip, or neck of
femur when measured by dual-energy X-ray absorptiometry (DXA). The mean age was

68 years (range 57 to 79 years).

All study participants shown in Figure 4.8, Figure 4.9, Figure 4.10 were
bisphosphonates naive and attended outpatient appointments at Cardiff Royal Infirmary
for a first-time infusion of 5mg intravenously Zometa (Aclasta). Inclusion criteria

included no contraindications to treatment with intravenous bisphosphonates; normal
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creatinine clearance levels of >35 mL/min; and normal vitamin D levels of 30 to
100mg/L. Exclusion criteria included a body temperature >38.5°C at first wvisit;
participation in another therapeutic trial within 20 days of consent; history of illness that
might compromise participation such as drug or alcohol abuse; hypocalcaemia (<2.2

mmol/L corrected); and current use of oral steroids or other immunosuppressive agents.

There was evidence of Vy9' T cell activation through upregulation of the activation

markers CD69 at day 1 and day 3, NKG2D at day 1 and HLA-DR at day 3 (Figure 4.8).
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Figure 4.8 Activation of peripheral Vy9' T cells after Zometa treatment. (A) Proportion of
Vy9" T cells as percentage of all circulating CD3 T cells; (B) their surface expression of CD25, CD69,
HLA-DR, and NKG2D following first-time infusion of Smg intravenously Zometa (Aclasta). Differences
were assessed using Student’s t-tests. Dr Joanne Welton processed the following samples with all
statistical analysis performed by myself. N = 19. Data were analysed using a matched Friedman test with
the reference group as day 0 and Dunn’s correction for multiple comparisons.

When examining the resulting cytokine profile following administration of Zometa,
they mirrored that typical of in vivo Vy9" T cell activation in PBMCs with significantly
higher levels of TNF-a, IFN-y, GM-CSF and IL-6 following treatment (Figure 4.9).
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Figure 4.9 Increased plasma cytokines and chemokines after Zometa treatment. Plasma levels of the
markers indicated as determined by multiplex ELISA following first-time infusion of Smg intravenously
Zometa (Aclasta). Differences were assessed using Wilcoxon’s signed-rank tests for IL-1p, IL-6, IL-10,
and IL-12 levels and Student’s t tests for all other soluble mediators. Dr Joanne Welton processed the
following samples with all statistical analysis performed by myself. N = 19. Data were analysed using a
matched Friedman test with the reference group as day 0 and Dunn’s correction for multiple comparisons

Furthermore, the use of Zometa appeared to have an effect on monocyte phenotype,

both increasing their numbers and upregulation expression of cell-surface CD14, CD40,

CD80, and HLA-DR (Figure 4.10).
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Figure 4.10 Activation of peripheral monocytes after Zometa treatment. Proportion of CD14"
monocytes as percentage of all PBMCs as well as surface expression of CD14 (geometric mean
fluorescence intensity [MFI]) and CD40, CD80, and HLA-DR on circulating CD14" monocytes following
first-time infusion of Smg intravenously Zometa (Aclasta). Differences were assessed using Wilcoxon’s
signed-rank tests for CD40 levels on day 3 and Student’s t tests for all other parameters. Dr Joanne
Welton processed the following samples with all statistical analysis performed by myself. N = 19. Data
were analysed using a matched Friedman test with the reference group as day 0 and Dunn’s correction for
multiple comparisons

Taken together, it may be possible to exploit the ability of the safe, licenced drug
Zometa to activate Vy9' T cell in sepsis patients with CARS. It can be argued that this
would lead to a reprograming of sepsis monocytes into cells with a regained TNF-a

responsiveness to LPS and a downregulated anti-inflammatory IL-10 profile

reminiscent of normal monocytes.
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4.3.4. Phenotypic changes in sepsis neutrophils

In order to resolve the existence of APC-like neutrophils in human infectious disease
and determine a possible link with anti-microbial unconventional T cell responses,
phenotypical and functional characterisation of neutrophils from culture-positive

patients from our sepsis cohort described in Chapter 3 was performed.

Sepsis neutrophils displayed a strikingly altered phenotype compared with neutrophils
from healthy individuals and patients with sterile SIRS who served as non-infected
controls (Chapter 3, Figure 3.18, B and C). Sepsis neutrophils were characterized by
markedly higher expression of CD40, CD64 (FcyRI) and CD86, consistent with an
activated phenotype and with a potential APC function. Increased surface levels of
CD83 and HLA-DR on circulating neutrophils in some sepsis patients has also been
shown, although this was not significant across the cohort as a whole. Of note, there
was a significant correlation between the expression of CD64 and HLA-DR on sepsis
neutrophils, supporting a link between neutrophil activation and APC phenotype (Figure
4.11 A). This correlation was evidenced by higher levels of CD11b, CD40, and HLA-
DR in patients with CD64hi neutrophils compared with those with CD64lo neutrophils
(Figure 4.11 B). Vice versa, neutrophils expressed higher levels of CD64 in patients
with HLA-DRhi neutrophils compared with HLA-DRIo neutrophils (Figure 4.11 B).
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Figure 4.11 Neutrophils from patients with acute sepsis display an APC-like phenotype. (A) Surface
expression of CD64 and HLA-DR on circulating neutrophils in healthy controls and in patients with SIRS
or microbial sepsis. (B) Surface expression of CD11b, CD40, and HLA-DR on circulating neutrophils in
sepsis patients with CD64 levels below (CD6410) or above (CD64hi) a MFI of 500. Surface expression of
CD64 on circulating neutrophils describes sepsis patients with HLA-DR levels below (HLA-DRIo) or
above (HLA-DRhi) a MFI of 100. Each data point represents an individual patient. Each data point
represents an individual patient; lines and error bars depict medians and interquartile ranges. Data were
analysed using Kruskal-Wallis tests and Dunn’s multiple comparison tests; comparisons were made with
sepsis patients Lines in B depict linear regression and 95% confidence bands as calculated for sepsis
neutrophils. SIRS (n = 8) or sepsis (n = 37) and in healthy controls (n = 10).

123



Sepsis patients often show signs of acute immune suppression, typically defined by a
down modulation of HLA-DR expression on monocytes’ "'**'*  Therefore, the
phenotype of circulating neutrophils in sepsis patients with and without presumed
immune suppression was assessed. While circulating monocytes in healthy controls
were uniformly HLA-DR", a proportion of patients with SIRS or with sepsis showed a
significant reduction in HLA-DR expression levels on monocytes. In sepsis patients,
there was a weak correlation of HLA-DR expression on monocytes with CD40 or CD64
expression on neutrophils (Figure 4.12 A and B). When splitting the sepsis cohort into
patients with monocyte HLA-DR levels below and above 50% as a pre-determinant of
presumed immune suppression, there was a higher expression of HLA-DR on
circulating neutrophils in patients with HLA-DRhi monocytes (Figure 4.12 C). Yet,
these differences were generally only very small, and most individuals showed classical

signs of immune suppression (Figure 4.12 D).
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Figure 4.12 Correlation between monocyte HLLA-DR suppression and APC-like phenotype of
neutrophils from patients with acute sepsis. Surface expression of CD40 (A) and CD64 (B) on
circulating neutrophils and frequency of HLA-DR' monocytes in healthy controls and in patients with
SIRS or microbial sepsis. (C) Surface expression of HLA-DR on circulating neutrophils in sepsis patients
with monocyte HLA-DR levels <50% (HLA-DRIo) or >50% (HLA-DRhi). (D) Frequency of HLA-DR"
monocytes in healthy controls and SIRS patients, and in sepsis patients with HLA-DR levels on
circulating neutrophils below (HLA-DRIlo) or above (HLA-DRhi) a MFI of 100. Each data point
represents an individual patient. Lines in A and B depict linear regression and 95% confidence bands as
calculated for sepsis neutrophils. Lines and error bars in C depict medians and interquartile ranges;
differences were analysed using Mann-Whitney tests. Lines and error bars in D depict geometric means
and 95% confidence intervals. SIRS n = 8 or sepsis n = 37 and in healthy controls n = 10.
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4.3.5. APC-like functions of sepsis neutrophils

It has not yet been established in human infections whether neutrophils are capable of
triggering antigen-specific T cell responses. Here, isolated untouched neutrophils from
the blood of sepsis patients were used in purities of 99.2-99.8% by negative selection,
and advantage was taken of a well-established experimental readout based on HLA- A2
restricted responder T cell lines specific for M1(p58-66), the immunodominant epitope
of the influenza M1 protein [44]. These experiments demonstrated that freshly isolated
neutrophils from HLA-A2" patients with acute sepsis and neutrophils from HLA-A2"
healthy controls had a similar capacity to activate M1(p58-66)-specific responder CD8"
T cells when treated with the peptide itself, which can be readily pulsed onto cell
surface-associated MHC class I molecules for direct presentation to CD8" T cells
(Figure 4.13 A). Strikingly, sepsis neutrophils were also able to induce robust responses
by M1(p58-66)-specific responder CDS" T cells when utilizing the full-length M1
protein, a 251 amino acid long viral antigen that requires uptake, processing and loading
of M1(p58-66) onto intracellular MHC class I molecules for cross-presentation to CD8"
T cells. Despite the clinical differences in the underlying disease and the phenotypical
variability in the peripheral neutrophil population across the patient cohort, CD8" T cell
responses were consistently induced by neutrophils from three HLA-A2" patients with
culture-positive sepsis (Figure 4.13 B). Neutrophils from a further HLA-A2" patient
presenting with non-viral pneumonia also induced substantial activation of CD8" T
cells; yet this experiment was excluded from the analysis as the causative pathogen
could not unambiguously be resolved for this individual (Figure 4.13 C). In contrast to
sepsis patients, neutrophils from healthy controls were inactive even at the highest
concentration of M1 protein, in agreement with their lack of APC marker expression
(Figure 4.13 B). Taken together, these findings indicate that in acute sepsis neutrophils
acquire an APC-like phenotype with the capacity to induce antigen-specific CD8" T cell

responses.
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Figure 4.13 Neutrophils from patients with acute sepsis antigen cross-presenting capacity. (A) [FN-y
production by M1-specific CD8" T cells in response to freshly isolated neutrophils loaded with 0.1 uM
synthetic M1(p58-66) peptide or 1 uM MI protein. Data shown are representative of three HLA-A2"
sepsis patients and three HLA-A2" healthy volunteers as controls. Sepsis patients recruited for these APC
assays had confirmed infections as identified by positive culture results: E. coli (urine), Klebsiella
pneumoniae (respiratory culture) and Staphylococcus epidermidis (blood), respectively. (B) Summary of
all stimulation assays conducted, shown as percentage of IFN-y positive CD8" T cells in response to
freshly isolated neutrophils loaded with peptide or the indicated concentrations of M1 protein (means =+
SD). Data were analysed by one-way ANOVA with Bonferroni’s post-hoc testing. (C) IFN-y production
by M1-specific CD8" T cells in response to freshly isolated neutrophils loaded with 0.1 uM synthetic
M1(p58-66) peptide or 1 pM M1 protein. The HLA- A2 sepsis patient analysed in this experiment was
diagnosed with pneumonia and acute respiratory failure, and was negative for influenza A and B virus,
parainfluenza virus, respiratory syncytial virus and adenovirus, yet did not allow a positive
characterization of the causative pathogen due to no growth from blood and bronchoalveolar lavage
samples. The sepsis neutrophils were tested alongside freshly isolated neutrophils from an HLA-A2"
healthy volunteer as a control. Sepsis n =3, healthy n = 3.
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4.3.6. Cross-talk between neutrophils and unconventional T cells

Next, the potential involvement of unconventional T cells in the inflammatory response
during acute sepsis was studied. Human Vy9/Vd2 T cells recognize the microbial
metabolite  (E)-4-hydroxy-3-methyl-but-2-enyl  pyrophosphate = (HMB-PP), an
intermediate of the non-mevalonate pathway of isoprenoid biosynthesis shared by many
Gram-negative and Gram-positive bacteria as well as malaria parasites’">*'®® (Table
3.10). In analogy, Va7.2" CD161" MAIT cells respond to a wide range of Gram-
negative and Gram-positive bacteria as well as yeasts by sensing intermediates of the
microbial vitamin B2 biosynthesis, such as the riboflavin precursor 6,7-dimethyl-8-D-
ribityllumazine (from here on referred to as “lumazine”) and its derivative, reduced 6-
hydroxymethyl-8-D-ribityllumazine (rRL-6-CH,OH)"**'**'®®_ Based on genomic
database searches, the vast majority of sepsis patients recruited to the present study,
including those patients who provided samples for the cross-presentation experiments,
were identified as being infected with organisms that utilize the non-mevalonate and/or
riboflavin pathways and are hence capable of stimulating Vy9/V32 T cells and/or MAIT
cells, respectively (Table 3.10).

Multi-colour flow cytometric analyses revealed a substantial activation of Vy9/Vé2 T
cells as judged by expression of CD25 and CD69 in newly diagnosed sepsis patients but
not in SIRS patients (Figure 3.20 B). It was also found that there were significant
differences in the absolute counts and in the proportion of Vy9/V32 T cells among all
circulating T cells between patients with microbiologically confirmed infections caused
by HMB-PP producing pathogens including E. coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa and Corynebacterium spp., as opposed to HMB-PP deficient
species like Staphylococcus spp. and Streptococcus spp. (Figure 3.28). In contrast, there
was no difference in the proportion of CD4" and CDS8" T cells between HMB-PP
positive and HMB-PP negative infections (Figure 3.28). These clinical findings evoked
carlier studies in patients with peritoneal dialysis-associated bacterial peritonitis'*>"'*

and further supported the notion of a differential responsiveness of Vy9/Va2 T cells to
defined pathogen subgroups.
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Figure 4.14 Activated Vy9' T cells in patients with acute microbial sepsis. Proportion of Vy9' T cells
among all circulating T cells and absolute counts of circulating Vy9" T cells (in cells/ul blood) in sepsis
patients with microbiologically confirmed infections caused by HMB-PP producing or HMB-PP deficient
bacteria. Data were analysed using Mann-Whitney tests. HMB-PP n =18, HMB-PP' n = 19.

In the absence of specific staining reagents to unambiguously identify MAIT cells in
biological samples such as MR1 tetramers, which were not available at the time of the
clinical study, a similar analysis of circulating MAIT cells was not conducted. A recent
study reported a systemic loss in peripheral MAIT cell counts in sepsis patients with
non- streptococcal infections, suggesting a specific recruitment of activated MAIT cells
to the site of inflammation in response to vitamin B2 producing pathogens'**'*’. Except
for two cases of streptococcal infections, all bacterial and fungal pathogens identified in
the present sepsis patient cohort in fact possessed the riboflavin pathway, i.e. were

theoretically capable of interacting with MAIT cells (Table 3.10).

There is evidence that Vy9" and MAIT cells exhort their influence on neutrophils via
soluble mediators'®*"*°. The particular requirement for TNF-a in the acquisition of the
full APC phenotype is especially remarkable when considering the cytokine profiles
found in acutely infected patients. In agreement with previous investigations'®*'*,
sepsis patients were characterized by elevated plasma levels of C-reactive protein
(CRP), procalcitonin (PCT) and proadrenomedullin (proADM), confirming the presence
of a strong systemic inflammatory response (Figure 3.23). Plasma cytokines that were

highly elevated in sepsis patients included IL-6, CXCL8, and TNF-a. Moreover,

although not being significant across the whole cohort, a proportion of sepsis patients
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also had increased plasma levels of IL-1p3, GM-CSF, and IFN-y. Of note, there was a
trend toward higher levels of TNF-a in patients with HMB-PP positive infections
compared with patients with HMB-PP negative infections (p=0.09; data not shown).
These findings confirmed that the blood of sepsis patients contains proinflammatory
mediators that are implicated in driving survival and activation of neutrophils, including

their differentiation into APCs.

4.3.7. Unconventional T cell primed neutrophils display a unique phenotype
reminiscent of APC-like sepsis neutrophils.

Using data kindly contributed by Dr Martin Davey, these findings can be contextualized
through additional in vitro experiments. Circulating neutrophils in healthy people do not
express CD40, CD54 (ICAM-1), CD64 and CDS83, yet all these molecules were
significantly upregulated on neutrophils cultured in the presence of Vy9/Vo2 T cell or
MAIT cell conditioned medium (Figure 4.15 A). Moreover, Vy9/V62 T cell and MAIT
cell primed neutrophils also expressed high levels of HLA-DR (Figure 4.15 B), which is
not found on circulating neutrophils in healthy people but in some sepsis patients, and

showed a marked upregulation of surface HLA-ABC (Figure 4.15 B).

Neutrophils stimulated with defined microbial compounds on their own, in the absence
of Vy9/Va2 T cells or MAIT cells, failed to acquire a similar phenotype. Most notably,
neutrophils cultured for 48 hours in the presence of bacterial LPS did not show
increased levels of HLA-ABC, HLA-DR, CD40, CD64, and CD83 compared with
neutrophils cultured in medium alone (data not shown), emphasizing the crucial and
non-redundant contribution of unconventional T cells and their specific ligands in the
differentiation process. Taken together, our data demonstrate that both types of
unconventional T cells induce a pronounced survival of neutrophils and their acquisition

of an unusual phenotype reminiscent of APC-like sepsis neutrophils.
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Figure 4.15 Vy9/V32 T cells and MAIT cells trigger expression of APC markers by neutrophils. (A,
B) Expression of the indicated APC markers on freshly isolated neutrophils and CD16hi neutrophils after
48-hour culture in the absence or presence of Vy9' T cell or MAIT cell conditioned medium. Data shown
are means = SD and representative histograms from experiments using 3 individual donors. Data were
analysed by one-way ANOVA with Dunnett’s post-hoc testing; comparisons were made with medium
controls. Data kindly contributed by Dr Martin Davey. N = 3.
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4.3.8. Unconventional T cell-primed neutrophils process and cross-present MHC
class I restricted antigens to CD8" T cells.

These experiments demonstrated a significant improvement of unconventional T cell
primed neutrophils to present the cytomegalovirus (CMV) pp65(495-503) peptide to
antigen-specific, HLA-A2-restricted responder CD8" T cells, in agreement with the
elevated levels of HLA-ABC molecules on APC-like neutrophils. Importantly,
unconventional T cell primed neutrophils but not freshly isolated neutrophils were able
to induce CD8" T cell responses with the N-terminally extended CMV pp65(489-503)

peptide, which requires cellular uptake and processing (Figure 4.16).

In analogy to the CMV system, unconventional T cell primed neutrophils pulsed with
the M1(p58-66) peptide had a significantly improved capacity to prime M1(p58-66)-
specific responder CD8" T cells, compared with freshly isolated neutrophils. Most
importantly, only unconventional T cell primed neutrophils but not freshly isolated
neutrophils were able to take up the full-length M1 protein and cross-present M1(p58-
66) to responder CD8" T cells (Figure 4.16). The requirement for antigen uptake and
processing was supported by control experiments confirming that potential degradation
products present in the M1 protein preparation could not be pulsed directly onto

neutrophils.
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Figure 4.16 CD8" T cell responses to neutrophils cross-presenting viral antigens. IFN-y production
by antigen-specific CD8" T cells in response to neutrophils cultured for 48 hours in the presence of Vy9"
T cell or MAIT cell conditioned medium. Neutrophils were pulsed with 0.1 pM CMV pp65(495-503) or
pp65(489-503) peptides, or with 0.1 uM influenza M1(p58-66) peptide or recombinant M1 protein
(means + SD, n=3). Data were analysed by two-way ANOVA with Dunnett’s post-hoc testing;
comparisons were made with freshly isolated neutrophils. Data kindly contributed by Dr Martin Davey.

4.4. Discussion

Whilst it is accepted that the syndrome of CARS can be an important feature of sepsis,
the ability of monocyte HLA-DR expression to function as an accurate means of
diagnosis and monitoring for this condition is not certain. Despite having very low
HLA-DR levels, many sepsis patients have preserved cytokine responsiveness to LPS.
Whilst describing just one feature of a complex integrated immune response, LPS
responses remain described as one of the key features that drive our defence to Gram-
negative infection'**'*!*°. Other processes, such as a monocyte’s ability to act as an
APC, should equally be studied in relation to CARS and its relationship to a monocyte’s
HLA-DR expression level.

However, accepting the imperfect nature of HLA-DR as a marker, progress can still be
made by investigating ways of reversing the monocyte reprogramming described in the
literature. Whilst GM-CSF 1is a reasonable approach, the need to administer externally
produced recombinant cytokines can be avoided. It may be possible to exploit the
tendency of bisphosphonates to cause mild systemic inflammatory reactions through the
activation of Vy9" T cells to help reverse some elements of CARS. The reprogramming
effects demonstrated when sepsis monocytes are cultured in the presence of Vy9' T cell

supernatant includes not only the promotion of a proinflammatory cytokine profile, but
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importantly the reduction in the anti-inflammatory cytokine IL-10 indicative of CARS
reversal. However, it is clear that the effect of Zometa on the PBMC response to LPS
shows considerable donor-to-donor variation, likely due to its dependence on an
adequate level of Vy9' T cells to be present as effector cells. To act on Vy9' T cells,
Zometa depends on uptake by monocytes and other endocytic cell types, in which they
inhibit farnesyl pyrophosphate synthase (FPPS), a key enzyme in the biosynthesis of
sterols, ubiquinones, and other isoprenoids via the mevalonate pathway. Preferential
uptake by osteoclasts and subsequent inhibition of FPPS is the prime mechanism of
action in the aminobisphosphonate-mediated prevention of bone resorption. However,
FPPS inhibition in osteoclasts, monocytes, and other cells also leads to intracellular
accumulation of wupstream metabolites including dimethylallyl pyrophosphate
(DMAPP), isopentenyl pyrophosphate (IPP), and an ATP conjugate of IPP (Apppl),
which function as ‘‘danger’’ signals and can be sensed by Vy9" T cells through the 30.2
intracellular domain of butyrophilin 3 (BTN3) although the exact details of this process
remain unclear’”'. Therefore, if aminobisphosphonates were to be used in
immunotherapy clinical trials of sepsis patients, identification of a subset of patients
likely to respond through this mechanism would be a key requirement. The finding that
a Vy9' T cell percentage above 3% is predictive of acute phase reactions in patients
receiving aminobisphosphonates for the treatment of osteoporosis may act as a suitable
marker to identify patients likely to benefit from this immunotherapy if considered in
combination with monocyte HLA-DR levels below 30%. Using data from Figure 3.17
and Figure 3.19, the percentage of eligible patients in this cohort would be 25% of all
patients with severe sepsis at day 1 of intensive care admission. However, if a later
enrolment time point were to be used, further study would be needed to adequately plan

trial recruitment.

Given that these cytokine changes seem not to be directly related to HLA-DR levels, but
rather resulting from promotion of a CD16 high monocyte phenotype, other indices
capable of monitoring CARS should be developed to allow therapeutic treatments to be

directed towards the right patients at the right times.

This chapter is the first demonstration that human neutrophils can assume antigen cross-
presenting properties both in vivo. Although this work does not formally demonstrate a

causal link for the interaction of unconventional T cells and neutrophils in vivo, it does
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provide a plausible scenario for the generation of neutrophils with APC-like properties
during acute infection. Unconventional T cells such as Vy9/V52 T cells and MAIT cells
are abundant in peripheral blood and inflamed tissues, and rapidly and uniformly
respond to microbial compounds in a non-MHC restricted manner, thereby representing
early and abundant sources of proinflammatory cytokines during infections with a broad

range of pathogens!7+1827184192:195

. In wvitro this can be mimicked by exposing
neutrophils to unconventional T cell-derived soluble factors, amongst which IFN-y,
GM-CSF, and TNF-a each makes key contributions. This observation is in accordance
with earlier studies that identified crucial effects of those cytokines on neutrophils in

174,177,192-197 and in ViVO179,196—198

vitro , albeit without disclosing their physiological
source in acute inflammatory responses. Of note, plasma from sepsis patients was
previously shown to induce some (upregulation of CD64) but not other features
(upregulation of CDI11b, loss of CD62L) that are characteristic for APC-like
neutrophils, indicating that circulating cytokines alone do not confer APC
properties' ", In support of local cell-mediated processes at the site of inflammation,
our findings evoke earlier descriptions of APC-like neutrophils that were characterized
by surface expression of MHC class II molecules in infectious and non-infectious

17219 and tuberculosis pleuritis'"*?%%2%!,

inflammatory scenarios including periodontitis
in which locally activated Vy9/V32 T cells are present’”’>*?. These associations lend
further support to the existence of a peripheral immune surveillance network comprised
of distinct types of unconventional T cells and their crosstalk with local immune and

non-immune cells.

A population of CD16™" CD62LY™ CD64™# human neutrophils with hypersegmented
nuclei was described recently in individuals receiving a systemic LPS challenge and in
patients with severe trauma'® 0202203

inhibited the non-specific activation of T cells through Mac-1 (CD11b/CD18) and the

. That population of neutrophils actively

release of ROS. Here a population of neutrophils with a phenotype similar to T cell
inhibitory neutrophils but that conversely also expresses high levels of MHC molecules
and APC markers has been identified. APC-like human neutrophils as defined in the
present study possess a CD16hi CD62L" CD64" MHC I" MHC II" phenotype and
readily present antigens to both CD4" and CD8" T cells. This evidence reinforces the
emerging concept of diverse neutrophil populations that can assume specific effector

and regulatory functions'®'%17%2% Although an antigen cross-presenting capacity was
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previously reported for murine neutrophils'’®*"

, the ability of human neutrophils to
process exogenous antigens for activation of CD8" T cells has only been speculated
upon. Here conclusive evidence is provided that in sepsis neutrophils are primed to
rapidly take up soluble proteins from the microenvironment and successfully present
antigenic peptides to CD8" T cells in the context of MHC class I. In the absence of
these unconventional T cell derived signals, such as during sterile inflammation induced

78,202

by LPS administration , neutrophils may not become fully activated, in accordance

with published failure to induce APC-like neutrophils using LPS alone.

The presence of cross-presenting neutrophils in patients with sepsis is intriguing and
points to an essential role of APC-like neutrophils in acute disease. Sepsis patients who
survive the primary infection often show signs of reduced surface expression of HLA-
DR on monocytes and a relative tolerance of monocytes to LPS stimulation’®***. As a
consequence of what is generally perceived as a loss of immune function, many patients
are susceptible to subsequent nosocomial infections including reactivation of latent
viruses that are associated with high mortality rates®****. Trials specifically targeted at
reversing this apparent monocyte deactivation have shown promising clinical
results®***>?% However, the present findings suggest that HLA-DR expression by
circulating monocytes is a poor surrogate marker for a systemic immune suppression
and rather indicate that, contrary to the proposed general loss-of-function, certain cells
such as neutrophils actually assume APC properties under those conditions, as evidence
of a gain of new function. Yet, with a complex and multi-layered clinical phenomenon
such as sepsis it is challenging to dissect the relevance of APC-like neutrophils for

infection resolution and clinical outcome.

APC-like neutrophils are likely to contribute to protective immune responses, by
fighting the “first-hit” infection as a result of inducing antigen-specific CD4" and CD8"
T cells and by harnessing the T cell compartment against potential “second-hit”
infections. However, it is also perhaps plausible that such an early induction of
cytotoxic CD8" T cells may add to the systemic inflammatory response and ultimately
lead to tissue damage and organ failure. While it is expected that the generation of
APC-like neutrophils to occur locally in the context of infected tissues and microbe-
responsive unconventional T cells, in severe inflammatory conditions including sepsis

such APC-like neutrophils may eventually leak into the circulation. Larger and stratified
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approaches are clearly needed to define the role of APC-like neutrophils in different
infectious scenarios, locally and systemically, in clinically and microbiologically well-

defined patient subgroups.

While the present study focused on microbial infections, it is tempting to speculate that
our findings may extend to viral infections and to non-infectious inflammatory events
where certain unconventional T cells have been implicated®”>*"’. Recent investigations
also pointed toward the existence of a possible feedback regulation that may require the
activation of unconventional T cells to reach a certain threshold to overcome the
inhibitory effect of bystander neutrophils®’***. However, it is important to note that of
T cell supernatant has not been used as controls in this series of experiments. Therefore,
to explore the specific role of unconventional T cell activation further, it would be
prudent to include additional controls to disentangle any functional similarities also

present in conventional T cells.

Taken together with findings in Chapter 3, this present study provides evidence (i) that
monocyte HLA-DR cannot be used in isolation as a reliable markers for sepsis-related
CARS (ii) that activation of Vy9" T cells may be useful in attenuating sepsis-related
CARS (iii1) that circulating neutrophils from patients with acute sepsis are capable of
cross-presenting soluble proteins to antigen-specific CD8" T cells; (iv) that Vy9/V82 T
cells respond to microbial pathogens that produce the corresponding ligands in severe
sepsis; (v) that once activated both Vy9/V62 T cells and MAIT cells trigger neutrophil
survival, activation and differentiation; and (vi) that these surviving neutrophils acquire
a phenotype reminiscent of APC-like neutrophils in sepsis patients and are capable of

priming both CD4" and CD8" T cells.

These findings define a physiological context for the generation of APC- like
neutrophils in response to a broad range of microbial pathogens, and have important
implications for the understanding of neutrophil-driven inflammatory responses in acute
infections. In extension of the recent demonstration that Vy9/Va2 T cells readily engage

with monocytes and drive the acute inflammation*****

the present data identify a
unique and decisive role for human unconventional T cells in orchestrating local
inflammatory events and in shaping the transition of the innate to the adaptive phase of

the anti-microbial immune response. Overall, it adds to the concept that although loss-
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of-function is an important concept in describing CARS, there may also be gain-of-

function in other cell types.
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Chapter 5 General discussion and future work

5.1. General discussion

Sepsis, as an encompassing entity, is finally being recognised as a major problem, not
only in the developing world, but also more broadly across developed nations that have
been so successful in battling other diseases such as cancer. However, this raising of the
public consciousness has not been matched by similar scientific breakthroughs that have
enabled the fight against cancer to be considered winnable. Health professionals are left
with just three simple, yet difficult to apply, interventions that are considered by many
to save lives and improve long-term outcomes. These interventions are good supportive
critical care, early appropriate antibiotic use, and effective source control. Despite
investment of many millions of pounds into new therapeutics for sepsis, these have
universally failed to deliver on the promise of improved patient survival. This perhaps
should not be surprising given that the complexity of this disease in trials is often
reduced into one generic disease entity. Severe sepsis is a great deal more complex than
simply being present or not. Such a one-size-fits-all approach is analogous to treating all
cancers with a single chemotherapy agent. Baillie encapsulates this concept in his recent

editorial where he argues that:

“Our immune system has evolved to fight a moving target. Whereas the job of the heart
has changed little, and haemoglobin binds the same oxygen, and even the circuitry
required to genmerate consciousness need not be different from that of our early
ancestors, immunity must change rapidly, again and again, every time a new pathogen
appears or an old pathogen mutates. By its very nature, the immune system is expected

. o 191,209
to be a mire of complexity, interdependence, and redundancy.’” "

When novel therapeutics are developed, the approach to clinical trials should instead
concentrate on appropriate stratification and targeted treatment to patients that would
benefit from the strategy that an intervention has been designed to attenuate. The
intensive care community is now starting to implement this approach evidenced by the
design of the most recent trial of GM-CSF in sepsis-related immunosuppression
(ClinicalTrial.gov  NCT01480479). This trial’s design employs stratification by
predicted eventual survival as well as by monocyte HLA-DR level, to allow targeted

treatment of immune suppression to occur.

140



For now, strategies to maximise the effectiveness of the known evidence-based
interventions should be pursued. Therefore, targeting the sickest patients with the
correct antibiotic choice early and aggressively remains one hope for improving rates of
patient survival from sepsis. In turn, for those that do survive, understanding the
immunology involved may help prevent or treat ensuing second-hit infections that can

lead to late sepsis mortality and morbidity.

There is some evidence demonstrating survival differences according to the Gram-status
of the infecting organism causing sepsis. The only study controlling for appropriate
antibiotic use shows an unadjusted hospital mortality rate of 50% in Gram-positive
infections compared with a higher rate of 52.3% in Gram-negative infections®’.
However, the sites of these infections also need to be considered as cofounders.
Therefore, it is difficult to accurately separate the attributable mortality due to Gram
differences without new studies. However, there is now an emerging understanding that
LPS is not solely responsible for the differing immune consequences and pathogenicity
of Gram-negative infections. This avenue will play an important role in future research
that may allow targeted interventions in patients with this infection type. Such
interventions may include attenuating the effects of the intermediate metabolite HMB-
PP that acts as a powerful stimulant to innate like Vy9" T cells. This finding also
underlines the importance of further understanding of the pathophysiological

consequences of Gram-negative infection to the patient.

If it is accepted that the Gram-status of an infecting organism can influence a patient’s
subsequent risk of death and direct appropriate treatment, it follows that a fast, reliable
diagnostic test that can reveal Gram-status could impact on a patient’s clinical course.
Recent advances in technology that allow direct pathogen identification have reduced
processing times and increased accuracy of these predictions. However, these
technologies based upon PCR, microarrays or MALDI-TOF, all detect which microbes
are actually present. This is appropriate in specimens that should remain sterile such as
blood. However, with bacteraemia rates as low as 15% in the leading causes of sepsis in
the Western world (community-acquired pneumonia), detecting pathogens directly will

only help in a fraction of cases’'’. Furthermore, when testing specimens with high

141



non-pathogenic microbial loads, such as BAL fluid, positive species detection leads to

difficult interpretation of what may be normal and what is pathogenic.

The approach of immune fingerprinting exploits a patient’s own immune response to
infection to identify not what microbes are present, but rather what microbes are
causing disease. This can therefore avoid the issues surrounding low bacteraemia rates
and simultaneously deal with specimens that have high commensal bacteria loads.
Using statistical approaches such as neural networking, borrowed from diverse
academic fields, immune fingerprinting can accurately and quickly separate patients
into Gram-positive, Gram-negative or culture-negative groups. Hence, early appropriate
targeted antibiotic treatment can be deployed without resorting to broad-spectrum
empirical treatment that may contribute towards the controversial evidential basis of
antibiotic use in sepsis. Furthermore, the identification of Gram-status may help focus
antibiotic prescribing away from drugs that carry high risks of iatrogenic consequences
including acute kidney injury. For example, identifying a Gram-negative infection in a
recently hospitalised patient may allow the clinical team to avoid including Vancomycin
as empirical MRSA cover thus reducing the associated side effects including acute
kidney injury. Finally, early prediction of Gram-status may allow the diagnostic process
to move towards source identification and hence source control more efficiently. For
example, when trying to distinguish between bile-duct infection and lower respiratory
tract infection as the main causative factor in a patient’s presentation with sepsis, early
identification of a Gram-negative organism may allow early focused investigation

towards the former intra-abdominal source.

Although identification of Gram-status is a significant output from Chapter 3, immune
fingerprinting is also helpful in differentiation between sepsis and SIRS as well as
patient survival and non-survival. Again, attempting to form reliable predictions using a
single marker is doomed to fail. However, the use of multiple markers in conjunction
with new statistical modelling can capture the complexity of these outputs and form
accurate predictions. The ability to differentiate sepsis from SIRS can allow not only
sepsis to be treated appropriately, but more importantly may prompt treatment of
alternative pathologies that may be responsible for a patient’s presentation. Whilst early
antibiotics are considered by many to be essential in a sepsis patient, those presenting

with acute pancreatitis need equally early treatment of aetiological factors such as
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gallstones. Interventions of this kind can be delayed when critically ill patients are

labelled as having sepsis even when this subsequently is found not to be the case.

The final section of this thesis turns to more mechanistic studies of immune suppression
in sepsis. Through exploration of monocyte responses to LPS, it is shown that monocyte
HLA-DR, although inextricably associated with outcomes, is not an ideal surrogate for
measuring sepsis-related immune suppression. This is of importance when considering
studies now targeting sepsis-related immunosuppression with monocyte HLA-DR
patient stratification. Furthermore, rescue of reprogrammed monocytes from a state of
anergy, whilst possible with interventions such as GM-CSF, may relate more to
monocyte subset changes rather than increases in HLA-DR levels. An alternative
strategy to the extrinsic administration of recombinant cytokines may include using
safe, licensed drugs such as aminobisphosphonates, shown in Chapter 4 to improve
monocyte LPS responses ex vivo with early evidence of effectiveness in vitro. The
chapter concludes by challenging the paradigm of sepsis-related immunosuppression
being simply an application of immune system loss-of-function. Sepsis neutrophils
actually display new gain-of-function abilities including a role as an APC despite
published evidence of impaired functions including phagocytosis®®*'®. This somewhat
questions the benefits of reversing sepsis-related immune suppression. Although if
successful, such reversal may reduce the burden of second-hit infections that is
currently seen, it may carry unexpected consequences if it also removes such gain-of-
function abilities in other cell types. Reprogramming or reversing this process may
simply change the nature of the threat that patients whom survive a first-hit sepsis insult

will subsequently encounter.

Overall, this thesis uses small-scale yet complex basic science data, new statistical
modelling techniques, and a new approach to microbe identification to shed light on the
complexities of sepsis-related critical illness. It aims to ultimately improve patient care
and improve scientific understanding through exploration of host-responses, microbe
identification, and immunosuppression in a cohort of the sickest patients in hospital
with this devastating disease. Its outputs include new concepts in risk stratification of
first-hit infections, proof-of-concept for the development of a new technology to detect
causative organisms and finally new insights into immunosuppression that may impact

upon current and future clinical trials.
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5.2. Future work

5.2.1. Immune fingerprints

When producing any predictive model, data used to form the predictive model should
ideally be separated from that used to subsequently confirm the accuracy of the model.
In this study, the relatively small number of unique patients made such a process not
achievable. Therefore, future work should focus on confirming the findings of the three
predictive models in Chapter 3 by applying their predictions to a second set of patients
thus avoiding any over-fitting that may have occurred. In addition, whilst the ability to
predict Gram-status of an infecting organism is important, if refined further to a species
level of detail, the benefits would be significant. With a sufficiently large dataset, it may
be possible to subdivide Gram-positive organisms into Staphylococcal and
Streptococcal species for example. This would lead to important treatment
consequences including the ability to exclude MRSA infection in suspected individuals

and hence avoid antibiotics with poor side effect profiles.

5.2.2. Commercial translation of an immune fingerprinting strategy

Although the promise of immune fingerprinting is great, significant challenges remain
to translate these findings into a sustainable, practical and accurate commercial solution
to aid patients with sepsis. Whilst the use of a combination of markers heralds
improvements in the sensitivity and specificity of predictions, this brings additional
complexities to equipment manufacture and function. Firstly, any point-of-care or
laboratory device would need to combine the abilities of flow cytometric and cytokine
analysis in one unit. This would require differential sample preparation and division
following patient sampling. Secondly, the steps outlined in 2.7.3.1 to ensure quality
control of the flow cytometry analysis would be difficult, expensive and impractical to
replicate in the commercial sector, although restricting measurement to different cell
lineage percentages (VY9" %) alone would reduce the complexity of this task. Thirdly,
if specific cut-off values for the measured variables were required rather than a change
compared with measured controls, the problems of inter-batch and calibration
variability would be present. Finally, relying on complex models to predict outcomes
poses not only interpretation issues for the clinician at the bedside, but regulatory and

accreditation challenges. Where such technology impacts directly on patient care, the
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relevant regulatory authorities and the producers of such diagnostics need to simplify
the process of clinical decision making whilst ensuring that the underlying software
architecture and modelling perform correctly across a diverse range of patients. Such
patient groups not considered in this study include those that do not conform to the
clean-cut nature of the studied population such as those with polymicrobial infections,
pre-existing viral or fungal infections, and those with immunosuppression. Groups of
this nature are an increasingly common occurrence in healthcare environments. Whilst
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these challenges are real, the advent of nanotechnology and reductions in the costs

associated with diagnostic technology development®'**'*

may allow these issues to be
overcome in the very near future. Point-of-care flow cytometric analysis has already
been introduced with the CyFlow® miniPOC (Sysmex), the Pima~ CD4 Analyser

(Alere) and multiplex cytokine analysis is likely to be commercially available soon”"”.

5.2.3. Sepsis-related immunosuppression

Following the ability of bisphosphonates to rescue ex vivo sepsis monocytes,
mechanisms replicated safely in healthy osteoporosis patients, a pilot study of Zometa
in sepsis could be justified. Such a pilot should follow the design of the GM-CSF GRIP
study (ClinicalTrial.gov NCT01480479) targeting those patients likely to survive, with
a supressed monocyte HLA-DR level and a primary endpoint of second-hit infection
rates. These clinical parameters could be accompanied by immunological data including
pre and post treatment monocyte response analysis. However, another important
outcome from Chapter 4 will be to question the ability of monocyte HLA-DR to act as a
suitable stratifier in sepsis-related immune suppression. A dedicated study of the ability
of HLA-DR low monocytes to act as competent immune cells is needed. This study
should investigate their ability to act as APCs, respond appropriately to a range of
bacterial pathogens and crosstalk with other immune cell types. Without confirmation
that HLA-DR is a suitable surrogate for immunosuppression, yet more sepsis trials will
fail due to the wrong patients being targeted, at the wrong times. Although Chapter 4
has demonstrated that sepsis neutrophils can act as APCs ex vivo, these findings could
be brought one step closer to the bedside. Using isolated neutrophils from patients with
confirmed influenza, the same CD8" M1 responder cells could be used in an APC assay
to gauge responses directly from a patient’s own acquired antigen. This would provide

definitive, in vitro evidence that late sepsis brings not only loss-of-function abilities but
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also heralds new roles for key immune cell types that may be of critical importance in

dealing with the consequences of initial patient survival from severe sepsis.
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Appendix 1: Scoring systems used in critical care

Acute Physiology and Chronic Health Evaluation II score

The Acute Physiology and Chronic Health Evaluation II (APACHE) score captures the
worst value in twelve physiological parameters during the first 24-hours of critical care
admission. It also considers a patient’s age on admission, conditions present in the
patient’s medical history and whether the admission was following emergency surgery.
Patients are excluded from recording or analysis of the mortality statistics if:

* The age at admission to the unit is less than 16 years old
* The length of stay in critical care is less than 8 hours
* The admission is:
o for primary burns.
following coronary artery bypass graft surgery.
a transfer from another intensive care unit.
missing all twelve physiological variables.
a readmission within the same hospital.
missing an ultimate hospital outcome.

0O O O O O

An example APACHE II scoring matrix is included on the following pages. Adapted
from LeGall, J. R., Loirat, P. & Alpérovitch, A. APACHE II--a severity of disease
classification system. Critical Care Medicine 14, 754755 (1986).

Sequential Organ Failure Assessment score

The Sequential Organ Failure Assessment (SOFA) score is based on a six component,
organ-based calculation measured throughout a patient’s stay calculated on multiple
occasions. Both the average and the highest SOFA score can be used to predict
mortality outcome. As with the APACHE score, the worst value in the last 24 hours is
used to form the daily SOFA score

An example SOFA scoring matrix is included on the following pages along with a
Glasgow Scoring System below. Adapted from Vincent, J. L. ef al. The SOFA (Sepsis-
related Organ Failure Assessment) score to describe organ dysfunction/failure. On
behalf of the Working Group on Sepsis-Related Problems of the European Society of
Intensive Care Medicine. Intensive Care Med 22, 707-710 (1996).
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) High abnormal range Low abnormal range

Variable name

+4 +3 +2 +1 0 +1 +2 +3 +4
(chn)lperat“re > 41 39-40.8 38.5-38.9 36 - 38.4 34-35.9 32-33.9 30-31.9 <29.9
Mean arterial pressure > 160 130 - 159 110 - 129 70 - 109 50 - 69 <49
(mmHg)
Heart rate > 180 140 - 179 110 - 139 70 - 109 55-69 40 - 54 <39
(beats per minute)
Respiratory rate > 50 35-49 25-34 12-24 10- 11 6-9 <5
(rate per minute)
Oxygenation (mmHg)
1. If FiO, > 0.5 use A-aDO, > 500 350 - 499 200 - 349 <200
2. Else use PaO, =70 61-70 55-60 <55
Arterial pH >7.7 7.6 - 7.69 7.5-7.59 7.33-7.49 7.15-7.32 7.15-17.24 < 7.15
Serum sodium > 180 160 - 179 155 - 159 150-154 130 - 149 120 - 129 111-119 <110
(mMol/L)
Serum potassium S _ ) ) ) _ <
(mMol/L) 7 6-6.9 55-59 35-54 3-34 25-29 2.5
Serum creatinine

> - - - <
(mg/100 ml x 10°) >3.5 2-34 1.5-1.9 06-1.4 <0.6
g/e;“"‘tocm > 60 50-59.9 48-49.9 30 - 45.9 20-29.9 <20
0
White blood count
> - - - .

(total/mm’ x 10%) >40 20 -39.9 15-19.9 3-14.9 1-2.9 <1
Glasgow coma score
(15- actual GCS score)
Age (years) Points Chronic health points
<44 0 If the patient has a history of severe organ system deficiency or is immunocompromised before admission, assign points as follows:
45 - 54 2 a. For non-operative or emergency post-operative patients (5 points)
55 - 64 3 b. for elective post-operative patients (2 points)
65 -74 5 Definitions
> 75 6 Liver: Biopsy proven cirrhosis and documented portal hypertension/episodes of past upper GI bleeding attributed to portal

Total score:

Physiological + age
+ chronic health

hypertension/prior episodes of hepatic failure/encephalopathy/coma.

Respiratory: Chronic restrictive, obstructive, or vascular disease resulting in severe exercise restriction.

Unable to climb stairs or perform household duties or documented chronic hypoxia, hypercapnia, secondary polycythemia, severe
pulmonary hypertension ( > 40mmHg), or respirator dependency.

Renal: Recurring chronic dialysis.

Immunocompromised The patient has received therapy that suppresses resistance to infection (e.g. immuno-suppresion,
chemotherapy, radiation, long-term or recent high dose steroids) or has a disease that is sufficiently advanced to suppress resistance
to infection (e.g. leukemia, lymphoma, AIDS).




SOFA Scoring System

Score
Respiration
Pa0,/FiO, (mmHg) <400 <300 <220 <100
Sa0,/Fi0, 221-301 142-220 67-141 <67
Coagulation
Platelets x 103/mm’ <150 <100 <50 <20
Liver
Bilirubin (mg/dL) 1.2-1.9 2.0-5.9 6.0-11.9 >12.0
Cardiovascular
. . . Dopamine <5 or Dopamine >5 or Dopamine >15 or
Hypotension (vasopressors in pmg/kg/min) MAP <70 dobutamine (any) norepinephrine <0.1 norepinephrine >0.1
CNS
Glasgow Coma Scale 13-14 10-12 6-9 <6
Renal
Creatinine (mg/dL) or urine output (mL/d) 1.2-1.9 2.0-3.4 3.5-4.9 or <500 >5.0 or <200
Glasgow Coma Scale Scoring System
Eyes Verbal Motor
6 | Obeys Commands
5 | Oriented, converses normally | § | Localizes painful stimuli

4 | Opens eyes spontaneously 4 | Confused, disoriented 4 | Withdraws from pain stimuli

3 | Opens eyes in response to voice 3 | Utters inappropriate words 3 | Decorticate posturing with pain painful stimuli

2 | Opens eyes in response to painful stimuli | 2 | Incomprehensible sounds 2 | Decerebrate posturing upon painful stimuli

1 | Does not open eyes 1 | Makes no sounds 1 | Makes no movements




Appendix 2: Further data

5.3. Further details of clinical differences between survivors and non-survivors

Table 0.1 Day 1 clinical immune parameters in survivors and non-survivors.

Survivor Non-survivor | P value
Total leukocytes 18.1 +£8.7 159+7.5 -
Neutrophils 159+8.2 13.6+7.5 -
Lymphocytes 1.3+1.0 0.9+0.7 -
Eosinophils 03+1.3 0.1+0.2 -
Basophils 02+1.3 0.5+2.1 -
CRP 163.1+134.6 |[1903+116.1 |-

Whilst these measures often form the mainstay of immune monitoring in sepsis, no significant differences
are shown between survivors and non-survivors.

Table 0.2 Day 5 clinical immune parameters in survivors and non-survivors.

Survivor Non-survivor | P value
Total leukocytes 14.9+6.7 14.7+7.0 -
Neutrophils 125+6.2 13.0+6.5 -
Lymphocytes 1.5+0.8 1.1+04 -
Eosinophils 0.02+0.2 0.02+0.2 -
Basophils 0.02 +0.04 0.03 +0.06 -
CRP 91.9+90.2 117.1 £ 51.6 -

Whilst these measures often form the mainstay of immune monitoring in sepsis, no significant differences
are shown between survivors and non-survivors.
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Table 0.3 Day 1 clinical parameters recorded in ICU in survivors and non-survivors.

Survivor Non-survivor | P value

Heart rate 93.6 £20.5 88.5+20.1 -
Systolic blood pressure 120.1 £25.1 120.3 £28.1 -
Diastolic blood pressure 61.2=+11.7 61.7+13.1 -
Mean arterial pressure 80.2 14 823+ 18 -
Central venous pressure 13.1+6.1 17.6 8.6 -
Noradrenaline infusion rate 0.2+0.3 0.1+0.2 -
SpO; 97.6+3.5 96.2 +4.9 -
FiO, 50.5+20.1 552+254 -
Tidal volume 507.3 £161.8 | 472.5 £194.0 |-
Positive end expiratory 7.1+3 8+3 -
pressure

Peak inspiratory pressure 20.5+7 21.5+6.3 -
Respiratory rate 18.1£6.5 17.5+3.5 -
PaCO, 472+11.6 373+ 11.6 -
PaO, 108.2 £41.5 104.2 +50.9 -
pH 7.31+0.12 7.34+£0.08 -
Base excess -3.26 +4.89 -4.41 +3.36 -
Alkaline phosphatase 95.4+75.3 94.8 +62.3 -
Alanine transaminase 65.7+74.4 60.6 + 64.5 -
Albumin 227+ 6.6 226+ 6.4 -
Glucose day 8.2+3.8 8.6+3.3 -
Lactate day 2.1+29 1.9+1.7 -
Urea 10.8+ 6.6 13.2+8.7 -
Creatinine 153.3+110.2 | 177.3+1283 |-
Bicarbonate 18.4 +£26.1 104+ 6.6 -
Sodium 136.7+5.4 137.4+9.7 -
Potassium 44+0.6 41+0.7 -
Magnesium 0.9+0.2 1+£0.3 -
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Phosphate 1.6+0.7 1.3+0.6 -
Haemoglobin 11+1.7 10.2+1.8 -
Platelets 2245+ 116.1 |2295+1024 |-
Prothrombin time 19.5+9.7 19.8+8.9 -
Activated partial prothrombin | 39.7+ 7.3 309+73 -
time

Fibrinogen 6.1+2.5 5.6+2 -

These measures form a key part of clinical decision-making in the critically ill patient despite the lack of

significant differences between survivors and non-survivors.

Table 0.4 Day 5 clinical parameters recorded in ICU in survivors and non-survivors.

Survivor Non-survivor | P value

Heart rate 88.2+15.9 95.5+16.3 -
Systolic blood pressure 136.6 £23.9 120.3 £23.7 -
Diastolic blood pressure 71.9+17.1 62.9+9.7 -
Mean arterial pressure 93.8+18.1 83.7+15.1 -
Central venous pressure 143+17.8 15.8+94 -
Noradrenaline infusion rate 0.2+0.1 0.1+0.1 -
SpO; 96.7+3 95.1+3.7 0.013
FiO, 44.8 +18.1 47.6 +24.5 -
Tidal volume 573.6 +£182.8 | 504.0 +130.7 | -
Positive end expiratory 83+33 6.8+ 1.6 -
pressure

Peak inspiratory pressure 22.1+4.38 22.2+6.6 -
Respiratory rate 19.4+6.8 23.6+9.3 -
PaCO, 40.8 + 8.6 422+11.2 -
PaO, 84.1 +£20.7 79.7+25.4 0.045
pH 7.42 +0.06 7.39 +0.09 -
Base excess 1.73 £3.95 -0.36 + 6.35 -
Alkaline phosphatase 73 +84.2 88.5+120.8 -
Alanine transaminase 22.5+4.7 204 +£5.7 -
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Albumin 16.1+23 16.5+2.1 -
Glucose 85+2.7 74+28 -
Lactate 1.3+£14 24+39 -
Urea 9.8+5 11.6 5.8 0.025
Creatinine 104.8 £ 58.6 147.3 £92.9 0.048
Bicarbonate 15.6 £15 11.9+9.8 -
Sodium 139.1£5.1 139.7+7.5 -
Potassium 43+0.5 46+09 -
Magnesium 1+0.2 0.9+0.2 -
Phosphate 1+0.3 1.3+04 0.025
Haemoglobin 95+1.5 95+1.7 -
Platelets 2148+ 137.8 | 221 +157.1 -
Prothrombin time 16.1+23 16.5+2.1 -
Activated partial prothrombin | 36.6 + 13 38.6+7.4 -
time

Fibrinogen 6.2+2.1 6+1.7 -

By day 5, these parameters show signals of the common modes of ultimate death in severe sepsis, namely

elevations in urea, creatinine and phosphate indicative of renal dysfunction and a low PaO, and SpO,

related to respiratory failure.
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5.4. Further detail of clinical differences between sepsis and SIRS

Table 0.5 Day 1 clinical immune parameters in sepsis and SIRS patients.

Sepsis SIRS P value
Total leukocytes 18.1 £8.5 149+ 8.8 -
Neutrophils 15.8+ 8.4 12.6 8 -
Lymphocytes 1.2+1.6 1.5+0.9 -
Monocytes 0.8+0.6 0.7+0.5 -
CRP 197.6 £122.6 |44.8+76.5 0.0003

Whilst these often form the mainstay of immune monitoring in sepsis, only a significant difference in

CRP is shown between sepsis and SIRS patients.

Table 0.6 Day 5 clinical immune parameters in sepsis and SIRS patients.

Sepsis SIRS P value
Total leukocytes 152+6.8 13.1+6.7 -
Neutrophils 13.1+6.4 10.5+5.7 -
Lymphocytes l4+1 1.3+0.7 -
Monocytes 0.8+0.6 1+0.8 -
CRP 949 +734 1229+ 112.6 |-

Whilst these often form the mainstay of immune monitoring in sepsis, at day 5 no significant differences

arc scen.
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Table 0.7 Day 1 clinical parameters recorded in ICU in sepsis and SIRS patients.

Sepsis SIRS P value

Heart rate 93.1+19 88.9+25 -
Mean arterial pressure 78.9+13.6 86.2+17.4 -
Central venous pressure 17.2+15.6 13.1+6.9 -
Noradrenaline infusion rate 03+04 0.1+0.1 -
SpO; 97+3.7 97.5+5.8 -
FiO, 52.8+21.6 469 +17.7 -
Tidal volume 498.2+183.2 [490.9+160.6 |-
Positive end expiratory 7.5+3.1 6.1+23 -
pressure

Peak inspiratory pressure 21.6+64 17.3+6.7 -
Respiratory rate 17.4+5 19.9+£8.2 -
PaCO, 439+12.2 53.1+19.8 -
PaO, 115.9+£62.5 131 +114.7 -
pH 7.3+£0.1 7.3+0.1 -
Base excess -4.1+4.6 -1.5+39 -
Alkaline phosphatase 97.5+72 72.9+61.3 0.06
Alanine transaminase 71.6 £91.5 73.6 +74.7 -
Albumin 224+ 6.4 23.8+6.5 -
Glucose day 7.9+3.1 9.2+5.6 -
Lactate day 1.8+14 32+53 -
Urea 12.6 7.1 7.4+4.7 0.05
Creatinine 173.9+120.2 [ 111.8+63.6 -
Bicarbonate 18.5+25.1 9.9+4.7 -
Sodium 136.1 £6.5 139.7+5.6 -
Potassium 44+0.6 42+0.8 -
Magnesium 0.9+0.2 1.7+ 1.6 -
Phosphate 1.5+0.5 0.9+0.3 -
Haemoglobin 10.7+ 1.7 10.1£2.5 -
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Platelets 230.7+111.7 | 251.1+£165.9 |0.031
Prothrombin time 192+7.1 17.2+3.2 -
Activated partial prothrombin | 40.1 + 7.4 303+ 15.6 -
time

Fibrinogen 6+2.3 43+2 0.04

These form a key part of clinical decision making in the critically ill patient despite the lack of significant

differences apart from minor significant differences in the parameters highlighted.

Table 0.8 Day 5 clinical parameters recorded in ICU in sepsis and SIRS patients.

Sepsis SIRS P value

Heart rate 904+ 16 98.2+27.8 -
Mean arterial pressure 91.4+17.9 90.4+21.3 -
Central venous pressure 14.5+15.3 20.5+6.8 -
Noradrenaline infusion rate 0.1+0.1 0.1+0.1 -
SpO; 96.3+3.2 96.8 £3.9 -
FiO, 46+194 50+£19.5 -
Tidal volume 572.9 + 183 4929+1643 |-
Positive end expiratory 7.9+3 6.9+2.5 -
pressure

Peak inspiratory pressure 21.5+5.8 19.6 4.9 -
Respiratory rate 204+73 16.7+3.4 -
PaCO, 413+94 44.5+10.5 -
PaO, 82.5+22.2 76.5+19.5 -
pH 7.4+0.1 7.4+0.1 -
Base excess 1.2+4.7 0.4+3.8 -
Alkaline phosphatase 163.5+115.5 |101.2+64.9 -
Alanine transaminase 77.1+93.3 67.2+87.2 -
Albumin 21.7+5 23.8+5.5 -
Glucose 82+2.7 82+3.2 -
Lactate 1.6+24 1.5+1.2 -
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Urea 10.9+5.8 6.3+£3.8 0.04
Creatinine 121.1 +74.8 97.1+72.9 -
Bicarbonate 21.5+38.8 114+5 -
Sodium 139.3+£5.8 141.3+6 -
Potassium 44+0.6 43+09 -
Magnesium 1+0.2 0.9+0.2 -
Phosphate 1.1+£0.3 1+0.2 -
Haemoglobin 95+1.5 104+1.6 -
Platelets 215.6 £ 141.6 | 233.5+156 -
Prothrombin time 163+23 169 +4.1 -
Activated partial prothrombin | 37.3+11.2 36.7+7 -
time

Fibrinogen 6.1+2 6.1+£2.1 -

These form a key part of clinical decision making in the critically ill patient despite the lack of significant

differences apart from in urea.
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5.5. Further detail of clinical differences between different infecting organism

subtypes
Table 0.9 Day 1 clinical immune parameters in different infecting organism subtypes.
Culture-negative | Gram-positive | Gram-negative | P value

Total leukocytes | 18.9 + 8.2 15.8+7.6 19.4+9.6 -
Neutrophils 16.6 +7.9 13.2+7.6 17.3+9.3 -
Lymphocytes 1.2+1 1.3+£25 1.2+0.8 -
Monocytes 1+£0.7 0.6+0.6 0.8+04 -

CRP 158.6 +130.2 214.8 £123.8 |[226.5+105.5 -

Whilst these often form the mainstay of immune monitoring in sepsis, no significant difference are shown
between these subgroups.

Table 0.10 Day 5 clinical immune parameters in different infecting organism subtypes.

Culture-negative | Gram-positive | Gram-negative | P value
Total leukocytes | 14 +4.9 17.9+9 14+5.7 -
Neutrophils 11.8+5.1 15.8+ 8.4 11.9+4.7 -
Lymphocytes 1.2+0.6 1.6+1.5 1.5+0.7 -
Monocytes 09+04 0.8+0.7 0.6+0.6 -
CRP 71.4+543 121.7 £ 94.6 95.4+63.1 -

Whilst these often form the mainstay of immune monitoring in sepsis, no significant difference are shown
between these subgroups.
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Table 0.11 Day 1 clinical parameters recorded in ICU in different infecting organism subgroups.

Culture-negative | Gram-positive | Gram-negative | P value
Heart rate 87.9+16.7 100.9 £21.1 91.6+ 179 -
Mean arterial 78.8+16.3 79.4 +13.7 78.5+10.6 -
pressure
Central venous 182+ 17.7 209 +£21 13.5+53 -
pressure
Noradrenaline 02+0.2 0.4+0.6 04+0.5 -
infusion rate
SpO; 97.1+£3.6 96.2 £4.8 97.8+24 -
FiO, 474+203 60.1 £22.2 52.1+£21.8 -
Tidal volume 455 +216.3 573.5+235.7 |466.5+96.5 -
Positive end 6.8+3.4 8.6+33 75+2.4 -
expiratory pressure
Peak inspiratory 21.6+9.2 23.1+£5.6 224+6.7 -
pressure
Respiratory rate 17.8+6.4 16.9 4.1 17.3+4 -
PaCO, 484+ 14 47 +13.3 38.6+8.3 -
PaO, 96.3 +30 133.2+105.1 | 117.6 +33.6 -
pH 7.3+£0.1 7.3+0.1 7.3+0.1 -
Base excess -2.8+44 -4.7+4.5 -4.8+4.38 -
Alkaline phosphatase | 87.1 +65.3 110.3 £ 84 97 + 68.6 -
Alanine transaminase |42 +27.4 79.1 +£108.2 100.6 £ 116 -
Albumin 25.5+£5.7* 19.2 +£5.8* 22+6.5 0.03
Glucose day 8§+23 8.1+3.1 7.5+3.8 -
Lactate day 1.6+1.2 2+1.6 1.9+1.5 -
Urea 13.1£8.5 12.1+6.9 12.6 £ 5.7 -
Creatinine 189.5+136.2 167.3 £120.5 | 160.6 + 101.5 -
Bicarbonate 11.3+6.3 15.6+11.6 30.9+42.1 -
Sodium 1343+9 136.6 £ 4.6 137.8 £4.1 -
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Potassium 45+0.7 43+04 43+0.6 -
Magnesium 1+0.2 0.9+0.3 09+0.2 -
Phosphate 1.6+ 0.6 1.5+0.5 1.5+04 -
Haemoglobin 10.7+ 1.9 16 £21.5 16.1£22.2 -
Platelets 254 +£103 211.7+82.2 222.2+144.5 -
Prothrombin time 19+8.1 204+9 27.9+38.2 -
Activated partial 38.4+8.2 40.6 = 6.1 41.6+7.6 -

prothrombin time

Fibrinogen

These form a key part of clinical decision making in the critically ill patient despite the lack of significant

differences in subgroups apart from albumin in the parameters highlighted.

Table 0.12 Day 5 clinical parameters recorded in ICU in different infecting organism subgroups.

Culture-negative | Gram-positive | Gram-negative | P value
Heart rate 88.3+20.4 95.6 +12.8 87.4+13.2
Mean arterial 91.4+20 91+20.9 91.8 +12
pressure
Central venous 13.5+10 16.2 +£23.8 13.8+£6.8
pressure
Noradrenaline 0.2+0.1 0.1+0.1 0.2+0.1
infusion rate
SpO; 96.4 +4.1 95.8+3 96.5+2.5
FiO, 443 +234 48.5+194 443 £ 13
Tidal volume 556.6 +94.8 598.4+187.6 | 556.3 +255.5
Positive end 7.6+2.3 7.6+3 8.6 +4
expiratory pressure
Peak inspiratory 21.3+6 193+64 244+ 4
pressure
Respiratory rate 22+35 17.4+3.5 226 +12
PaCO, 40.1£11.2 42.6 +10.6 414+7.6
PaO, 92.8 £20.1 69.4+152 83.6+24.6
pH 7.4+0.1 7.4+0.1 7.4+0.1
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Base excess 1.6£5 0+5.38 1.8 £2.6
Alkaline phosphatase | 118.4 +80.3 187 +109.4 497.8 £ 1353.8
Alanine transaminase | 65.2+111.9 70.1 + 54 95.9+106.4
Albumin 229+4.7 20.8 £4.7 214+5.6
Glucose day 85+24 85+2.8 74+3
Lactate day 1.2+0.9 1.6+2 2+38

Urea 8.6 +4.7* 14.2 + 6.4* 9.6 +4.38 0.026
Creatinine 111.9£79.7 144.7+£71.1 107.3 £72.5
Bicarbonate 11.4+9.2 21.6+33.8 323+579
Sodium 138.6+7.2 139.9+5.7 139.4+4.4
Potassium 45+0.8 4.4+0.6 43+04
Magnesium 0.9+0.1 1.1+£0.2 1+£0.3
Phosphate 1.1+0.2 1.2+04 1.1+04
Haemoglobin 99+1.7 15.6 +£26.9 15.1+22.7
Platelets 252.5+132.8 208.2 + 119 188.7 +£170.5
Prothrombin time 16.2+23 17.1+2.7 15.7+1.6
Activated partial 352+7.1 414+16.3 35.1+6.1
prothrombin time

Fibrinogen 62+1.9 58+23 6.3+1.8

These form a key part of clinical decision making in the critically ill patient despite the lack of significant
differences apart from urea in the parameters highlighted.
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Appendix 3: R scripts

The following script written in R studio Version 0.98.501 calculates and records an
AUC value for every unique combination of x number of variables drawn from a pool

of y possible variables using a neural network model:

require(RSNNS)
require(pROC)

#Read in the file as a csv from the filename below or from a finder window

#iris <- read.csv(file.choose(), fileEncoding="latin1") # Select "master.csv"

iris <- read.csv('All sepsis_sirs signifigant immuted.csv', fileEncoding="latin1") #
Select "master.csv"

iris

#*****************************************************

#Set-up what variables are what and how many to combine
varibleColumns = 3:15

combinationNumber = 4:13

targetVarible = 2

hiddenNodes =2

maximum iteration = 3000

#*****************************************************

#shuffle the vector before sampling for in- and out-of-sample sets
iris <- iris[sample(1:nrow(iris),length(1:nrow(iris))),1:ncol(iris)]
iris

oldlris = iris

# since the targets need to be dummy variables, need to translate text species values into
0/1 using the predictor column
irisTargets <- decodeClassLabels(iris[,targetVarible])

irisTargets
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#Loop from lowest to highest number of combinations

for (n in combinationNumber) {

cat("Calculating combinations of", n, "varibles","\n\n")

#Make a list of variable combinations
varibleCombinations <- combn(varibleColumns,n,simplify = TRUE)

numberOfCombinations = ncol(varibleCombinations)

#Make a object to store the AUC and combination values for this n of combinations
output<-as.data.frame(matrix(0,nrow=numberOfCombinations,ncol=n2))

x=1

#Loop through every combination with a total of n variables

for (i in 1:numberOfCombinations){

cat("Combination", 1, "of", numberOfCombinations, "\n")
iris = oldlIris

irisValues <- iris[,varibleCombinations|[,i]]

#Print the combinations being used currently
cat(colnames(irisValues),"\n")

# split into in- and out-of-sample sets - 15% of cases are out-of-sample

iris <- splitForTrainingAndTest(irisValues, irisTargets, ratio=0.15)

# normalize to avoid very large weights and therefore avoid poor training

iris <- normTrainingAndTestSet(iris)
# set up model and do training based on the values selected at the top

model  <-  mlp(irisSinputsTrain,  iris$targetsTrain,  size=c(hiddenNodes),

learnFuncParams=c(0.1),
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maxit=maximum iteration, inputsTest=iris§inputsTest,

targetsTest=iris$targetsTest)

#Get an AUC for the training set
trainingROC = roc(predictor=fitted.values(model)[,2], response=iris$targetsTrain[,2],

plot=TRUE)

#Get an AUC for the test set (not done)***

#roc(predictor=predictions[,2], response=iris$targetsTest[,2], plot=TRUE)

#Print the AUC for this combination
cat(auc(trainingROC),"\n\n")

#Save the variable names used and AUC value to the output object

output[i,] <- c(colnames(irisValues),auc(trainingROC),"to do")

#Print the output for n variables and save the output as a CSV file
write.csv(output, paste0("Outcome AUC ", n,".csv"), row.names=F)
output = NULL

cat("\n\n\n")

print("All combinations saved")
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The following script written in R studio Version 0.98.501 produces a classification

decision tree and the associated values for the calculation of sensitivity and specificity.

require(rpart)

#Load data
data = read.csv(file.choose(), fileEncoding="latin1") # Select "master.csv"

data
attributes(data$outcome)
data$outcome

#Type in columns

varibleColumns = 3:21

targetVarible = 2

data[,targetVarible] <- as.factor(data[,targetVarible])

#Make formula

varibleColumnNames = names(data[varibleColumns])

targetVaribleName = names(data[targetVarible])

myFormula =

as.formula(paste(targetVaribleName,"~" ,paste(varibleColumnNames,collapse="+")))
myFormula

#Make tree
tree = rpart(myFormula, method="class", data=data)

#Info

printcp(tree) # display the results

plotcp(tree) # visualize cross-validation results
summary(tree) # detailed summary of splits

#Plots
plot(tree, use.n=TRUE, all=TRUE, cex=.8)
text(tree, use.n=TRUE, all=TRUE, cex=0.6)

#Info

printcp(ptree) # display the results

plotcp(ptree) # visualize cross-validation results
summary(ptree) # detailed summary of splits
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Appendix 4: Published papers resulting from this
work.
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APOCALYPSE NOW: THE END OF
MODERN MEDICINE AS WE KNOW IT

Gentlemen, it is the microbes who will
have the last word. [ Messieurs, c’est les
microbes qui auront le dernier mot].
— Louis Pasteur, 1822-1895

The last 200 years have seen a dramatic
reduction in the prevalence and sever-
ity of microbial infections, due to the
implementation of groundbreaking mea-
sures ranging from improved sanitation
and hygiene and the introduction of asep-
tic techniques to the development of suc-
cessful vaccines and the discovery of effec-
tive antibiotics. Devastating infections that
were common until the late nineteenth cen-
tury such as cholera, diphtheria, plague,
syphilis, tuberculosis, and typhoid came
into the reach of effective control, at least
in developed countries, and with a min-
imized risk of wound infections surgical
procedures began to revolutionize modern
medicine. Antibiotics, in particular, radi-
cally transformed the treatment and pre-
vention of microbial infections and have
saved millions of lives since their intro-
duction (1). However, antibiotic usage is
invariably linked to the selective pressure
it exerts on the target organism to develop
escape strategies (2).

We are at present witnessing how the
pendulum begins to swing backwards,
with anti-microbial resistances develop-
ing on an unprecedented global scale.
New classes of Gram-positive and Gram-
negative “superbugs” are emerging and
spreading at an alarming rate, some of

which are virtually insusceptible to all
available drugs (3-5). The once apocalyp-
tic vision of a “post-antibiotic era” where
common infections and minor injuries
may result untreatable and eventually fatal
is rapidly becoming a real possibility (1,
2, 6, 7), heralding what Margaret Chan,
Director-General of the WHO, in 2012
called “the end of modern medicine as we
know it.” The appearance of multidrug-
resistant bacteria has been identified by
the WHO, the Centers for Disease Con-
trol and Prevention (CDC) in the USA and
their European counterpart, the ECDC,
as one of the major global health chal-
lenges humankind is facing in the twenty-
first century (8-10). According to Sally
Davies, the UK Chief Medical Officer,
“there are few public health issues of
greater importance than anti-microbial
resistance in terms of impact on society”
(11).

There is now an urgent call for anti-
microbial stewardship programs that aim
to prescribe antibiotics more prudently,
and to tailor their use to defined patient
groups who will benefit most. The fact
that the prevalence of resistance appears
to correlate directly with antibiotic con-
sumption across different countries (12)
argues in favor of the immediate effec-
tiveness of such tightly controlled pro-
grams. As highlighted in a recent Outlook
issue in Nature, “the potential to save lives
with faster and more targeted diagnoses,
decrease unnecessary and often incorrect
prescriptions, and even help identify early
on where bacterial resistance could occur,

Abbreviation: HMB-PP, (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate.

will have a drastic effect on the way patients
are treated” (13).

MISSION IMPOSSIBLE: THE
FUNDAMENTAL FLAWS OF
CONVENTIONAL DIAGNOSIS

When it concerns the search for
pathogenic organisms suspected in
the diseased body, in the first
instance bacteria, then during con-
ventional microscopic examination
carried out without special prepa-
rations and artifices one encoun-
ters the most substantial, at times
virtually insurmountable, obstacles.
[Wenn es sich nun darum han-
delt, die im erkrankten Korper ver-
mutheten pathogenen Organismen,
zunichst Bacterien, aufzusuchen, so
begegnet man bei der gewdhn-
lichen ohne besondere Vorbereitun-
gen und Kunstgriffe ausgefiihrten
mikroskopischen Untersuchung den
erheblichsten, stellenweise geradezu
uniibersteiglichen Hindernissen]. —
Robert Koch, 1843-1910 (14)

More than a century after Robert Koch’s
landmark discovery of the causative agents
of anthrax, cholera, and tuberculosis,
the diagnosis of suspected infections still
depends largely on the definitive identifi-
cation of the likely pathogen in biological
samples. However, standard microbiolog-
ical culture is inefficient and slow (typi-
cally >1-2 days, for a confirmed diagnosis
of tuberculosis >4 weeks), and in many
cases no organism can be grown despite
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clinical signs of infection, indicating that
conventional diagnostic methods are not
specific and/or rapid enough to target
therapy (15-17). Early management of
patients with acute symptoms who require
immediate medical intervention, includ-
ing virtually all hospital-based infections,
thus remains largely empirical. As direct
consequence, the fundamental uncertainty
about the real cause underlying the clinical
signs observed leads to inappropriate and
unnecessary treatments exposing patients
to drug-related side effects; raising the
risk of opportunistic, chronic, or recurrent
infections; and contributing to the emer-
gence and spread of multidrug resistance
(1-7). This dilemma eventually results
in potentially avoidable patient morbid-
ity/mortality, and imposes a considerable
burden on health care systems and societies
(8=11). There remains an unmet clinical
need for rapid and accurate diagnostic tests
for patients with acute infections. Accord-
ing to Kessel and Sharland (18), “new tech-
nology focusing on rapid diagnosis of spe-
cific bacteria and resistance genes, along
with combination biomarkers indicating
bacterial or viral infections, especially if
adapted to near patient testing, could have
a major impact on targeting appropriate
antibiotic treatment.”

In order to circumvent the almost
insurmountable obstacles of a rapid and
accurate identification of the causative
pathogen by traditional microbiological
techniques, efforts are being made to
utilize state-of-the-art molecular meth-
ods. Approaches based on the detec-
tion of microbial nucleic acids, cell wall
constituents, or other unique features
of distinct pathogens by PCR, chro-
matography, or mass spectrometry cer-
tainly complement culture-based tests
and speed up microbial identification,
yet they require considerable resources
and may not be applicable to primary
care or home settings (19-23). More-
over, they do not provide information
about the pathogenicity of the identi-
fied species and its interaction with the
host. Of note, neither microbiological nor
molecular methods discriminate between
pathogens causing disease, asymptomatic
carriage, and sample contaminants, and
thus even positive test results require exten-
sive interpretation by the treating physician
(24-26).

There is a plethora of disease-related
markers that are commonly assessed by
clinicians to aid a correct diagnosis, rang-
ing from basic blood and urine parameters
to indicators of tissue damage, tumor pro-
gression and autoimmunity, among others.
However, there is a conspicuous paucity
of biomarkers for accurate diagnosis of
microbial disease. Current biomarkers of
inflammation such as C-reactive protein
(CRP) or procalcitonin (PCT) are often
not sensitive or specific enough and are
only poor surrogates for acute infections
(22, 27, 28). The vast majority of research
on novel diagnostics has so far focused on
identifying individual factors and assess-
ing their performance in isolation. Yet,
it may come as no surprise that none of
these proposed parameters have reached
sufficient discriminatory power on their
own, given the complex and multifactorial
processes underlying local and systemic
inflammatory responses to a broad range
of pathogens (29, 30). As a result, neither
the direct identification of the causative
pathogen nor the measurement of cur-
rently used biomarkers of inflammation is
sufficiently accurate or rapid for a reliable
point-of-care diagnosis of acute microbial
infection.

QUANTUM OF SOLACE: EXPLOITATION
OF PATHOGEN-SPECIFIC HOST
RESPONSES FOR NOVEL DIAGNOSTICS

The immune system appears to have
originated as a set of effector cells
having multiple distinct receptors
that discriminate self from infec-
tious non-self by recognition of pat-
terns found exclusively on microor-
ganisms. — Charles A. Janeway, Jr.,
1943-2003 (31)

Key to developing better and stratified
approaches to treating infection is a
detailed understanding of the intricate
host—pathogen relationships in disease, in
order to exploit the unique sophistica-
tion of the human immune system for
diagnostic and therapeutic purposes (32,
33). In a radical departure from current
practice, our research is based upon the
premise that each type of infection evokes a
distinct pathogen-specific host response —
what we refer to as “immune fingerprint.”
A patient’s early anti-microbial response
itself is likely to provide far more detailed

insight into the true cause and sever-
ity of acute infections than conventional
methods, independently of the subsequent
clinical course of the disease (34). The
human immune system is a highly complex
network of interdependent cellular and
humoral players that has evolved over mil-
lions of years in order to survey the body for
potentially hazardous structures and initi-
ate an appropriate defense. The commu-
nication with invading micro-organisms
thus occurs at multiple levels, giving rise
to a plethora of biomarkers of potential
relevance for diagnostic purposes. Differ-
ent pathogens interact uniquely with dif-
ferent components of the innate immune
system due to the efficient self/non-self dis-
crimination based on conserved microbial
signals such as non-methylated bacterial
DNA, bacterial flagella, and cell wall con-
stituents. These structures are typically rec-
ognized by members of the Toll-like recep-
tor family and/or other pattern recogni-
tion receptors expressed by sentinel cells
(35-37). However, there is also emerg-
ing evidence that certain types of innate
or “unconventional” T-cells such as y§ T-
cells and mucosal-associated invariant T
(MAIT) cells are able to detect common
microbial metabolites through their T-cell
receptors, by sensing intermediates of the
non-mevalonate and riboflavin biosynthe-
sis pathways that are unique to certain types
of microorganisms (38, 39).

Vy9/V82 T-cells represent a unique
subpopulation of human T-cells (40, 41)
that appears to have a particularly cru-
cial role in contributing to immune fin-
gerprints of diagnostic relevance (34). This
is due to their exquisite responsiveness to
the microbial isoprenoid precursor (E)-
4-hydroxy-3-methyl-but-2-enyl pyrophos-
phate (HMB-PP) that is produced by the
majority of Gram-negative pathogens and
alarge proportion of Gram-positive species
such as Clostridium difficile, Listeria mono-
cytogenes, and Mycobacterium tuberculosis,
while it is not found in other bacteria
including staphylococci and streptococci
as well as fungi (42—44). The rapid and
sensitive response of Vy9/V32 T-cells to a
broad range of pathogens evokes Janeway’s
criteria for a “pathogen-associated mol-
ecular pattern” in that HMB-PP is an
invariant metabolite in many different
species that is essential in the microbial
physiology but absent from the human
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host (43, 45). Bacterial extracts prepared
from HMB-PP producing species typically
activate Vy9/V82 T-cells much stronger
than extracts prepared from HMB-PP
deficient micro-organisms (42, 44, 46),
and peripheral and/or local Vy9/V32 T-
cell levels are often elevated in patients
infected with defined HMB-PP producing
pathogens (43, 47). Elegant proof of con-
cept for this responsiveness comes from
the demonstration that HMB-PP produc-
ing wildtype L. monocytogenes activate
Vy9/V32 T-cells far better, both in vitro
(48) and in primate models in vivo (49),
than genetically engineered L. monocyto-
genes that are identical to the parental
strain except for an inability to pro-
duce HMB-PP. Similarly, overexpression of
HMB-PP synthase through genetic manip-
ulation increases the stimulatory poten-
tial of bacteria such as E. coli, L. mono-
cytogenes, M. tuberculosis, and Salmonella
enterica on Vy9/V82 T-cells in vitro (42,
46, 48, 50, 51) and in vivo (52). Our
own data demonstrate that even in het-
erogeneous patient cohorts infected with
a whole spectrum of diverse bacteria,

differences in Vy9/V32 T-cell frequencies
between patients with microbiologically
confirmed infections caused by HMB-PP
producing and HMB-PP deficient species
remain apparent. This is true both for peri-
toneal dialysis patients with acute peritoni-
tis as an exemplar of localized immune
responses restricted to the peritoneal cav-
ity (34, 46, 53), as well as on a sys-
temic level in the peripheral blood of
critically ill patients with severe sepsis
(54). Most importantly, studies in patients
with acute peritonitis suggest that a diag-
nostic test measuring local Vy9/V82 T-
cells on the first day of presentation
with acute symptoms may not only indi-
cate the presence of Gram-negative (pre-
dominantly HMB-PP producing) bacteria
but also identify patients at an increased
risk of inflammation-related downstream
complications (34).

The exquisite responsiveness of
Vy9/Vd2 T-cells and other unconven-
tional T-cells to microbial metabolites
shared by certain pathogens but not
by others identifies these cell types as
key constituent of diagnostically relevant

immune fingerprints at the point of care.
This is especially the case when Vy9/V32
T-cell levels are assessed locally and when
they are combined with other powerful dis-
criminators such as peritoneal proportions
of neutrophils, monocytes, and CD4*
T-cells in the inflammatory infiltrate as
well as intraperitoneal concentrations of
certain soluble immune mediators (34)
(Figure 1). Such a combination with
further parameters provides additional
information as to the precise nature of
the causative pathogen, for instance to
distinguish between immune responses
induced by Gram-negative (LPS produc-
ing) and Gram-positive (LPS deficient)
bacteria, and is also likely to help increase
sensitivity owing to the age and gender-
dependent variability of Vy9/V82 T-cell
levels (55). Pathogen-specific immune
fingerprints that discriminate between
certain subgroups of patients (e.g., with
Gram-negative vs. Gram-positive bacterial
infections) can be determined within hours
of presentation with acute symptoms, long
before traditional culture results become
available, and by guiding early patient
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FIGURE 1 | Local immune fingerprints in peritoneal dialysis patients on the day of presentation with acute peritonitis. Shown are cellular and humoral
biomarkers that are associated with the presence of Gram-positive or Gram-negative bacteria and that may be exploited for novel diagnostic tests (34).

www.frontiersin.org November 2014 | Volume 5 | Article 572 | 3


http://www.frontiersin.org
http://www.frontiersin.org/T_Cell_Biology/archive

Eberl et al.

Toward point-of-care diagnosis of infection

management and optimizing targeted
treatment will contribute to improv-
ing outcomes and advancing antibiotic
stewardship. It remains to be investigated
how much these findings on diagnostic
immune fingerprints in peritoneal dialysis
patients can be extended to other local
or systemic scenarios to diagnose infec-
tions at the point of care, and whether
they can also be applied to monitoring the
course of the disease and the response to
treatment.

Applied research on y3 T-cells has so
far focused predominantly on their use for
novel immunotherapies against different
types of cancers (56—58). Thirty years after
the unexpected cloning of the TCRy chain
(59, 60) and 20 years after the first descrip-
tion of microbial “phosphoantigens” as
specific activators of human Vy9/V32 T-
cells (61, 62), the diagnostic potential of y§
T-cells is only beginning to unfold (34, 47,
63, 64).
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Microbe-Specific Unconventional T Cells Induce Human
Neutrophil Differentiation into Antigen Cross-Presenting
Cells

Martin S. Davey,*’l’2 Matt P. Morgan,""T’1 Anna Rita Liuzzi,* Christopher J. Tyler,*
Mohd Wajid A. Khan,* Tamas Szakmany,*’fF Judith E. Hall,* Bernhard Moser,* and
Matthias Eberl*

The early immune response to microbes is dominated by the recruitment of neutrophils whose primary function is to clear invading
pathogens. However, there is emerging evidence that neutrophils play additional effector and regulatory roles. The present study
demonstrates that human neutrophils assume Ag cross-presenting functions and suggests a plausible scenario for the local gen-
eration of APC-like neutrophils through the mobilization of unconventional T cells in response to microbial metabolites. Vy9/
V82 T cells and mucosal-associated invariant T cells are abundant in blood, inflamed tissues, and mucosal barriers. In this study,
both human cell types responded rapidly to neutrophils after phagocytosis of Gram-positive and Gram-negative bacteria pro-
ducing the corresponding ligands, and in turn mediated the differentiation of neutrophils into APCs for both CD4* and CD8*
T cells through secretion of GM-CSF, IFN-v, and TNF-«. In patients with acute sepsis, circulating neutrophils displayed a similar
APC-like phenotype and readily processed soluble proteins for cross-presentation of antigenic peptides to CD8" T cells, at a time
when peripheral Vy9/V82 T cells were highly activated. Our findings indicate that unconventional T cells represent key con-

trollers of neutrophil-driven innate and adaptive responses to a broad range of pathogens. The Journal of Immunology, 2014,

193: 000-000.

eutrophils are the first cells that are recruited to sites
of microbial infection. Although classically viewed as
terminally differentiated cells, there is emerging evi-
dence that neutrophils represent key components of the effector and
regulatory arms of the innate and adaptive immune system (1-3).
As such, neutrophils regulate the recruitment and function of
various cell types and interact with immune and nonimmune cells.
Intriguingly, neutrophils directly affect Ag-specific responses by
facilitating monocyte differentiation and dendritic cell maturation,
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and by interacting with T cells and B cells (4-10). Murine neu-
trophils have been shown to present Ags to both CD4* and CD8"
T cells (11-13), and to differentiate into neutrophil-dendritic cell
hybrids in vitro and in vivo (14, 15). In humans, neutrophils with
a phenotype consistent with a possible APC function, including
expression of MHC class II, have been found in diverse inflam-
matory and infectious conditions (16-22). This notwithstanding,
direct Ag presentation by neutrophils has to date not been dem-
onstrated in patients, especially with respect to an induction of
Ag-specific CD8" T cell responses upon cross-presentation of
exogenous proteins.

The physiological context underlying the differentiation of
neutrophils into APCs and the implications for Ag-specific immune
responses remain unclear. Unconventional T cells such as human
v3 T cells, NKT cells, and mucosal-associated invariant T (MAIT)
cells represent unique sentinel cells with a distinctive respon-
siveness to low m.w. compounds akin to pathogen and danger-
associated molecular patterns (23-25). Such unconventional
T cells represent a substantial proportion of all T cells in blood
and mucosal epithelia, accumulate in inflamed tissues, and con-
stitute an efficient immune surveillance network in inflammatory
and infectious diseases as well as in tumorigenesis. Besides or-
chestrating local responses by engaging with other components of
the inflammatory infiltrate (26-29), unconventional T cells are
also ideally positioned in lymphoid tissues to interact with freshly
recruited monocytes and neutrophils (30-32). We previously
showed that human 3 T cells enhance the short-term survival of
neutrophils but did not characterize these surviving neutrophils on
a phenotypical and functional level (28). In this work, we studied
the outcome of such a crosstalk of human neutrophils with both yd
T cells and MAIT cells in vitro and translated our findings to
patients with severe sepsis. We demonstrate that neutrophils with
APC-like features can be found in blood during acute infection,
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and that the phenotype and ex vivo function of circulating sepsis
neutrophils was replicated in vitro upon priming of neutrophils by
human y3 T cells and MAIT cells. Our findings thus provide
a possible physiological context and propose a cellular mechanism
for the local generation of neutrophils with APC functions, in-
cluding their potential to cross-present soluble Ags to CD8*
T cells, in response to a broad range of microbial pathogens.

Materials and Methods
Subjects

This study was approved by the South East Wales Local Ethics Committee
under reference numbers 08/WSE04/17 and 10/WSE04/21 and conducted
according to the principles expressed in the Declaration of Helsinki and
under local ethical guidelines. Sampling of adult patients with sterile
systemic inflammatory response syndrome (SIRS) or with acute sepsis
(defined as patients with SIRS in conjunction with a proven or suspected
infection) was carried out within the United Kingdom Clinical Research
Network under study portfolio UKCRN ID 11231, “Cellular and Bio-
chemical Investigations in Sepsis.” All study participants provided written
informed consent for the collection of samples and their subsequent
analysis. A waiver of consent system was used when patients were unable
to provide prospective informed consent due to the nature of their critical
illness or therapeutic sedation at the time of recruitment. In all cases,
retrospective informed consent was sought as soon as the patient recovered
and regained capacity. In cases in which a patient died before regaining
capacity, the initial consultee’s approval would stand.

Sepsis patients had a proven infection as confirmed by positive culture of
at least one relevant sample according to the local microbiology laboratory
overseen by Public Health Wales, and developed at least three of the four
following SIRS criteria over the previous 36 h: 1) temperature from any site
>38°C or core <36°C; 2) heart rate of >90 beats/min (unless individual
had a medical condition or was receiving treatment preventing tachycar-
dia); 3) respiratory rate of >20 breaths/min, arterial PaCO, <32 mmHg, or
mechanical ventilation for an acute process; and 4) total WBC >12,000
cells/mm? or <4,000 cells/mm?® or differential WBC count showing >10%
immature (band) forms (n = 37; age range 35-82 y, median 63 y; 51%
female). Patients with sterile SIRS developed at least three of the four
SIRS criteria but had no suspected or proven microbial infection (n = 14;
age range 26-70 y, median 48 y; 21% female). All patients with sepsis or
SIRS had at least one documented organ failure on recruitment to the study
and were either mechanically ventilated, on inotropic support, or received
acute renal replacement therapy. Healthy donors served as controls for the
patient cohorts (n = 10; age range 31-68 y, median 59 y; 20% female).
Individuals were excluded from the study if pregnant or breastfeeding;
suffering from documented severe immune deficiency or severe liver
failure; admitted postcardiac arrest; treated with high-dose steroids or
immunosuppressant drugs for the last 6 mo; or unlikely to survive for the
duration of the study period regardless of treatment.

Media, reagent, and Abs

Culture medium was RPMI 1640 medium supplemented with 2 mM
L-glutamine, 1% sodium pyruvate, 50 pg/ml penicillin/streptomycin, and
10% FCS (Invitrogen). Synthetic (E)-4-hydroxy-3-methyl-but-2-enyl py-
rophosphate (HMB-PP) was provided by H. Jomaa (Justus-Liebig Uni-
versity Giessen); synthetic 6,7-dimethyl-8-p-ribityllumazine (DMRL) was
provided by B. Illarionov (Hamburg School of Food Science). Staphylo-
coccus aureus toxic shock syndrome toxin-1 (TSST-1) was purchased from
Toxin Technology; Mycobacterium tuberculosis purified protein derivate
(PPD) was purchased from Statens Serum Institut (Copenhagen, Den-
mark). Salmonella abortus equi LPS, brefeldin A, and BSA-FITC were
purchased from Sigma-Aldrich. Recombinant IFN-y, TNF-«, and GM-
CSF was purchased from Miltenyi Biotec. Human T-activator CD3/
CD28 Dynabeads, CFSE, and 10-kDa dextran-FITC were purchased
from Life Technologies.

The following mAbs were used for surface labeling: anti-CD3 (UCHT],
SK7, HIT3a), anti-CD4 (SK3, RPA-T4), anti-CD8 (SK1, HIT8a, RPA-T8),
anti-CD11c (S-HCL-3), anti-CD14 (M5E2, MOP9), anti-CD15 (HI98),
anti-CD16 (3G8), anti-CD25 (M-A251), anti-CD27 (M-T271), anti-CD31
(WM-59), anti-CD32 (FLI8.26), anti-CD45RO (UCHLI), anti-CD49d
(9F10), anti-CD50 (TU41), anti-CD54 (HAS8), anti-CD56 (B159), anti-
CD62L (DREG-56), anti-CD64 (10.1), anti-CD69 (FN50), anti-CD70
(Ki24), anti-CD71 (M-A712), anti-CD72 (J4-112), anti-CD83 (HB15e),
anti-CD86 (2331), anti-CD209 (DCN46), anti-HLA-DR (L243), anti—
TCR-V382 (B6.1), anti-CCR4 (1G1), anti-CCRS (2D7), anti-CCR7 (3D12),
and anti-CXCR3 (1C6) from BD Biosciences; anti-TCR-V(2 (MPB2DS5),

anti-TCR-VY9 (Immu360), and anti-CD40 (mABS89) from Beckman
Coulter; anti-CD11a (HI111), anti-CD66b (G10F5), anti-CD154 (24-31),
anti-CD161 (HP-3G10), anti-HLA-ABC (w6/32), and anti-TCR-Va7.2
(3C10) from BioLegend; anti-CD11b (ICRF44), anti-CD14 (61D3), anti-
CD19 (SJ25C1), anti-CD25 (BC96), anti-CD45RA (HI100), and anti-
CD80 (2D10.4) from eBioscience; anti-HLA-A2 (BB7.2) from Serotec;
and anti-CCR9 (248601) and anti-CCR10 (314305) from R&D Systems;
together with appropriate isotype controls. Intracellular cytokines were
detected using anti-IFN-y (B27, BD Biosciences; 4S.B3, eBioscience)
and anti-TNF-a (6401.1111, BD Biosciences; 188, Beckman Coulter).
Blocking reagents used included anti-Va7.2 (3C10; BioLegend); anti—
TCR-VY9 (Immu360; Beckman Coulter); anti-TLR4 (HTA125; eBio-
science); anti-CD277 (103.2; D. Olive, Université de la Méditerranée,
Marseille, France); anti-MHC-related protein 1 (MR1) (26.5; T. Hansen,
Washington University School of Medicine, St. Louis, MO); anti—-IFN-y
(25718) and anti-GM-CSF (3209) (BioLegend); and soluble TNFR
(STNFR) p75-IgGl1 fusion protein (etanercept/Enbrel; Amgen).

Cells

Total leukocytes from healthy donors and patients were isolated from
heparinized blood by mixing with HetaSep (StemCell Technologies),
followed by sedimentation of RBCs (Supplemental Fig. 1A). Neutrophils
were purified from whole blood or Lymphoprep (Axis-Shield) separated
granulocytes by HetaSep sedimentation, followed by negative selection
using the EasySep neutrophil enrichment kit (StemCell Technologies)
(33), resulting in purities of >99.2% CD14 CD66b*CD15" and <0.1%
contaminating monocytes (Supplemental Fig. 1B). Total CD3* T cells
(>98%) were isolated from PBMC using the pan T cell isolation kit II
(Miltenyi Biotec); CD4* and CD8" T cells (>98%) were obtained using
the corresponding EasySep kits (StemCell Technologies). Vy9* T cells
(>98%) were purified using anti—-Vy9-PE-Cy5 (Immu360; Beckman
Coulter) and anti-PE microbeads (Miltenyi Biotec); Va7.2* T cells
(>98%) were purified using anti-Va7.2-PE (3C10; BioLegend) and
anti-PE microbeads. Alternatively, Vy9* CD3* v3 T cells or Va7.2*
CD161* CD3* MAIT cells were sorted to purities >99% using a FACS-
Aria II (BD Biosciences).

Bacteria

Clinical isolates of Enterobacter cloacae, Enterococcus faecalis, Klebsiella
pneumoniae, and S. aureus (28) were grown in liquid Luria-Bertani broth
and on solid Columbia blood agar (Oxoid). The distribution of the non-
mevalonate and riboflavin pathways across microbial species was deter-
mined based on the absence or presence of the enzymes HMB-PP synthase
(EC 1.17.7.1) and DMRL synthase (EC 2.5.1.78) in the corresponding
genomes, according to the Kyoto Encyclopedia of Genes and Genomes
(http://www.genome.jp/kegg).

T cell culture

PBMC were stimulated with 0.1-100 nM HMB-PP or 0.1-100 uM DMRL.
Vy9* T cells or Va7.2" T cells were cocultured with autologous mono-
cytes at a ratio of 1:1, in the presence of 25% (v/v) cell-free supernatants
from neutrophils that had phagocytosed live bacteria, as described previ-
ously (28). For blocking experiments, anti-TCR-Va7.2, anti-TCR-Vv9,
anti-CD277, and anti-MR1 were used at 1-20 pg/ml.

Neutrophil culture

Freshly isolated neutrophils were cultured for up to 48 h in the absence or
presence of autologous Vy9/Vd2 T cells or MAIT cells at a ratio of 10:1,
and 10 nM HMB-PP or anti-CD3/CD28 dynabeads (1 bead per T cell).
Alternatively, neutrophils were cultured with 25-50% (v/v) conditioned
medium obtained from purified Vy9/V82 T cells or MAIT cells stimulated
for 24 h with anti-CD3/CD28 dynabeads (1 bead per cell) or 100 nM HMB-
PP. Other stimuli included 100 ng/ml LPS and 100 U/ml recombinant IFN-
v, TNF-a, and/or GM-CSF. sTNFR p75-IgG1 fusion protein, anti—-IFN-vy,
and anti-GM-CSF were used at 10 pg/ml. Neutrophil survival and acti-
vation were assessed by flow cytometry, after gating on CD15" cells and
exclusion of Vy9* or Va7.2* cells where appropriate. For morphological
analyses, neutrophils were centrifuged onto cytospin slides, stained with
May-Griinwald-Giemsa solution, and analyzed by light microscopy.

Functional assays

Endocytosis and APC functions were assessed as before (34-38). Freshly
purified neutrophils and neutrophils cultured for 24 h in the presence or
absence of unconventional T cell-conditioned medium were incubated
with 500 pwg/ml 10-kDa dextran-FITC or BSA-FITC for up to 60 min at
4°C or 37°C. Endocytic uptake was measured immediately by flow cytom-
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etry; the specific uptake of each reagent was calculated by subtracting the
background MFI at 4°C from the MFI obtained at 37°C.

For MHC class II-restricted presentation of Ags, activated neutrophils
were generated by 48-h culture with a combination of IFN-y, GM-CSF,
and/or TNF-«, or with unconventional T cell-conditioned medium. Neu-
trophils were pulsed with 10 ng/ml TSST-1 for 1 h. After extensive
washing, neutrophils were mixed with autologous CD4" T cells at a ratio of
1:1; 1 h later 10 pg/ml brefeldin A was added and cultures were incubated
for an additional 4 h. Activation of TSST-1-responsive VB2* CD4" T cells
was assessed by intracellular cytokine staining and analysis by flow
cytometry (35). To assess CD4* and CD8" T cell responses to complex Ag
preparations, neutrophils were pulsed with 1-10 pwg/ml PPD for the last
18 h of the 48-h culture phase. After extensive washing, neutrophils were
mixed with CFSE-labeled autologous CD3" T cells at a ratio of 1:1 and
incubated for 7 d. CFSE dilution in the CD4" and CD8" T cell populations
was assessed by flow cytometry, after exclusion of CD66b" cells.

For MHC class I-restricted Ag presentation, Ag-specific HLA-A2-re-
stricted CD8* T cell lines were generated using the immunodominant
peptide of influenza matrix protein, M1(p58-66) (GILGFVFTL), as de-
scribed before (37, 38). M1(p58-66)-specific responder CD8" T cells used
in APC assays were >95% pure, as confirmed by tetramer staining (data
not shown). Activated neutrophils from HLA-A2" donors were generated
as above, using unconventional T cell-conditioned medium or recombi-
nant cytokines, and pulsed for 1 h with 0.1 wM peptide. For cross-
presentation assays, 0.01-1 wM recombinant influenza M1 protein was
added during the last 18 h of the 48-h neutrophil culture period. Fresh
neutrophils from HLA-A2" sepsis patients were incubated with 0.01-1 uM
recombinant influenza M1 protein for 18 h or cultured in medium for 17 h
prior to addition of 0.1 uM M1(p58-66) peptide for an additional 1 h. In
each case, following extensive washing, neutrophils were incubated with
HLA-A2" peptide-specific CD8" T cells at a ratio of 1:1; after 1 h, 10 pg/
ml brefeldin was added and cultures were incubated for an additional 4 h.
Activation of CD8" T cells was assessed by intracellular cytokine staining
and analyzed by flow cytometry, after exclusion of CD66b" cells.

Flow cytometry

Cells were acquired on an eight-color FACSCanto II (BD Biosciences) and
analyzed with FlowJo (Tree Star). Single cells of interest were gated based
on their appearance in side and forward scatter area/height, exclusion of
live/dead staining (fixable Aqua; Invitrogen), and surface staining. Apo-
ptotic cells were identified using annexin-V (BD Biosciences).

ELISA

Cell culture supernatants were analyzed on a Dynex MRX II reader, using
ELISA kits for IL-17A (R&D Systems) as well as IFN-y and TNF-«
(eBioscience). Cell-free plasma samples and unconventional T cell-con-
ditioned media were analyzed on a SECTOR Imager 6000 using the ul-
trasensitive human proinflammatory 9-plex kit (Meso Scale Discovery).

Statistics

Data were analyzed using two-tailed Student ¢ tests for normally dis-
tributed data and Mann—Whitney tests for nonparametric data (Graph-
Pad Prism). Differences between groups were analyzed using one-way
ANOVA with Bonferroni’s posttests or with Kruskal-Wallis and Dunn’s
posttests; two-way ANOVA was used when comparing groups with in-
dependent variables.

Results
Unconventional human T cells respond to neutrophil-released
microbial metabolites

Vvy9/V382" v3 T cells recognize the isoprenoid precursor HMB-PP,
which is produced via the nonmevalonate pathway by a broad
range of Gram-negative and Gram-positive bacteria (27, 39).
Va7.2" CD161% MAIT cells show a very similar responsiveness
to an overlapping, but distinct spectrum of microorganisms by
sensing intermediates of the microbial vitamin B2 biosynthesis
(Table I) (40-43). We therefore sought to investigate the antimi-
crobial responses of these two types of unconventional T cells side
by side. In this study, Vy9/V3d2 T cells, but not MAIT cells,
responded to HMB-PP, as judged by induction of CD69 expres-
sion (Fig. 1A). In contrast, the riboflavin precursor DMRL in-
duced a dose-dependent activation of MAIT cells, but not Vy9/
V&2 T cells. Blocking experiments confirmed a requirement for

butyrophilin 3A/CD277 for Vy9/V32 T cells and the MHC-related
protein MR1 for MAIT cells (Fig. 1B), in support of current
models of Ag recognition (41-45).

We previously identified a crucial role for neutrophils in facil-
itating access to HMB-PP by Vy9/V382 T cells (28). As control,
purified Vy9* T cells readily responded to neutrophils after
phagocytosis of clinically relevant bacteria, in accordance with the
distribution of the nonmevalonate pathways across the different
pathogens (Table I). Strikingly, purified Va7.2* T cells showed
very similar responses depending on the utilization of the ribo-
flavin biosynthesis pathway by the phagocytosed species. Acti-
vated Vy9* T cells and Va7.2* T cells upregulated CD69
(Fig. 1C) and secreted IFN-vy (Fig. 1D), but not IL-17A (data not
shown). The response of Va7.2* T cells to microbial compounds
was confined to the CD161" bona fide MAIT cell population
(Fig. 1C, 1D). Both Vy9/V32 T cells and MAIT cells failed to
respond to neutrophil-released microbial compounds in the pres-
ence of anti-CD277 and anti-MR1, respectively (Fig. 1D), and in
the absence of autologous monocytes (Fig. 1E), highlighting a
requirement for presentation by accessory cells. These findings
reveal a remarkable similarity in the responsiveness of Vy9/V2
T cells and MAIT cells to microbial metabolites.

Patients with acute sepsis caused by HMB-PP-producing
pathogens display elevated levels of activated yd T cells

To resolve the existence of APC-like neutrophils in human infectious
disease and determine a possible link with antimicrobial uncon-
ventional T cell responses, we recruited adult patients with newly
diagnosed severe sepsis and characterized their circulating leuko-
cytes phenotypically and functionally. As proof of principle for
the involvement of unconventional T cells in early inflammatory
responses, patients with acute sepsis revealed a substantial activation
of Vy9/Va2 T cells, as judged by CD69 expression, but not SIRS
patients who served as noninfected controls (Fig. 1F, Supplemental
Fig. 1A). Of note, we found a significant increase in the absolute
counts and the proportion of Vy9/V82 T cells among all circulating
T cells between patients with microbiologically confirmed infec-
tions caused by HMB-PP—producing as opposed to HMB-PP—de-
ficient species (Fig. 1F). These clinical findings evoke earlier
studies in patients with acute peritonitis (28) and further support the
notion of a differential responsiveness of unconventional T cells to
defined pathogen groups that can be detected both locally at the site
of infection (46) and systemically in blood (Fig. 1F).

Unconventional human T cells induce prolonged neutrophil
survival and activation

We recently showed that Vy9/V82 T cells trigger short-term (<20 h)
survival of autologous neutrophils (28). In this study, highly
purified neutrophils cocultured for extended periods with activated
Vy9/V32 T cells or MAIT cells displayed a prolonged survival, as
judged by exclusion of amine reactive dyes and retention of sur-
face CD16 (FcyRIII) for at least 48 h (Fig. 2A). A similar effect
was observed when incubating purified neutrophils with Vy9/V§2
T cell or MAIT cell-conditioned culture supernatants, indicating
a significant contribution of soluble factors in mediating the ob-
served effects (Fig. 2B). In contrast to the highly active metabolite
HMB-PP as specific activator of Vy9/V82 T cells, the MAIT cell
activator used in the current study, DMRL, only possesses a rela-
tively modest bioactivity. The true MAIT cell activator is far more
potent than DMRL and active at subnanomolar concentrations, but
not commercially available and difficult to synthesize chemically
(41, 43). Most stimulation experiments with purified MAIT cells
were therefore conducted with anti-CD3/CD28-coated beads.
Importantly, use of either anti-CD3/CD28 beads or HMB-PP to
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Table I. Distribution across clinically relevant microbial pathogens of key biosynthetic pathways that
produce metabolites targeted by human unconventional T cells

Nonmevalonate Pathway
(Vy9/V32 T Cell Activation)

Vitamin B2 Synthesis
(MAIT Cell Activation)

Gram-negative bacteria
Acinetobacter baumannii
Chryseobacterium gleum
Enterobacter cloacae
Escherichia coli
Haemophilus influenzae
Helicobacter pylori
Klebsiella pneumoniae
Legionella pneumophila
Neisseria meningitidis
Pseudomonas aeruginosa
Shigella dysenteriae

Gram-positive bacteria
Bacillus anthracis
Clostridium difficile
Corynebacterium diphtheriae
Enterococcus faecalis
Listeria monocytogenes
Mpycobacterium tuberculosis
Propionibacterium acnes
Staphylococcus aureus
Streptococcus pyogenes

Other bacteria
Borrelia burgdorferi
Leptospira interrogans
Mycoplasma genitalium
Mycoplasma penetrans
Treponema pallidum

Yeasts, fungi
Aspergillus fumigatus
Candida albicans
Crytococcus neoformans
Saccharomyces cerevisiae

+
- +
+ +
+ +
+ +
+ +
+ +
- +
+ +
+ +
+ +
+ +
+ +
+ +
+ _
+ +
+ +
- +
+ +
+ _
- +
- +
- +
- +

activate Vy9/Vd2 T cells elicited identical neutrophil responses
(Fig. 2A—C and data not shown). Surviving neutrophils possessed
a highly activated morphology, as judged by the presence of hyper-
segmented nuclei (Fig. 2C). The antiapoptotic effect of unconven-
tional T cells was confirmed by the preservation of the total number
of neutrophils present after 48 h of culture and the lack of annexin-V
binding (Fig. 2D). As confirmation of their activated status, surviving
neutrophils showed pronounced upregulation of CD11b and CD66b
expression and complete loss of CD62L (Fig. 2E).

Unconventional T cell-primed neutrophils have a unique
APC-like phenotype

Circulating neutrophils in healthy people do not express CDA40,
CD64 (FcyRI), CDS83, or HLA-DR, yet all these surface mark-
ers were found on unconventional T cell-primed neutrophils
(Fig. 2F). Moreover, these neutrophils also showed a marked
upregulation of CD54 (ICAM-1) and HLA-ABC (Fig. 2F), sug-
gestive of a possible function of unconventional T cell-primed
neutrophils as APCs for both CD4* and CD8* T cells.

The chemokine receptors CCR7, CCR9, and CCR10 remained
undetectable under those culture conditions (data not shown),
arguing against trafficking of APC-like neutrophils to noninflamed
lymph nodes, the intestine, or the skin. In contrast, APC-like
neutrophils displayed enhanced expression levels of CXCR3 and
CCR4 (data not shown), indicative of an increased responsiveness
to inflammatory chemokines and supporting a local role during
acute inflammation.

Neutrophils stimulated with defined microbial compounds on
their own, in the absence of Vy9/V32 T cells or MAIT cells, failed
to acquire a similar phenotype. Most notably, neutrophils cultured

for 48 h in the presence of LPS did not show increased levels of
HLA-ABC, HLA-DR, CD40, CD64, or CD83 compared with
neutrophils cultured in medium alone (data not shown), empha-
sizing the crucial and nonredundant contribution of unconven-
tional T cells and their specific ligands to the acquisition of APC
characteristics by neutrophils.

Circulating neutrophils in sepsis patients display an APC-like
phenotype

To resolve the existence of APC-like neutrophils in human infectious
disease, we characterized circulating leukocytes in sepsis patients as
a means to access neutrophils that had recently been activated in
different infected tissues. Sepsis neutrophils displayed a strikingly
altered phenotype compared with neutrophils from healthy individ-
uals and SIRS patients and were characterized by markedly higher
expression of CD40, CD64, and CD86 (Fig. 3A). We also found
increased surface levels of CD83 and HLA-DR on circulating
neutrophils in some patients with sepsis, although this was not sig-
nificant across the cohort as a whole. Of note, there was a correlation
between the expression of CD64 and HLA-DR on sepsis neu-
trophils, supporting a link between neutrophil activation and APC
phenotype (Fig. 3B). These findings indicate the presence of APC-
like neutrophils in sepsis patients, despite the generally presumed
immune suppression in those individuals, as judged by reduced
HLA-DR expression levels on monocytes (data not shown) (47).

Neutrophil survival and APC marker expression are mediated
via unconventional T cell-secreted cytokines

To identify the unconventional T cell-derived factor(s) exerting the
observed effects on neutrophils, we quantified proinflammatory
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FIGURE 1. Unconventional human T cell responses to microbial metabolites in vitro and in vivo. (A) CD69 surface expression by Vy9* T cells and
Va7.2* CD161% T cells in PBMC stimulated overnight with HMB-PP or DMRL (means = SD, n = 5). Data were analyzed by two-way ANOVA with
Bonferroni’s post hoc tests. (B) Representative FACS plots of two donors showing CD69 expression by Vy9* T cells and Va7.2* T cells in PBMC stimulated
overnight with 100 nM HMB-PP or 100 uM DMRL, in the absence or presence of anti-CD277 or anti-MR1 mAb. (C) CD69 expression by MACS-purified
Vv9* T cells or Va7.2* T cells cocultured overnight with autologous monocytes in the presence of supernatants from neutrophils after phagocytosis of
Klebsiella pneumoniae (representative of three donors). (D) IFN-y secretion by MACS-purified Vy9* T cells or Va7.2" T cells cocultured overnight with
autologous monocytes in the presence of supernatants from neutrophils after phagocytosis of different bacteria: HMB-PP~ DMRL"*, Staphylococcus aureus;
HMB-PP~ DMRL ", Enterococcus faecalis; and HMB-PP* DMRL", Enterobacter cloacae and K. pneumoniae (means = SD, n = 3—4 donors). Differences
between mAb-treated and untreated cultures were analyzed using Mann-Whitney tests. (E) CD69 expression by FACS-sorted Vy9* T cells or Va7.2*
CD161* T cells cocultured overnight with or without autologous monocytes in the presence of supernatants from neutrophils after phagocytosis of E. cloacae
(representative of two donors). (F) Surface expression by CD25 and CD69 on circulating Vy9* T cells in healthy controls and in patients with SIRS or sepsis.
Each data point represents an individual; lines and error bars depict medians and interquartile ranges. Data were analyzed using Kruskal-Wallis tests and
Dunn’s multiple comparison tests; comparisons were made with sepsis patients. (G) Proportion of Vy9™ T cells among all circulating T cells and absolute
counts of circulating Vy9* T cells (in cells/ul blood) in sepsis patients with microbiologically confirmed infections caused by HMB-PP—producing (E. coli,
Enterobacter aerogenes, Haemophilus influenzae, K. pneumoniae, Pseudomonas aeruginosa, Stenotrophomonas maltophilia, anaerobic Gram-negative ba-
cilli, diphtheroid bacteria) or HMB-PP-deficient organisms (Aspergillus fumigatus, Candida spp., Staphylococcus spp., Streptococcus pneumoniae). Data
were analyzed using Mann—Whitney tests. Differences were considered significant as indicated: *p < 0.05, **p < 0.01, ***p < 0.001.

mediators in the culture supernatants. These experiments revealed
a dominant production (>1000 pg/ml on average) of GM-CSF,
IFN-v, and TNF-a by activated Vy9/V82 T cells and MAIT cells,
but only very low levels (<25 pg/ml) of IL-1p, IL-6, and CXCLS,
indicating that both unconventional T cell populations share
a similar cytokine profile (Fig. 4A). Experiments using blocking
reagents identified an involvement of GM-CSF, IFN-v, and TNF-a
in promoting neutrophil survival by both Vy9/Vd2 T cells and
MAIT cells (Fig. 4B). Whereas neutralization of each individual
cytokine on its own had a partial effect, combined blocking of

GM-CSF and IFN-y was most effective in inhibiting neutrophil
survival, with blocking of TNF-a having little additive effect. In
contrast, CD66b upregulation was mainly triggered by TNF-o
(Fig. 4B). Of note, the effect of unconventional T cells on neu-
trophils could be mimicked in part by using recombinant GM-CSF,
IFN-y, and TNF-a. In this respect, only neutrophils cultured
with a combination of all three cytokines exhibited a morphol-
ogy characterized by hypersegmented nuclei (Fig. 4C). TNF-a
was particularly important for the induction of CD40, CD54,
CD66b, and MHC class I expression (Fig. 4D). Taken together,
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FIGURE 2. Survival, activation, and expression of APC markers by unconventional T cell-primed neutrophils. (A) Neutrophil survival judged by re-
tention of CD16 expression and exclusion of live/dead staining after 48-h coculture with FACS-sorted Vy9/V32 T cells or MAIT cells, in the absence or
presence of anti-CD3/CD28 beads. FACS plots are representative of three donors and depict total neutrophils after gating on CD15* V49~ or CD15*
Va7.2" cells. (B) Neutrophil survival after 48-h culture in the presence of HMB-PP-activated Vy9/V32 T cell or anti-CD3/CD28-activated MAIT cell—-
conditioned medium (representative of three donors). (C) Morphological analysis of surviving neutrophils after 48-h culture in the absence or presence of
HMB-PP-activated Vy9/V82 T cell or anti-CD3/CD28-activated MAIT cell-conditioned medium (representative of two donors). Original magnification
X400. (D) Neutrophil survival after 48-h culture in the absence or presence of HMB-PP-activated Vy9/V32 T cell or anti-CD3/CD28-activated MAIT
cell-conditioned medium. Shown are means = SD for the proportion of CD16"" cells (n = 9-10), the total number of neutrophils (n = 3), and annexin V

staining on CD16"e"

neutrophils (n = 3). Expression of (E) activation markers and (F) APC markers on freshly isolated neutrophils and CD16"e" peu-

trophils after 48-h culture in the absence or presence of HMB-PP-activated Vy9/V82 T cell- or anti-CD3/CD28-activated MAIT cell-conditioned medium.
Data shown are means * SD and representative histograms from three individual donors. Data were analyzed by one-way ANOVA with Bonferroni’s post
hoc tests; comparisons were made with medium controls. Differences were considered significant as indicated: *p < 0.05, **p < 0.01, ***p < 0.001.

these experiments identify microbe-responsive unconventional
T cells as a rapid physiological source of GM-CSF, IFN-vy, and
TNF-a and imply that the unique combination of cytokines se-
creted by unconventional T cells is key for the observed impact
on neutrophils.

The particular requirement for TNF-a in the acquisition of the
full APC phenotype is especially noteworthy when considering
the cytokine/chemokine profiles in acutely infected patients.
Plasma proteins that were highly elevated in sepsis patients in-
cluded TNF-a as well as IL-6 and CXCLS8 (Fig. 4E). Of note,
there was a trend toward higher levels of TNF-a in patients with
HMB-PP—positive infections (p = 0.09; data not shown). A pro-
portion of individuals with sepsis also had increased plasma levels
of GM-CSF, IFN-v, and IL-1p3, although this was not significant

across the whole cohort (Fig. 4E). These findings confirm that the
blood of sepsis patients contains proinflammatory mediators im-
plicated in driving survival and activation of neutrophils, including
their differentiation into APCs.

Unconventional T cell-primed neutrophils readily take up
soluble Ags

We next tested the capacity of APC-like neutrophils to take up
soluble Ags. Although freshly isolated neutrophils were not very
efficient at endocytosing FITC-labeled BSA and dextran (10,000
Da) as model compounds, short-term exposure to Vy9/V32 T cell—
conditioned medium led to a greatly enhanced uptake (Fig. 5SA).
With unconventional T cell-primed neutrophils kept in culture for
24 h before addition of BSA-FITC, Ag endocytosis was confined
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to the CD16"&" APC-like population, whereas no such uptake was
seen in the apoptotic CD16'" population (Fig. 5B). In contrast,
neutrophils cultured in medium alone showed no specific uptake
of BSA in the CD16"™&" population. These data indicate that un-
conventional T cells promote the uptake of exogenous Ags as
a prerequisite for Ag processing and presentation by neutrophils.

Unconventional T cell-primed neutrophils are efficient APCs
for CD4™ and CD8" T cells

The functionality of cell surface—expressed HLA-DR on activated
neutrophils was confirmed using the S. aureus superantigen,
TSST-1, which cross-links MHC class II molecules with the TCR
of CD4* T cells expressing a VB2 chain (35). Neutrophils exposed
to Vy9/Vd2 T cell-conditioned medium or to a combination of
GM-CSF, IFN-vy, and TNF-a were both capable of presenting
TSST-1 to autologous VB2* CD4* T cells (Fig. 5C). When using
the complex M. tuberculosis Ag, PPD, which requires intracellular
processing, unconventional T cell-primed neutrophils displayed
a striking capacity to trigger proliferation of both CD4" and CD8"
T cells (Fig. 5D). Sequestration of TNF-a during the neutrophil-
priming period by addition of STNFR diminished both CD4"* and
CDS8* T cell responses (Fig. 5E) as further confirmation of the key
role for unconventional T cell-derived TNF-a in the acquisition of
APC features by neutrophils.

Unconventional T cell-primed neutrophils cross-present Ags to
CDS8" T cells

Following up from the striking induction of PPD-specific CD4" and
CD8" T cell responses, we assessed the potential of APC-like

neutrophils to trigger CD8* T cell responses, by taking advan-
tage of HLA-A2-restricted responder T cell lines specific for
MI1(p58-66), the immunodominant epitope of the influenza
M1 protein (36-38). Using the M1(p58-66) peptide, which can be
pulsed readily onto cell surface—associated MHC class I molecules
for direct presentation to CD8* T cells, unconventional T cell—
primed neutrophils showed a significantly improved Ag presen-
tation, compared with freshly isolated neutrophils (Fig. 6A) and in
agreement with the elevated levels of MHC class I molecules on
APC-like neutrophils. Importantly, only unconventional T cell-
primed neutrophils, but not freshly isolated neutrophils, were also
able to induce robust responses by M1(p58—66)-specific responder
CDS8* T cells when utilizing the full-length M1 protein (Fig. 6A),
a 251-aa—long Ag that requires uptake, processing, and loading of
M1(p58-66) onto intracellular MHC class I molecules for cross-
presentation to CD8* T cells (36-38). Control experiments sup-
ported the need for Ag uptake and processing, as recombinant M1
protein could not be pulsed directly onto neutrophils, demon-
strating the absence of potential degradation products in the M1
protein preparation that might be able to bind directly to cell
surface—associated MHC class I molecules on neutrophils or CD8*
T cells (Fig. 6B). Neutrophils cultured for 48 h in the presence of
GM-CSF and IFN-y were also capable of enhanced presentation
of M1(p58-66) peptide to M1-specific CD8* T cells. However,
only neutrophils generated by incubation with a combination of
GM-CSF, IFN-vy, and TNF-a readily processed the full-length M1
protein (Fig. 6A), demonstrating that TNF-a plays a pivotal role in
the acquisition of a fully competent APC phenotype and function
by neutrophils.
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FIGURE 4. Effect of unconventional T cell-derived cytokines on neutrophil survival and APC marker expression. (A) Secretion of the indicated
mediators into the culture supernatant by FACS-sorted Vy9/V32 T cells or MAIT cells stimulated overnight in the presence of HMB-PP or anti-CD3/CD28
beads, respectively, as detected using multiplex ELISA (means + SD, n = 2-3). (B) Neutrophil survival (as proportion of CD16™&" cells) and CD66b
expression on CD16"€" neutrophils after 48-h culture in the presence of HMB-PP-activated Vy9/V82 T cell- or anti-CD3/CD28 MAIT cell-conditioned
medium and neutralizing agents against GM-CSF, IFN-vy, and/or TNF-a (means + SD, n = 3). Data were analyzed by one-way ANOVA with Bonferroni’s
post hoc tests; comparisons were made with isotypes. (C) Morphological analysis of surviving neutrophils after 48-h culture in the absence or presence of
GM-CSF, IFN-vy, and/or TNF-a (representative of two donors). Original magnification X400. (D) Neutrophil survival and expression of the indicated
markers on CD16"e" neutrophils after 48-h culture in the absence or presence of recombinant GM-CSF, IFN-y, and/or TNF-a (means + SD, n = 3). Data
were analyzed by one-way ANOVA with Bonferroni’s post hoc tests; comparisons were made with medium controls. (E) Plasma levels of IL-1p, IL-6,
CXCL8, GM-CSEF, IFN-vy, and TNF-a in SIRS and sepsis patients (in pg/ml). Each data point represents an individual; lines and error bars depict medians
and interquartile ranges. Differences between the two groups were analyzed using Mann—Whitney tests. Differences were considered significant as in-

dicated: *p < 0.05, **p < 0.01, ***p < 0.001.

Circulating neutrophils from sepsis patients are capable of
cross-presenting Ags to CD8" T cells

It has not yet been established whether neutrophils are capable of
triggering Ag-specific T cell responses in vivo. To translate our
findings on APC-like neutrophils to the situation in acute infec-
tions, we isolated untouched neutrophils from sepsis patients to
purities of 99.2-99.8%. Our experiments show that sepsis neu-
trophils and control neutrophils had a similar capacity to activate
M -specific responder CD8* T cells when pulsed with the peptide
itself (Fig. 6C). Strikingly, only sepsis neutrophils, but not control
neutrophils, were also able to take up the full-length M1 protein
and cross-present the M1(p58-66) peptide to responder CD8*
T cells (Fig. 6C, 6D), consistent with the differences in APC
marker expression between patients and healthy individuals.
These findings indicate that in acute sepsis neutrophils acquire an
APC-like phenotype with the capacity to induce Ag-specific CD8*

T cell responses that is reminiscent of neutrophils primed by
unconventional T cells (Fig. 7).

Discussion

To our knowledge, the present study is the first demonstration that
human neutrophils can assume Ag cross-presenting properties.
Although our work does not formally demonstrate a causal link for
the interaction of unconventional T cells and neutrophils in vivo, it
does suggest a plausible scenario for the generation of APC-like
neutrophils during acute infection. Our data support a model in
which different types of unconventional T cells respond rapidly to
neutrophils after phagocytosis of a broad range of bacteria at the
site of infection, and in turn mediate the local differentiation of
bystander neutrophils into APCs for both CD4* and CD8* T cells
(Fig. 7). APC-like neutrophils may be particularly relevant for
local responses by tissue-resident memory and/or freshly recruited
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FIGURE 5. Efficient endocytosis of exogenous molecules and presentation of microbial Ags by unconventional T cell-primed neutrophils. (A) Endo-
cytosis of FITC-labeled BSA and 10-kDa dextran by freshly isolated neutrophils incubated for 60 min at 4°C or at 37°C in the absence or presence of HMB-
PP-activated yd T cell supernatant. FACS plots are representative of two to three donors; specific uptake of FITC-labeled BSA and dextran by freshly
isolated neutrophils was determined over 30 and 60 min (means + SD, n = 2-3). (B) Endocytosis of FITC-labeled BSA over 60 min by neutrophils that had
been cultured overnight in the absence or presence of HMB-PP-activated yd T cell supernatant. FACS plots are representative of three healthy donors;
specific uptake of FITC-labeled BSA by vd T cell-primed neutrophils was determined over 30 and 60 min (means + SD, n = 2-3). Data were analyzed by
two-way ANOVA with Bonferroni’s post hoc tests; comparisons were made with (A) medium controls or (B) CD16"" cells. (C) IFN-y production by
superantigen-specific CD4* VB2* T cells in response to autologous neutrophils cultured for 48 h in medium or in the absence or presence of HMB-PP—
activated Vy9/V32 T cell-conditioned medium or a combination of IFN-y, GM-CSF, and TNF-a prior to pulsing with 10 ng/ml TSST-1 (representative of
two donors). (D) Proliferation of CD4* and CD8" T cells in response to freshly isolated neutrophils and neutrophils cultured for 48 h in the presence of
HMB-PP-activated Vy9/V32 T cell- or anti-CD3/CD28-activated MAIT cell-conditioned medium. Neutrophils were pulsed with 10 wg/ml PPD for 18 h
prior to addition of CFSE-labeled bulk CD3* T cells; CFSE dilution of responder T cells was assessed after 7 d of coculture (representative of three donors).
(E) Proliferation of CFSE-labeled CD4" and CD8" T cells in response to PPD-pulsed freshly isolated neutrophils and neutrophils cultured for 48 h in the
presence of HMB-PP-activated Vy9/V32 T cell-conditioned medium with and without sTNFR. CFSE dilution of responder T cells was assessed after 7 d
of coculture (means + SD, n = 3). Data were analyzed by one-way ANOVA with Bonferroni’s post hoc tests; comparisons were made with Vy9/V82 T cell +
sTNFR-treated neutrophils. Differences were considered significant as indicated: *p < 0.05, **p < 0.01, ***p < 0.001.

effector CD4* and CDS8" T cells at the site of infection, rather than
the priming of naive CD4" and CD8"* T cells in secondary lym-
phoid tissues. Expression of the lymph node homing receptor
CCR?7 by activated neutrophils was reported before (30) but could
not be confirmed in the current study (data not shown). Still, APC-
like neutrophils may also gain access to inflamed draining lymph
nodes through the action of inflammatory chemokines (7-10).
Irrespective of the anatomical context, APC-like neutrophils may
contribute to protective immune responses, by fighting the “first
hit” infection as a result of inducing Ag-specific CD4* and CD8*
T cells and by harnessing the T cell compartment against potential
“second hit” infections. However, it is also thinkable that such an
early induction of cytotoxic CD8" T cells may add to the systemic
inflammatory response and ultimately lead to tissue damage and
organ failure. Whereas the generation of APC-like neutrophils is

likely to occur locally in the context of infected tissues, in severe
inflammatory conditions, including sepsis, such APC-like neu-
trophils may eventually leak into the circulation and become de-
tectable in blood. Larger stratified approaches are clearly needed
to define the role of APC-like neutrophils in different infectious
scenarios, locally and systemically, in clinically and microbio-
logically well-defined patient subgroups.

The presence of cross-presenting neutrophils in patients with
sepsis is intriguing and may point to an essential role of APC-like
neutrophils in acute disease. Sepsis patients who survive the pri-
mary infection often show signs of reduced surface expression of
HLA-DR on monocytes and a relative tolerance of monocytes to
LPS stimulation (47). As consequence of what is generally per-
ceived as a loss of immune function, many patients are susceptible
to subsequent nosocomial infections, including reactivation of
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FIGURE 6. Cross-presentation of exogenous Ags by unconventional T cell-primed neutrophils and sepsis neutrophils. (A) IFN-y production by Ag-
specific CD8" T cells in response to neutrophils cultured for 48 h in the presence of HMB-PP-activated Vy9/V32 T cell- or anti-CD3/CD28-activated
MAIT cell—conditioned medium (top), or neutrophils cultured for 48 h with the recombinant cytokines indicated (botfom). Neutrophils were pulsed for 1 h
with 0.1 uM influenza M1(p58-66) peptide or for 18 h with recombinant M1 protein (means + SD, n = 3). Data were analyzed by two-way ANOVA with
Bonferroni’s post hoc tests; comparisons were made with freshly isolated neutrophils. (B) Failure of M1 protein to be pulsed directly onto neutrophils, as
judged by IFN-y production of Ag-specific CD8" T cells alone or in response to neutrophils cultured for 48 h in the absence or presence of HMB-PP—
activated Vy9/V82 T cell- or anti-CD3/CD28-activated MAIT cell-conditioned medium. Neutrophils were pulsed for 1 h with either 0.1 M influenza M1
(p58-66) peptide or 1 uM recombinant M1 protein; CD8" T cells were incubated directly with the peptide or M1 protein (means + SD, n = 2). (C) IFN-y
production by M1-specific CD8" T cells in response to freshly isolated neutrophils loaded with 0.1 wM synthetic M1(p58-66) peptide or 1 uM M1 protein.
Data shown are representative of three HLA-A2" sepsis patients and three HLA-A2" healthy volunteers as controls. Sepsis patients recruited for these APC
assays had confirmed infections as identified by positive culture results: Escherichia coli (urine), Klebsiella pneumoniae (respiratory culture), and
Staphylococcus epidermidis (blood), respectively. (D) Summary of all stimulation assays conducted, shown as percentage of IFN-y—positive CD8" T cells
in response to freshly isolated neutrophils loaded with peptide or the indicated concentrations of M1 protein (means = SD, n = 3). Data were analyzed by
two-way ANOVA with Bonferroni’s post hoc tests. Differences were considered significant as indicated: *p < 0.05, **p < 0.01, ***p < 0.001.

latent viruses that are associated with high mortality rates (48, 49). response to microbial stimulation (A. Liuzzi and M. Eberl, un-
Trials specifically targeted at reversing this apparent monocyte published observations). Although we cannot rule out a further
deactivation have shown promising clinical results (50). However, contribution of contact-dependent mechanisms, this observation
our present findings suggest that HLA-DR expression by circu- builds upon earlier studies describing the generation of human
lating monocytes is a poor surrogate marker for a systemic neutrophils expressing MHC class II through the action of re-
immune suppression and rather indicate that, contrary to the combinant cytokines in vitro (22, 51-56) and in vivo (57-59).
proposed general loss of function, certain cells such as neutrophils Previous investigations reported an upregulation of MHC class II
may actually assume APC properties under such conditions, as on activated neutrophils under the control of GM-CSF and IFN-v,
evidence of a gain of new function. Yet, with a complex and albeit the physiological source of those mediators during acute
multilayered clinical phenomenon such as sepsis it is challenging infection was not defined. Most importantly, in this study, we
to dissect the relevance of APC-like neutrophils for infection describe a direct role for TNF-a in the efficient induction of MHC
resolution and clinical outcome in vivo. class I-restricted CD8" T cell responses by neutrophils. Of note,

With their unique ability to recognize microbial metabolites in plasma from sepsis patients was previously shown to induce some
a non-MHC-restricted manner, unconventional T cells such as (upregulation of CD64), but not other features (upregulation of
Vy9/V32 T cells and MAIT cells greatly outnumber Ag-specific CDl11b, loss of CD62L) (60) that are characteristic for uncon-
conventional CD4* and CD8" T cells at the site of infection and ventional T cell-primed neutrophils, indicating that circulating
represent early and abundant sources of proinflammatory cyto- cytokines alone do not confer APC properties. In support of local
kines (23, 27), among which GM-CSF, IFN-vy, and TNF-a each cell-mediated processes at the site of inflammation, our findings
make key contributions. Although conventional T cells may pro- evoke earlier descriptions of APC-like neutrophils characterized
duce a similar combination of cytokines and provide similar sig- by MHC class II expression in infectious and noninfectious in-
nals to neutrophils, preliminary findings in our laboratory indicate flammatory scenarios such as periodontitis (17) and tuberculous

that Vy9/V32 T cells and MAIT cells represent together up to pleuritis (20), in which locally activated Vy9/V82 T cells were
50% of all TNF-a—producing T cells among peritoneal cells found (61-63). These associations lend further support to the
stimulated with bacterial extracts, suggesting that these two cell existence of a peripheral immune surveillance network comprised
types are indeed major producers of proinflammatory cytokines in of distinct types of unconventional T cells and their crosstalk with
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pathogen clearance, neutrophils release microbial metabolites into the microenvironment, where they stimulate local or freshly recruited unconventional
T cells to release proinflammatory cytokines. (B) In the presence of unconventional T cell-derived mediators such as GM-CSF, IFN-vy, and TNF-a, by-
stander neutrophils acquire the capacity to act as APCs for tissue-resident and/or newly arriving effector and memory CD4* and CD8* T cells. Activated
neutrophils may also gain access to inflamed draining lymph nodes and prime T cell responses in secondary lymphoid tissues (not depicted).

local immune and nonimmune cells. In the absence of uncon-
ventional T cell-derived signals, such as during sterile inflam-
mation induced by LPS administration (64), neutrophils may not
become fully primed, in accordance with our failure to induce
APC-like neutrophils using LPS alone. Of note, a possible feed-
back regulation may require the activation of unconventional
T cells to reach a certain threshold to overcome the inhibitory
effect of bystander neutrophils (65-67).

Our present data demonstrate that both isoprenoid and riboflavin
precursors are released by human neutrophils upon phagocytosis of
live bacteria and depend on uptake by monocytes and loading onto
butyrophilin 3A and MR1, respectively. The surprising similarities
between Vy9/V32 T cells and MAIT cells illustrate their over-
lapping, yet distinct roles. Given the broad distribution of the
nonmevalonate and riboflavin pathways across pathogenic, op-
portunistic, and commensal species, the vast majority of invading
microbes is likely to be detected by either Vy9/V32 T cells or
MAIT cells, or both. Our analysis of sepsis patients identified
a systemic mobilization of Vy9/V32 T cells in response to HMB-
PP—producing species, in support of their differential responsive-
ness to distinct groups of bacteria (28, 46). Because the present
clinical study was conceived before information about the re-
sponsiveness of MAIT cells for riboflavin metabolites became
available in the literature, we did not conduct a differential anal-
ysis for MAIT cells during acute sepsis. Of note, except for two
cases of streptococcal infections, all bacterial and fungal patho-
gens identified in this patient cohort in fact possessed the ribo-
flavin pathway, that is, were theoretically capable of stimulating
MAIT cells. Intriguingly, Grimaldi et al. (68) recently reported
a specific depletion of peripheral MAIT cells in sepsis patients
with nonstreptococcal (i.e., riboflavin-producing) bacteria com-
pared with infections caused by riboflavin-deficient species,

which may indicate differences in the recruitment and retention
of different types of unconventional T cells at sites of infection,
depending on the nature of the causative pathogen and the un-
derlying pathology (69-72). The contribution of tissue-resident
and freshly recruited unconventional T cells to acute inflam-
matory responses has implications for clinical outcome and for
the development of novel diagnostics and therapeutic inter-
ventions (46).

Taken together, our present study provides evidence 1) that
Vv9/V82 T cells and MAIT cells respond similarly to microbial
pathogens that produce the corresponding ligands when phago-
cytosed by human neutrophils, 2) that, once activated, both types
of unconventional T cells trigger longer-term survival and dif-
ferentiation of neutrophils into APC-like cells, 3) that unconven-
tional T cell-primed neutrophils readily process exogenous Ags
and prime both CD4" and CD8" T cells, and 4) that circulating
neutrophils from patients with acute sepsis possess a similar APC-
like phenotype and are capable of cross-presenting soluble pro-
teins to Ag-specific CD8* T cells ex vivo. These findings define
a possible physiological context for the generation of APC-like
neutrophils in response to a broad range of microbial pathogens
and imply a unique and decisive role for human unconventional
T cells in orchestrating local inflammatory events and in shaping
the transition of the innate to the adaptive phase of the antimi-
crobial immune response, with implications for diagnosis, therapy,
and vaccination.
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SUPPLEMENTAL FIGURE 1. Flow cytometric gating strategies for human neutrophils
and Vy9/Vo2 T cells. (A) For immunophenotyping of peripheral leukocytes, whole white
blood cells were isolated from healthy donors or patients with sepsis. Cells were gated on
single live cells and segregated by their appearance in forward and side scatter. Neutrophils
were positively identified by their surface expression of CD15 and lack of CD14. Vy9/Vé2 T
cells were positively identified by their surface expression of CD3, TCR-Vy9 and TCR-V32.
FACS plots are representative of 37 sepsis patients and 10 healthy donors. (B) For functional
assays, neutrophils were isolated by negative selection from the blood of healthy donors or
patients with sepsis, using the EasySep neutrophil enrichment kit that depletes all other human
blood cells by specifically targeting CD2, CD3, CD9, CD19, CD36, CD56 and glycophorin A
(StemCell Technologies). Purities were confirmed by the percentage of cells expressing
CD66b but lacking CD14. FACS plots are representative of 5 sepsis patients and 15 healthy
donors.
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ABSTRACT

Aminobisphosphonates (NBPs) are used widely against excessive bone resorption in osteoporosis and Paget’s disease as well as in
metastatic bone disease and multiple myeloma. Intravenous NBP administration often causes mild to severe acute-phase responses
(APRs) that may require intervention with analgesics and antipyretics and lead to treatment noncompliance and nonadherence. We here
undertook a phase IV safety trial in patients with osteoporosis to investigate the APR of otherwise healthy individuals to first-time
intravenous treatment with the NBP zoledronate. This study provides unique insight into sterile acute inflammatory responses in vivo, in
the absence of confounding factors such as infection or cancer. Our data show that both peripheral y3 T cells and monocytes become
rapidly activated after treatment with zoledronate, which ultimately determines the clinical severity of the APR. Our study highlights a
key role for IFN-vy in the zoledronate-induced APR and identifies pretreatment levels of monocytes and central/memory Vy9/V82 T cells
as well as their responsiveness to zoledronate in vitro as predictive risk factors for the occurrence of subclinical and clinical symptoms.
These findings have diagnostic and prognostic implications for patients with and without malignancy and are relevant for Vy9/V32 T-

cell-based immunotherapy approaches. © 2013 American Society for Bone and Mineral Research.

KEY WORDS: AMINOBISPHOSPHONATES; vd T CELLS; ACUTE-PHASE RESPONSE; OSTEOPOROSIS; IMMUNOTHERAPY

Introduction

here is increasing evidence that v T cells play a key role in
orchestrating and regulating immune responses in humans
and in animal models.""’ Our own recent findings demonstrate
that a rapid crosstalk of human & T cells and monocytes drives
acute inflammatory responses, which may contribute to
pathogen clearance and protective immunity but may also lead
to tissue damage and poor clinical outcome.*® For reasons
not yet understood, human v& T cells differ fundamentally
from those found in nonprimate species, and hence no small
animal model replicates the complex interactions between v T
cells and other immune and nonimmune cells in the human
body.**)
Nitrogen-containing bisphosphonates, or aminobisphospho-
nates (NBPs), are effective drugs against excessive bone

resorption in osteoporosis, Paget's disease, metastatic bone
disease, and multiple myeloma. Despite their overall safety, NBP
therapy is frequently associated with mild to severe inflamma-
tory events, which may require intervention with analgesics and
antipyretics and lead to treatment noncompliance and non-
adherence.®” Treatment with intravenous NBPs such as
pamidronate (Aredia; Novartis, Basel, Switzerland) and zoledro-
nate (Aclasta/Zometa; Novartis) may cause systemic acute-phase
responses (APRs) characterized by fever, pain, nausea, and
fatigue in up to 50% of all patients within 48 hours after
administration. These flu-like symptoms are typically transient,
resolve spontaneously, and are accompanied by decreased
lymphocyte counts and elevated levels of the pro-inflammatory
cytokines IL-6, IFN-y, and TNF-0.2~"" The APR upon intravenous
treatment with NBPs is most severe in first-time treated patients,
whereas subsequent further administration induces no APR
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symptoms at all or an APR with much milder outcome than at
first exposure. For instance, in the HORIZON trial, net APR rates
were 30%, 7%, and 3% after zoledronate (ZOL) infusions 1 to 3,
respectively.""""'? The immunological basis for this “tolerance” to
repeated treatment with NBPs is not known.

Kunzmann and colleagues were the first to ascribe a role for y3
T cells in the NBP-induced APR."® Subsequent cell culture-
based studies have elegantly demonstrated that NBPs are potent
stimulators of Vy9/V82" 8 T cells in vitro."*'® To act on
Vy9/Va2 T cells, NBPs depend on uptake by monocytes and other
endocytically active cell types, in which they inhibit farnesyl
pyrophosphate synthase (FPPS), a key enzyme in the biosynthe-
sis of sterols, ubiquinones, and other isoprenoids via the
mevalonate pathway. Preferential uptake by osteoclasts and
subsequent inhibition of FPPS is the prime mechanism of action
in the NBP-mediated prevention of bone resorption. However,
FPPS inhibition in osteoclasts, monocytes, and other cells also
leads to intracellular accumulation of upstream metabolites
including dimethylallyl pyrophosphate (DMAPP), isopentenyl
pyrophosphate (IPP), and an ATP conjugate of IPP (Apppl), which
may function as “danger” signals and be sensed by Vy9/Vd2 T
cells via a largely unknown mechanism."'®

Despite the wealth of data from in vitro experiments, there has
been a paucity of studies addressing the cellular events in vivo in
NBP-treated patients. We here wished to study the physiological
consequences of the human y3 T-cell interaction with mono-
cytes in vivo and provide unique insight into purely yd T cell-
mediated responses in the absence of confounding factors, by
investigating the immune response of otherwise healthy
individuals with osteoporosis to first-time administration of
intravenous ZOL. During the revision process of the present
study, Kalyan and colleagues reported the presence of
circulating monocytes with increased forward scatter in ZOL-
treated osteoporosis patients, yet did not characterize these cells
further nor give any indication as to the time frame of this
response.?” Our own findings show that both v3 T cells and
monocytes become rapidly activated after treatment with ZOL,
thus providing proof-of-concept for the crosstalk of both cell
types in vivo. Moreover, our study highlights a key role for IFN-y
in the NBP-induced APR and identifies pretreatment levels of
monocytes and Vy9/V32 T cells as well as the proportion of
central/memory Tcy cells within the Vy9/V32 T-cell population
and their in vitro responsiveness to ZOL as predictive risk factors.

Materials and Methods

Patients

This study was approved by the South East Wales Local Ethics
Committee under reference number 10/WSE04/52, EudraCT
number 2009-017369-47, and conducted according to the
principles expressed in the Declaration of Helsinki and under
local ethical guidelines. All patients provided written informed
consent. The study cohort comprised 19 healthy nonsmoking
adult females with postmenopausal osteoporosis and a bone
density T-score of —2.5 or worse at either total spine, total hip, or
neck of femur when measured by dual-energy X-ray absorpti-
ometry (DXA). The mean age was 68 years (range 57 to 79 years).

All study participants were NBP naive and attended outpatient
appointments at Cardiff Royal Infirmary for first-time infusion of
5mg ZOL (Aclasta). Inclusion criteria included no contra-
indications to treatment with intravenous NBPs; normal
creatinine clearance levels of >35 mL/min; and normal vitamin
D levels of 30 to 100 pg/L. Exclusion criteria included a body
temperature >38.5°C at first visit; participation in another
therapeutic trial within 20 days of consent; history of illness that
might compromise participation such as drug or alcohol abuse;
hypocalcaemia (<2.2 mmol/L corrected); and current use of oral
steroids or other immunosuppressive agents. Vital signs such as
resting pulse, resting blood pressure, and oral temperature and
APR symptoms were recorded before treatment (day 0) and on
days 1, 3, and 9 post infusion; cumulative APR scores (0 to 4)
comprised one or several of the following symptoms for at least
24 hours after treatment: fatigue, muscle pain, headache, and/or
joint pain. Blood parameters recorded included white blood cell
(WBC) counts, erythrocyte sedimentation rates (ESR), and plasma
levels of C-reactive protein (CRP) as markers of inflammation.
From all patients, 15mL of blood were drawn on each visit;
PBMCs were isolated using Lymphoprep (Axis-Shield, Dundee,
United Kingdom) and wused directly for multicolor flow
cytometric analyses or stored in liquid nitrogen for later
stimulation assays.

Flow cytometry

Freshly isolated PBMCs were stained using monoclonal antibodies
against CD3 (SK7 and UCHT1), CD4 (SK3), CD8 (HIT8a), CD25
(M-A251), CD27 (M-T271), CD56 (B159), CD69 (FN50), and HLA-DR
(L243) from BD Biosciences, Oxford, United Kingdom; Vvy9
(Immu360) and CD40 (MAB89) from Beckman Coulter, High
Wycombe, United Kingdom; NKG2D (1D11), CD14 (61D3), CD19
(SJ25C1), CD45RA (HI100), and CD80 (2D10.4) from eBioscience,
Hatfield, United Kingdom, together with appropriate isotype
controls. Cells were acquired on an eight-color FACSCanto Il (BD
Biosciences) and analyzed with FloJo 7.6 (TreeStar, Ashland, OR,
USA). Leukocyte populations were identified based on their
appearance in side scatter and forward scatter area/height,
exclusion of live/dead staining (fixable Aqua; Invitrogen, Paisley,
United Kingdom), and surface staining: CD3-CD56" NK cells,
CD3~CD14" monocytes, CD3-CD19" B cells, and CD3™ T cells. T-
cell subsets were identified as CD3"CD4"CD8 V9~ helper T cells,
CD3"7CD4 CD8"Vy9~ cytotoxic T cells, CD37CD56"Vy9~ NKT
cells, and CD3TVy9" 8 T cells.

Plasma analysis

Plasma samples were collected before PBMC separation and
stored at —80°C. At the end of the study, all samples were
analyzed together on a SECTOR Imager 600 (Meso Scale
Discovery, Rockville, MD, USA) for IL-1B, IL-2, IL-6, IL-10, IL-
12p70, CXCL8, GM-CSF, IFN-y, and TNF-a (Human Pro-Inflam-
matory 9-Plex Assay Ultra-Sensitive Kit; Meso Scale Discovery). In
addition, CXCL10 and IL-17 were measured on a Dynex MRX I
reader, using conventional ELISA kits (R&D Systems, Abingdon,
United Kingdom).
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Cell culture

The medium used was RPMI-1640 with 2 mM L-glutamine, 1%
non-essential amino acids, 50 pg/mL penicillin/streptomycin,
and 10% fetal calf serum (Invitrogen). Frozen PBMC samples
were defrosted and cultured for 24 hours in medium or with
10 wM ZOL (Zometa). Activation of Vy9/V32 T cells was analyzed
by flow cytometry using antibodies against CD3, Vy9, and CD69;
levels of IFN-y were measured on a Dynex MRX Il reader, using
conventional ELISA kits (R&D Systems).

Statistical analysis

Differences between groups were analyzed using paired
Student’s t tests for normally distributed data or Wilcoxon
signed-rank matched pairs for nonparametric data using
GraphPad Prism 4.03 software. Advanced statistical analyses
were performed using SPSS 18.0. Differences between IFN-y
levels in groups with pretreatment frequencies of Vy9/V82 T cells
above or below the mean were analyzed using independent t
tests. Pearson’s correlations were used to assess any relation-
ships between variables; nonparametric variables not passing
the Shapiro-Wilk test were log-transformed as done for plasma
levels of IFN-y and TNF-a on day 1 and all IL-6 levels. Predictive
biomarkers were assessed using linear regression; statistically
significant (p < 0.05) variables from univariate analyses were
included in multiple regression analyses based on backward
selection. All statistical tests were two-tailed. Box-and-whisker
plots depict minimum, 25th percentile, median, 75th percentile,
and maximum values; arrows in Fig. 5 and Supplemental Figs. S1
and S2 depict significant correlations as assessed by Pearson’s
correlations and/or regression analyses as specified in the figure
legends. Asterisks indicate statistically significant differences to
pretreatment values as indicated in the table and the figures:
*p < 0.05; “*p < 0.01; **p < 0.001.

Results

First-time intravenous administration of ZOL causes APRs
in osteoporosis patients

Upon first-time intravenous treatment with ZOL, the majority of
patients experienced at least one APR symptom on day 1 (12/19)
and day 3 (15/19) after treatment, two-thirds of which
experienced at least two APR symptoms on day 1 (7/19) and
day 3 (10/19). Nine days after treatment, 7/19 patients still had an
APR score of > 1. In line with the occurrence of APR symptoms,
oral temperatures and pulse rates of patients were elevated on
day 1 (Fig. 1). These changes were accompanied by a temporary
drop in WBC (p < 0.05) and a concomitant rise in ESR (p < 0.01)
on day 3 compared with baseline (not shown). Plasma levels of
CRP were elevated on days 1 and 3 but returned to baseline by
day 9 in most patients. Of note, all patients (19/19) showed
considerable increases in CRP levels by day 3, and increases in
CRP levels from baseline to days 1 and 3 correlated well with
cumulative APR scores on days 1 and 3 (Table 1). These findings
indicate not only that plasma CRP accurately reflected the
severity of the APR but also that all patients showed an objective
response to ZOL, albeit in many cases subclinically.
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Fig. 1. Acute-phase response to intravenous ZOL in female osteoporosis
patients. Cumulative APR scores, CRP plasma levels, resting body tem-
peratures, and pulse rates immediately before and 1, 3, and 9 days after
intravenous ZOL administration. Differences were assessed using Stu-
dent’s t tests.

ZOL treatment induces systemic activation of vd T cells

To investigate the immunological basis of the APRs in our patient
cohort and to be able to identify biomarkers that may correlate
with, or even predict, the increase in CRP levels or the extent of
the clinical symptoms experienced, we measured a comprehen-
sive range of humoral and cellular immune parameters of
possible relevance in the APR. On the cellular level, we detected a
temporary drop in peripheral Vy9/Vd2 T cells (measured as
proportion of all circulating T cells) from 2.94+0.8% (mean
=+ SEM) down to 2.1 4+ 0.7% on day 3 (p < 0.05); these frequencies
returned to baseline levels by day 9 (Fig. 2A). In contrast,
proportions of CD4" and CD8" T cells were not affected (data
not shown). This transient ~30% decrease in Vy9/V32 T cells was
similar to the findings by Thompson and colleagues"® in ZOL-
treated osteoporosis patients and confirms the specificity of ZOL
for Vy9/Vd2 T cells. Direct evidence for activation of Vy9/Vd2 T
cells was obtained by measuring surface expression of CD25,
CD69, HLA-DR, and NKG2D. Although CD25 levels remained
low throughout the study period, CD69, HLA-DR, and NKG2D
showed a significant upregulation on Vy9/V32 T cells
after treatment (Fig. 2B). Moreover, the distribution of
Vy9/V82 T-cell memory subsets changed significantly in that
the proportion of CD27"CD45RA™ central memory (Tcy) cells
dropped, whereas CD27 CD45RA™ effector/memory (Tgy) cells
and CD27 CD45RA™ terminally differentiated effector/memory
(Temra) cells increased after treatment (Fig. 2C). These changes in
the distribution of memory subsets were detectable for at least
9 days after treatment and indicated a longer-lasting systemic
effect of ZOL on the Vy9/V82 T-cell compartment beyond the
initial APR.
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Table 1. Correlations of CRP Values With APR Scores and
Immune Biomarkers

CRP increase

Parameter Day 1 Day 3
APR Day 1 0.510" 0.690"
Day 3 0.532" 0.806™"
IFN-y Day 1 0.654"* 0.508
Day 3 0.452 0.245
IL-6 Day 1 0.595" -0.135
Day 3 -0.471 —-0.154
% Vy9T Day 0 0.637** 0.325
Day 1 0.588" 0.706"
Day 3 0.400 0.464
Day 9 0.632"" 0.365

Note: CRP increases above baseline were calculated by subtracting
day 0 values. APR scores were expressed as cumulative symptoms on
day 1 (score 0 to 4) or days 1 and 3 (score 0 to 8). Biomarkers analyzed
before treatment (day 0) and on days 1, 3, and 9 after ZOL administration
included plasma levels of IFN-y and IL-6 (in pg/mL), and the frequency of
Vy9™ cells within the peripheral T-cell population. Values shown are
Pearson’s coefficients (r). Numbers in italics indicate nonsignificant
correlations.

*p < 0.05.

**p <0.01.

ZOL treatment induces systemic activation of monocytes

Vy9/Vd2 T cells only respond to NBPs after uptake by monocytes
or other endocytically active cells."”'>2" Because Vy9/V52 T
cells stimulate monocyte survival and activation in vitro,?* we
next examined the effects of ZOL administration on the
circulating monocyte population in vivo. Of note, we detected
a pronounced increase in the proportion of monocytes among
total PBMCs on day 1 (Fig. 3). However, it is not clear whether this
constituted a specific expansion of monocytes, as we detected a
similar increase in B cells and a parallel drop in T cells (data not
shown). This notwithstanding, there was a significant increase in

the surface expression of CD14, CD40, CD80, and HLA-DR at 1 to
3 days after treatment, indicative of a considerable but transient
activation of monocytes in vivo (Fig. 3) and evoking our earlier
demonstration of an intimate crosstalk between y3 T cells and
monocytes in vitro.”)

The ZOL-induced APR is characterized by elevated
plasma cytokine levels

We next measured a range of soluble mediators in patient
plasma, especially those that are associated with Vy9/V82 T-cell
and/or monocyte responses. Among these, a sharp peak on day 1
was observed for IFN-y, with an average increase of ~50-fold
over baseline (Fig. 4). Less pronounced but nevertheless
significant changes on day 1 were also detected for TNF-a
and IL-6, in accordance with earlier studies.®'®?? |n addition,
changes were seen for IL-2, IL-10, and GM-CSF (Fig. 4) as well as
CXCL10 (data not shown). To our knowledge, the latter four
factors have not been implicated in the APR to NBPs before. In
contrast to these effects, plasma levels of IL-1B, IL-12p70, and
CXCL8 (Fig. 4) as well as IL-17 (data not shown) did not change
upon treatment with ZOL. These findings suggest that the APR to
ZOL, evidenced by the occurrence of clinical symptoms and
elevated CRP levels peaking at day 3, is preceded by a rapid and
transient production of a distinct set of inflammatory mediators
on day 1. Many of these factors were previously shown to play a
role in the crosstalk between activated Vy9/Vd2 T cells and
monocytes (IFN-y, TNF-o;, GM-CSF, IL-6, CXCL10).?

IFN-y takes center stage in the APR to ZOL

In an attempt to delineate the molecular and cellular events after
systemic ZOL administration leading to the development of APR
symptoms, we performed a detailed statistical analysis of a large
range of humoral and cellular parameters, including the
proportions of monocytes, B cells, NK cells, Vy9/Vd2 T cells,
CD4 and CD8 T cells, and their expression of markers associated
with activated cells (CD25, CD69, NKG2D), antigen-presenting
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Fig. 2. Activation of peripheral y8 T cells after ZOL treatment. Proportion of Vy9™ T cells as percentage of all circulating CD3* T cells (A); their surface
expression of CD25, CD69, HLA-DR, and NKG2D (B); and the relative proportion of CD27"CD45RA™ naive cells, CD27YCD45RA™ Tcy cells,
CD27 CD45RA™ Tgy cells, and CD27 CD45RA™ Tewmra cells amongst circulating Vy97CD3™ T cells (C). Differences were assessed using Student’s t-tests.
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Fig. 3. Activation of peripheral monocytes after ZOL treatment. Propor-
tion of CD14™ monocytes as percentage of all PBMCs as well as surface
expression of CD14 (geometric mean fluorescence intensity [MFI]) and
CD40, CD80, and HLA-DR on circulating CD14" monocytes. Differences
were assessed using Wilcoxon's signed-rank tests for CD40 levels on
day 3 and Student’s t tests for all other parameters.

cells (CD40, CD80, HLA-DR), and/or memory cells (CD27,
CD45RA). Amongst these parameters, we identified a positive
correlation between IFN-y levels on either day 1 or day 3 and the
expression of CD69 on Vy9/Vd2 T cells on day 1 or day 3
(Supplemental Fig. STA-D). CD69 expression on Vy9/Vd2 T cells
on day 3 also correlated moderately with plasma TNF-a levels on
day 3 (Supplemental Fig. S1D). Moreover, pretreatment
frequencies of Vy9/V82 T cells ultimately determined IFN-y
levels on day 1 (Supplemental Fig. S1A), and pretreatment
proportions of Ty cells within the Vy9/V32 T-cell population
accurately predicted the levels of IFN-y (Supplemental Fig. S1A)
as well as TNF-a (Supplemental Fig. S1E) detected on day 1. No
further post-treatment correlations were found between other
cellular parameters and plasma cytokine/chemokine levels,
except for a correlation between IFN-y levels on day 1 and
activation on NK cells on day 1 (Pearson'’s coefficient, r = 0.640"")
or day 3 (r=0.766""), measured as CD69 expression on CD56"
CD3™ cells (not shown). Taken together, these findings are
consistent with the view that activated Vy9/V82 T cells
are the prime source of the elevated levels of IFN-y in the
circulation, and that activated Vy9/V82 T cells may also induce
IFN-y production by other cell types such as NK cells.*® A
proposed model incorporating the described correlations is
shown in Fig. 5. Of note, the depicted associations do not
represent the result of a comprehensive path analysis or causal
modeling but are derived from nonindependent regression
models (individual Pearson’s correlations and separate multivar-
iate analyses by backward selection as summarized in Table 1
and Supplemental Figs. S1 and S2) and should thus be
interpreted with caution because of the potential inclusion of
type | errors.

The occurrence of a specific monocyte-yd T-cell crosstalk in
ZOL-treated patients was supported by the demonstration that

IFN-y TNF-a GM-CSF

1,000 ahx 1,000 100

2 8
[ [H
i
*
=
2
{4
T

lalpd ozodi

0.1 1 0.01
IL1p IL-2 L6
= 100 100 1,000
£
2 o 10 b 100 -
o) dex
3 1 1 107 @%
[0]
E o1 1 01 | l 1-% Q
@©
L o0 0.01 0.1/
IL10 IL12 CXCLS8
1,000 - 1,000+ 1,000+
100 é 100 100
10 101 101
- SRTS
1 1 J 14
0.1 0.1 0.1
001 3 9 01 3 9 01 3 9
Day post-treatment

Fig. 4. Increased plasma cytokines and chemokines after ZOL treatment.
Plasma levels of the markers indicated as determined by multiplex ELISA.
Differences were assessed using Wilcoxon'’s signed-rank tests for IL-183,
IL-6, IL-10, and IL-12 levels and Student’s t tests for all other soluble
mediators.

pretreatment frequencies of monocytes in PBMCs but no other
pretreatment parameters correlated directly with the activation
levels of Vy9/V82 T cells on day 1, day 3, and day 9, expressed as
proportion of CD69™ cells (Supplemental Fig. S1F). Vice versa,
there was a modest correlation between the frequency of Vy9/
V82 T cells on day 1 and the activation status of monocytes on
day 1 (Pearson’s coefficient, r=0.495") and day 3 (r=0.557"),
expressed as CD40 surface levels (not shown).

Of all humoral parameters measured, day 1 levels of IFN-y (and
IL-6) correlated with increased CRP levels on day 1 (Table 1)
(Supplemental Fig. S2A, B). Using linear regression, only IFN-y
levels on day 1 were predictive of total APR symptoms
(Supplemental Fig. S2A). No further correlations were found
between other plasma cytokines/chemokines and CRP levels or
APR symptoms. Taken together, these data emphasize a crucial
and previously underestimated role for IFN-y in the development
of a ZOL-induced APR. Of note, CRP levels also correlated
with pre- and post-treatment frequencies of Vy9/Vd2 T cells,
indicating that the extent of the APR upon ZOL administration is
influenced by the number of ZOL-responsive Vy9/Vd2 T cells
(Table 1). In accordance with previous findings,** high Vy9/V52
T-cell frequencies were indeed associated with an increased risk
of APRs. Patients with pretreatment Vy9/V82 T-cell percentages
greater than the median of 3% had significantly higher levels of
IFN-y on day 1, with a mean difference of 127 pg/mL (confidence
interval 31 to 223 pg/mL; p < 0.05).
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Fig. 5. Proposed relationships of pre- and post-treatment immune
parameters, in vitro biomarkers, and clinical response. Biomarkers ana-
lyzed before treatment (day 0) and on days 1, 3, and 9 after ZOL
administration included plasma levels of IFN-y, TNF-a, IL-6, and CRP;
the proportion of CD14" monocytes among PBMCs; the frequency of
V9™ cells within the peripheral T-cell population; and the percentage of
CD271CD45RA™ Ty cells and CD69" cells within the Vy9' T-cell
population. In vitro parameters determined included concentrations of
IFN-y secreted into the culture supernatant and the percentage of CD69™"
Vy9/V32 T cells after overnight stimulation of pretreatment PBMCs with
ZOL. APR scores were calculated as cumulative APR symptoms on days 1
and 3 after ZOL administration.

The in vitro responsiveness of pretreatment PBMCs
to ZOL predicts the APR in patients receiving
intravenous ZOL

Having established the crucial role of Vy9/V82 T cells, monocytes,
and IFN-y in the APR to ZOL, we finally tested whether the
response of pretreatment PBMCs to ZOL in vitro could predict
the APR in vivo. Activation markers determined included
the expression of CD69 on Vy9/V32 T cells and levels of
IFN-y in the culture supernatants after overnight stimulation with
ZOL. Statistical analyses demonstrated that the in vitro
responsiveness of PBMCs before treatment indeed predicted
the development of clinical symptoms and the levels of certain
blood biomarkers. As such, CD69 expression on Vy9/V82 T cells
after ZOL stimulation in vitro correlated with the IFN-y
concentrations in the culture supernatant of ZOL-stimulated
PBMCs as well as with plasma levels of IFN-y on day 1 in treated
patients (Supplemental Fig. 52C). Moreover, the IFN-y production
by ZOL-stimulated PBMCs correlated with plasma levels of IL-6
and CRP on day 1 as well as with cumulative APR scores by
day 3. These associations between in vitro and in vivo
parameters remained significant in multiple regression analyses
(Supplemental Fig. S2D) and are summarized in the proposed
model depicted in Fig. 5. Taken together, our findings
demonstrate that a simple screening test to help identify
individuals at risk of severe side effects upon intravenous NBP
treatment may be feasible.

Discussion

The present phase IV safety trial is the most comprehensive study
so far on the cellular immune response after intravenous NBP
administration and provides evidence that both Vy9/Vd2 T cells
and monocytes are involved in mediating the APR in vivo.
Moreover, our study identifies a key role for IFN-y in the NBP-
induced APR, which may be of diagnostic and prognostic value
and have implications for patient management. Given the
proven efficacy of NBPs to reduce the risk of fractures that
are associated with high mortality, a simple test predicting the
likelihood of a severe APR would allow the attending clinician to
tailor medication to the individual and improve adherence to
intravenous NBPs.

Our findings identify pretreatment frequencies of peripheral
monocytes and Vy9/V32 T cells as well as the proportion of
CD27%CD45RA™ Te cells within the Vy9/V82 T-cell population
and their responsiveness to ZOL in vitro as important predictors
of the extent of pro-inflammatory cytokine production 24 hours
after treatment. Incidentally, the cut-off value of >3% Vy9/Vd2 T
cells identified by us above which patients showed considerably
elevated IFN-y levels at day 1 is in remarkable agreement with
the failure of Rossini and colleagues to observe an APR in ZOL-
treated osteoporosis patients who had pretreatment frequencies
below 3% 3 T cells.?” These observations imply that the age
and sex bias in peripheral Vy9/V82 T cells, which are higher in
younger individuals and in women, is an important determinant
of the APR incidence in different patient groups.?*?*

Our study also shows that ZOL administration caused a
significant (albeit transient) drop in peripheral Vy9/Vd2 T cells
and a longer-lasting reduction in the percentage of Ty cells
among them. Earlier studies reported a similar drop in circulating
Vy9/V82 T cells in osteoporosis patients after receiving a single
dose of ZOL"® and a loss of Tem cells in cancer patients treated
repeatedly with ZOL.*-2® As the loss of Tey cells occurring after
a single administration of ZOL may last for at least a year,* the
qualitative and quantitative long-term effects of NBPs on the
Vy9/V82 T-cell compartment appear to be the underlying basis
for the general absence of adverse events in patients receiving
repeat treatments."?* However, this correlation between the
numbers of Ty cells in the circulation, the plasma levels of IFN-y
reached shortly after ZOL treatment, and the occurrence of APR
symptoms is seemingly at odds with the present paradigm in
Vy9/V32 T-cell biology.®? Tew cells are generally perceived as
cells with high proliferative capacity but only modest cytokine
production, as opposed to Tgy and Temra cells, which proliferate
poorly but produce copious amounts of cytokines upon
restimulation. Our findings suggest that, in fact, activated Ty
cells are the major source of the IFN-y detected in the circulation
after ZOL treatment, emphasizing the importance of in vivo
studies in patients.

It is known from cell culture experiments that NBP-driven Vy9/
V32 T-cell responses are sensitive to statins.’® By inhibiting 3-
hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase, the rate-
limiting enzyme of the mevalonate pathway, statins lower the
synthesis of all downstream isoprenoids including cholesterol,
which is exploited in the clinic to prevent cardiovascular
diseases. Through the same mechanism, statins also counteract
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the NBP-induced intracellular accumulation of IPP, DMAPP, and
Apppl, and thus inhibit the activation of Vy9/Vd2 T cells in
vitro."? However, studies investigating the efficacy of statins in
preventing the APR to intravenous NBPs have failed to
demonstrate a clinical benefit,""18223132) most ikely because
the plasma concentrations required for effective inhibition of
IPP/DMAPP/Apppl accumulation may not be reached pharma-
cologically. Our present findings suggest that interference with
key players in the NBP-dependent 3 T cell-monocyte crosstalk
such as IFN-y might be an alternative therapeutic approach to
manipulate the APR in patients at risk of severe reactions.

The present study has implications beyond the APR in
osteoporosis patients. Recently, a transient drop in Vy9/Vd2 T-
cell levels was interpreted as extravasation of activated cells into
peripheral tissues,'® evoking similar findings in primate studies
upon intravenous treatment with Vy9/V82 T-cell agonists.®>>¥ It
is interesting to note that in primates activated Vy9/Vd2 T cells
accumulate in the lung where they may confer some degree of
protection against subsequent infection, which may be mirrored
by reports showing that intravenous ZOL treatment has a largely
unexplained beneficial effect in reducing pneumonia-related
mortality.®*)

Our findings also have implications for current attempts to
utilize NBP-based treatment regimes for targeted therapy of
cancer patients. Large cohort studies have shown that ZOL has
beneficial effects beyond improving bone health and may
prolong disease-free and/or overall survival in patients with
breast cancer®® and multiple myeloma.®” The underlying
reason for these direct antitumor properties is not clear but may
involve yd T-cell-mediated effects. ZOL and other NBPs are,
therefore, increasingly moving into the focus of novel
immunotherapeutic approaches, especially in combination
with low-dose IL-2 to boost the expansion and cytotoxicity of
VyOV2 T cells. 27283839 previous studies identified possible
“responders” and “nonresponders” based on the proliferative
capacity of a patient’s Vy9/V32 T cells to NBP stimulation in
vitro."#4%4) However, it remains to be investigated whether
the severity of the APR or levels of early immune biomarkers
such as those described here correlate with long-term clinical
outcomes after administration of NBPs with or without IL-2.

Taken together, our data are consistent with a model in which
intravenously administered ZOL is taken up by monocytes,
which thereby acquire the ability to “present” isoprenoid
metabolites or related structures to Vy9/Ve2 T cells.'”'?
Through mutual crosstalk, both monocytes and Vy9/Vd2 T cells
undergo a series of activation and differentiation steps that
ultimately determine the severity of the APR and replicate similar
events taking place in acute infection.® Although the effects on
circulating monocytes appear to be only transient (be it because
of rapid inactivation, extravasation and/or replenishment from
the bone marrow), the Vy9/V82 T-cell pool shows longer-term
changes in that T¢y cells disappear and Tgy, cells and Tgyra cells
become more prominent. Our findings imply that the gradual
loss of Tey cells and their inability to produce IFN-y is a
major determinant of the reduced risk of experiencing APR
symptoms in patients repeatedly treated with NBPs. Future
studies will reveal whether the immediate response to first-
time NBPs determines clinical outcome in patients with and

without malignancy and whether it has diagnostic and/or
prognostic value for Vy9/Vd2 T-cell-based immunotherapy
approaches.
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Reducing duration of antibiotic therapy without a dimin-
ution in efficacy decreases cost, side effects, antibiotic
related diarrhoea, and bacterial resistance. Havey and
colleagues [1] reported the results of a systematic review
and meta-analysis of antibiotic duration in bacteraemia
and deduced short course therapy (<7 days) might be as
effective as longer treatments. It is surprising given the
obvious benefits and the frequency with which
bacteraemia is documented in critically ill patients that
there is such a paucity of randomised clinical trials
(RCTs) comparing duration of therapy. Only one RCT, in
neonates, had been performed in patients solely with
bacteraemia. Accordingly, Havey and colleagues con-
cluded that duration of antibiotic therapy in bacteraemia
is poorly studied and would benefit from a large RCT.
Daneman and colleagues [2] performed a survey of
Canadian infectious disease and critical care specialists
to gauge the optimal duration of therapy in bacteraemic
critically ill patients. Considerable variability existed
amongst clinicians and undoubtedly reflects the lack of
robust data to guide best practice. However, length of
treatment is only one aspect of optimising outcomes
from antibiotic use. Future RCTs need to take into
account whether adequate source control has been
achieved, as this will bias duration of therapy. Moreover,
it is clear that since many antibiotics deployed in critical
care demonstrate time-dependent Kkilling, inadequate
doses are frequently used, which increases treatment
failure and the emergence of resistance [3,4]. Pharmaco-
kinetic optimisation that ensures adequate time above
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minimum inhibitory concentration should therefore be
an integral component of any trial that compares dura-
tion of antibiotic therapy [5].
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