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Preface

The purpose of this thesis is to document and discuss the various research projects from the
past 3 years at that have my participation and contribution. The topic of my thesis is ‘the
characterization of CD8 T lymphocyte subsets differentiation and their immunometabolic
programming in kidney transplantation’. Before presenting the results of my thesis, | discuss
the following topics in my introduction: kidney allograft transplantation, CD8 T lymphocytes,

and metabolic pathways and how they pertain to the lymphocytes.

The primary role of the immune system is to protect against foreign antigens. Consequently,
the immune system plays a large role in the treatment and care of renal transplant patients.
Lymphocytes are involved in the cell-mediated immune response and can be categorized as
either T or B lymphocytes, depending on their function and place of maturation. T
lymphocytes, in turn, mainly consist of either CD4 or CD8 cells, and both types of cells have
been shown to play important roles in transplantation. End-stage renal disease and kidney
failure can be treated by two methods: dialysis or renal transplantation. Kidney
transplantation is the preferred treatment because it results in a longer life and a higher quality
of life for the patient (Tonelli et al. 2011). However, it is restricted by several logistical and
immunological factors. The main logistical obstacle is the lack of available organs. In 2012,
57,903 patients were registered on the United States kidney transplant waitlist while only
17,287 kidney transplants were performed that year, showing that the need greatly outstrips
organ availability (Department of Health and Human Services 2014). Allograft rejection is the
main immunological barrier that transplant patients face, and immunosuppression therapies
have emerged to treat this problem. CD8 T cells have been shown to play an important role in
cell-mediated injury to renal allografts, and while calcineurin immunosuppressive drugs are
meant to inhibit their alloresponse, CD8 T cells have still been shown to be involved in long-
term graft dysfunction. In the recent years, there has been a renewed interest into investigating

the roles of metabolic pathway into the immune function. Immunometabolic research has
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Preface

shown that lymphocytes use their metabolic pathways for much more beyond energy
production. Lymphocyte differentiation and proliferation are tied to the changes made to the

immunometabolic programming.

The aim of my thesis was to investigate the role of CD8 T cell subsets and the involvement of
their immunometabolic programming in kidney transplant recipients and evaluate the

possibility of using CD8 T cells as biomarkers of allograft rejection.

The appendix contains a summary of my thesis in French, copies of two article manuscripts,
and an overview of the publications, abstracts, and awards that were achieved throughout this
thesis. The first manuscript, entitled “Targeting CD8 T Cell Metabolism in Transplantation”,
is a mini-review article on the topic of immunometabolics in CD8 T in transplantation. It has
been placed in the appendix because the majority of its contents can be found within the body
of this thesis and is therefore redundant. The second manuscript, entitled “B Cell depletion
therapy impact CD8 T cells in ANCA-associated vasculitis” covers a project in which I
participated in the immunophenotyping portion. However, as the main elements of this project

are not related to my thesis, this manuscript has been placed in the appendix.
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Introduction: Transplantation

2.1 Transplantation

Transplantation is the best treatment for end stage organ failure and kidney transplants are the
most commonly perform solid organ transplant procedure performed. Transplantation has
been shown to not only increase the length of survival time of transplant recipients over
dialysis patients but also improve the quality of life of transplant recipients (Burra and De

Bona 2007; Russell et al. 1992).

The surgical procedure for organ transplantation in humans was first attempted by French
surgeons Jaboulay and Carrel in 1906, who attempted to graft a sheep and a pig kidney into
two patients with end-stage renal failure. While their attempts were not successful, they
pioneer the vascular anastomosis technique which is still used in kidney transplantation today.
The first successful human transplant occurred in 1954 when a surgical team lead by Joseph
Murray transplanted a kidney from a healthy individual to his identical twin (Morris 2004;

Merrill et al. 1956).

English scientist Sir Peter Medawar’s work on skin grafts during and following World War |1
was pivotal for advancing the scientific community’s knowledge and understanding
concerning the role of the immune system in transplantation by showing that allograft
rejection was caused by an immunological component (Watson and Dark 2012; Starzl 1995;
Billingham and Medawar 1951; Gibson and Medawar 1943). Additionally, Medawar, along
with his colleagues Billingham and Brent, show that it was possible to induce tolerance in
murine skin graft transplant model (Billingham, Brent, and Medawar 1953). Due to his
contributions to the transplantation field, Medawar is now commonly regarded as the “Father

of Transplantation”.

The most commonly solid organ transplanted is kidney, but the solid organ transplant field

encompasses heart, liver, lung, pancreas, and intestine transplants (Department of Health and
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Introduction: Transplantation

Human Services 2014). The main hurdle that needs to be overcome for a successful kidney
transplantation is rejection. There are three types of rejection: hyperacute rejection, acute
rejection, and chronic rejection. Due to advancements in medical testing, hyperacute rejection
is no longer a concern in modern day transplantation. The current repertoire of
immunosuppressive drugs available on the market has also greatly lowered the occurrence of
acute rejection and as a result, the current 1-year conditional half-life of kidney transplant for
deceased donor transplant is 12.5 years and for living donor transplant is 15.3 years (Figure
1) (Department of Health and Human Services 2014). On the other hand, chronic rejection is
still a major concern for transplant recipients because the cause of chronic kidney rejection is
still unclear and there is currently a lack of proper biomarkers that can accurately predict and

diagnose chronic graft failure (Colvin and Smith 2005).

15
L t///-——
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Figure 1. Half-lives for adult kidney transplant recipients (Department of Health and

Human Services 2014).
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Introduction: Transplantation

Time Post-Transplantation

0 hours 1vyear
Hyperacute Acute Rejection Chronic Rejection
Rejection

Figure 2. The relative timeline of hyperacute, acute, and chronic rejection in transplant

patients.

2.1.1 Hyperacute Rejection

Hyperacute rejection occurs within the first few hours post-transplantation (Figure 2). The
cause is due either to ABO blood type mismatch between the donor and recipient or due to
pre-existing anti-human leukocyte antigens (HLA) donor specific antibodies (Cornell, Smith,
and Colvin 2008; Smith and Colvin 2012; Colvin and Smith 2005). However, hyperacute
rejection is no longer a major concern for current transplant patients because of the HLA
testing and cross-matching that occurs before transplantation. Furthermore, due to organs
shortages and thanks to advancements in induction and immunosuppressive therapy, it is now
possible to successfully carry out ABO incompatible transplants. Additionally, progress in
HLA research has shown that successful long-term allografts depend on more than counting

the number of mismatched antigens.

2.1.1.1 Recipient-Donor Matching: ABO Incompatibility

Blood incompatibility originates from A, B, and H blood group antigens which are expressed
on a variety of different cell types. The H antigen, which is ubiquitously expressed in all
humans, determines blood type O. Individuals of the O blood group possess agglutinins which

are anti-A and anti-B, while individuals with blood type A or B have anti-B or A,
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Introduction: Transplantation

respectively, agglutinins. In the case of a poorly matched blood transfusion, these antibodies
cause a clumping reacting, termed hemagglutination; in transplantation, an ABO-
incompatible (ABOIi) transplants without treatment causes allograft thrombosis and
hyperacute rejection (Murphy, Travers, and Walport 2008; Bohmig et al. 2015; Wongsaroj et
al. 2015). While the convention in transplantation is to match recipient-donor blood types in
order to eliminate hyperacute rejection due to ABO-incompatibility, organ shortages have

lead to the implementation of protocols for ABO-incompatible transplants (Figure 3).

Transplantation

Rituximab Apheresis ‘On demand’
antibody depletion

Induction

o therapy

2 .

2 Baseline

>

T

o _

o vy

= e

© o

o Titre reduction _ond Antibody recurrence

< Target

3 | Baseline immunosuppression

Time

Figure 3. Key protocol elements of ABOi transplantation (B6hmig et al. 2015).

Current protocols for ABOI transplants include apheresis techniques where anti-A/B
antibodies are removed from whole blood by filtration or immunoadsorption before being
reinfused. Unfortunately, apheresis alone was not enough to prevent allograft rejection, and
ABOi transplant recipients were at risk of severe antibody-mediated rejection. A
splenectomy, which would have removed a large pool of B cells, was found to be a successful
treatment for this problem. However, a splenectomy was not a palatable procedure to
transplant patients and the introduction of rituximab, an anti-CD20 B cell depleting therapy,

eliminated the need for a splenectomy, except in severe cases of antibody-mediated rejection,

16



Introduction: Transplantation

and thus was adopted into ABOi transplant protocols. Consequently, ABOI transplant
programs have successful short- and long-term outcomes, in part thanks to the new

advancements in immunosuppressive therapy (Bohmig et al. 2015; Wongsaroj et al. 2015).

2.1.1.2 Recipient-Donor Matching: HLA Matching & Crossreactivity

In addition to ABO incompatibility, kidney allografts are at risk of alloreactive immune
responses. Even though many transplant recipients have not been previously exposed to
alloantigens, they still have a portion of their pre-existing memory T cell repertoire that is
alloreactive due to the crossreactivity of viral specific memory T cells (Figure 4) (Murphy,

Travers, and Walport 2008; D’Orsogna et al. 2010).

Allo-HLA Crossreactivity by Viral Specific Memory T-cells

Allogeneic cell

#* Viral Peptide % Viral Specific TCR  ~ Donor Derived Self-peptide

Autologous HLA  © 3, Microglobulin [J::]Allogeneic HLA
molecule molecule

Figure 4. Allo-HLA crossreactivity by viral-specific memory T cells. Viral specific
cytotoxic T lymphocytes (CTL) can target autologous cells that are infected or can crossreact

against self-peptide presenting allogeneic HLA molecules (D’Orsogna et al. 2010).
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Introduction: Transplantation

The main purpose of the immune system is to the body from against diseased cause by foreign
antigens and viruses. In order to fulfill this role, the immune system needs to have
mechanisms for detecting the antigen, and a large part of this immunological recognition is
based on the distinction of ‘self’ from ‘non-self’. Immunological recognition via the
engagement of the Major Histocompatibility Complex (MHC) is part of the process of

selection and maturation of thymocytes into mature peripheral T cells.

The MHC is a set of glycoproteins expressed on antigen-presenting cells (APC) which are
involved in antigen processing and presentation. In humans, the MHC is also called the
Human Leukocyte Antigen because it is encoded by a locus of genes located on chromosome
6 called the Human Leukocyte Antigen (HLA) genes. CD8 T cell receptors recognize MHC
class | molecules, which is widely expressed on most cell types, while CD4 T cells bind to
MHC class Il molecules, which is only expressed on B lymphocytes, macrophages,
monocytes, and dendritic cells. It is the expression of the self-antigens by the MHC on the
donor allograft that is a key cause of allograft rejection (Murphy, Travers, and Walport 2008;

Trivedi 2007; Tan et al. 1993; Mehra 2001; Berg, Tymoczko, and Stryer 2002).

Thymocytes are first positively selected for depending on their ability to engage the
peptide:MHC complexes on the thymic epithelium. Thymocytes with poor affinity are
deleted. This is done to ensure that T cells can bind to MHC molecules and thus can fulfill
their immunological function. The thymocytes that survive positive selection continue onto
negative selection, where thymocytes that react strongly to a self-peptide:MHC complex are
deleted. The aim of negative selection is to promote self-tolerance and prevent the maturation
of T cells that could potentially cause harm to the body should they encounter self-antigen

peptides (Murphy, Travers, and Walport 2008; Berg, Tymoczko, and Stryer 2002).
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Introduction: Transplantation

CD8 T cell are largely responsible for the human immune response against viral infections.
When naive T cells are stimulated by viral peptides, they differentiate and expand into
effector and memory T cells in order to contain the infection (Figure 5). These viral specific
memory T cells have been shown to be alloreactive against allogeneic MHC class | molecules
(Murphy, Travers, and Walport 2008; Kaech and Cui 2012). Due to the crossreactivity of
substantial portion of viral specific T cells, where these cells react to allogeneic HLA
molecules, kidney allografts are at risk of hyperacute and acute cell-mediated rejection.
Therefore, in order to minimize the effects of crossreactivity and to improve allograft
survival, HLA testing and matching protocols were established (Murphy, Travers, and

Walport 2008; D’Orsogna et al. 2010; Burrows et al. 1999).

HLA-A, -B, and -C genes encode for MHC Class I a chains, while MHC Class II a- and B-
chain genes are HLA-DR, -DP, and -DQ(Murphy, Travers, and Walport 2008). Historically,
the clinical goal of HLA matching in kidney transplantation has been to reduce the number of
mismatched HLA-A, -B, and -DR antigens of the donor because increased numbers of
mismatched antigens leads to reduced allograft survival (Opelz 1988). However, as more
immunological research emerges, new levels of HLA matching are added to existing clinical
protocols (Table 1). Furthermore, HLA typing methods have evolved from serologic
alloantibody typing methods to more precise DNA-based typing technology which can
distinguish allelic differences (S. Takemoto et al. 2004). HLA-matching improves kidney
allograft survival and reduces acute rejection, thus benefiting the patients clinically and
socioeconomically (S. K. Takemoto et al. 2000; Pirsch et al. 1996; Taylor et al. 1993; S.

Takemoto et al. 2004; Mehra et al. 2013).
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Figure 5. The expansion and contraction of CD8 cells in response to antigen stimulation

(Kaech and Cui 2012).
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® Macching for HLA-A, -B, and -DR antigens
® Mismatching for HLA-A, -B, and -DR antigens
O Broad vs split antigens
O Acceptable and unacceptable mismatches for highly sensitized
candidates
O Permissible mismatches with graft outcome similar to
nonmismatched transplants
® DR marching
® CREG marching
O Public and private class I epitopes
® Scructurally based matching
O Amino acid residue mismatching
O HLAMatchmaker

Abbreviations: HLA = human leukocyte antigen; CREG = cross-reacting
groups of antigens.

Table 1. HLA matching protocols for kidney transplantation (S. Takemoto et al. 2004).

While HLA matching provides many benefits to the transplant recipients, there are also some
instances where HLA mismatching is important. This mainly concerns cases of viral
serostatus, specifically cytomegalovirus (CMV). CMV is a ubiquitous virus where the
majority of people have contracted it by the time they reach maturity. The virus usually
remains in a dormant state in healthy individuals; however, transplant patients who are under
immunosuppressive treatments are prone to reactivation or de novo infection of the virus,
which can cause allograft rejection and loss (Razonable, Humar, and Practice 2013; van der
Bij and Speich 2001). Interestingly, patients who have matched HLA-DR are more likely to
face CMV diseases as opposed to patients who have mismatched HLA-DR (Blancho et al.
1992; Schnitzler et al. 1997; Kraat et al. 1994). Fortunately, prophylactic treatment with
ganciclovir and minimizing transplantation of seropositive donors into seronegative recipients
has improve long-term graft survival (Razonable, Humar, and Practice 2013; D’Orsogna et al.

2010).
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2.1.2 Acute Rejection

Rejection episodes that occur within the first year post-transplant are classified as acute
rejection. Modern immunosuppression therapy, beginning with the use of cyclosporine, has

drastically reduced the occurrence of acute rejection episodes (Dharnidharka 2005).

2.1.2.1 Acute Antibody-Mediated Rejection

C4d is the inactive fragment of C4b in the complement cascade and the detection of C4d
depositions is one of the hallmarks of antibody-mediated rejection. In kidney transplants, C4d
deposits occur largely in the peritubular capillaries and strongly correlate with the presence of
circulating donor-specific alloantibodies (Kato et al. 2003; Nickeleit et al. 2002; Colvin and
Smith 2005). Patients with anti-class | HLA antibodies have severe rejection episodes and
sustain injury to the allograft microvasculature, which leads to rapid allograft deterioration (P

F Halloran et al. 1990; P F Halloran et al. 1992).

2.1.2.2 Acute T Cell-Mediated Rejection

T cell-mediated rejection is responsible for a large percentage of acute kidney allograft loss,
and as a result, the majority of current immunosuppressive treatments available target T cells
(Philip F Halloran 2004). T cell-mediated rejection is usually identified by tubulitis, where
infiltrating T cells damage tubular epithelium. These infiltrating T cells cause cellar damage
by releasing cytolytic granules containing granzymes and perforin, as well as various
cytokines and chemokines, such as interferon-y (IFNy), tumor necrosis factor-o. (TNFa), and
RANTES (Regulated on Activation, Normal T cell Expressed and Secreted) (Robertson et al.
1996). T cell-mediated rejection is caused by allorecognition, where the recipient T cells are
primed against mismatched histocompatibility alloantigens. There are three pathways to
allorecognition: Direct, Indirect, and Semi-direct (Figure 6) (Issa, Schiopu, and Wood 2010;
Benichou et al. 2011).
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Figure 6. The three pathways of allorecognition (Afzali, Lechler, and Hernandez-Fuentes
2007). (A) The direct pathway where donor APC presents donor MHC to recipient T cells.
(B) The indirect pathway of allorecognition, where recipient APC internalize and process
donor alloantigens before presenting them to recipient lymphocytes. (C) The semi-direct
allorecognition pathway where the recipient APC receives donor MHC through cell-to-cell

contact or through exosome uptake and activates the recipient T cells.

2.1.2.2.1 Direct Allorecognition

When an organ is transplanted, infiltrating T cells can recognize foreign MHC on the donor
organ. Additionally, donor APC are carried as passengers into the organ recipient. These
donor APC travel to the host lymphoid organs where they interact and stimulate recipient
naive T cells into action (Figure 6A) (Larsen, Morris, and Austyn 1990; Lechler and

Batchelor 1982). Direct allorecognition is usually associated with acute rejection as passenger
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donor APC are present the first few months post-transplantation (Ballet et al. 2009). However,
Bestard et al. showed that patients who were at least two years post-transplant still have
positive ELISPOT test for the direct pathway, indicating that T cells that were primed by
donor APC can still maintain the direct allorecognition pathway long term (Bestard et al.

2008).

2.1.2.2.2 Indirect Allorecognition

Over time, passenger APC are lost and the direct pathway of allorecognition plays a less
important role in allograft rejection. Instead, the non-self MHC antigens of the donor organ
are presented to T cells by the recipient's own APC. This pathway is predominantly used by
CDA4 T cells as most of the alloantigens are presented by MHC class Il (Figure 6B). However,
cross-priming between MHC class | and class 1l molecules can occur, thereby stimulating
CD8 T cells as well. Furthermore, the indirect allorecognition pathway has been shown to
play a role in both acute and chronic rejection (Auchincloss et al. 1993; Morén, Dadaglio, and

Leclerc 2004; Fluck et al. 1999; Dalchau, Fangmann, and Fabre 1992).

2.1.2.2.3 Semi-direct Allorecognition

In semi-direct allorecgnition, recipient APC acquire MHC molecules through cell-to-cell
contact or through secreted exosomes and then prime naive CD4 and CD8 T cells. One the
donor MHC molecules are internalized and processed, the APC can present the donor MHC
molecules directly to CD8 cells or indirectly to CD4 cells (Figure 6C) (Issa, Schiopu, and

Wood 2010; Herrera et al. 2004; Jiang, Herrera, and Lechler 2004).
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2.1.3 Chronic Rejection

Because of modern immunosuppression therapies, acute rejection is no longer a pressing
concern within the transplant community. Instead, focus has begun to shift to chronic, long
term allograft rejection, which seemingly is unaffected by immunosuppression. For a long
time, chronic rejection was not well understood and not very well defined. As a result, the
general term of chronic allograft nephropathy (CAN) was used to describe all pathologies
related to the progressive slide of a renal allograft into dysfunction that occurs over time. The
term CAN was first introduced by the pathologists, surgeons, and nephrologists at the first
Banff conference, where a schema was determined in order to standardize the nomenclature
and classification of renal allograft pathology. At the time, CAN was graded on three levels
(mild, moderate, and severe) depending on the severity of pathological damage observed in
the glomerular, interstitial, tubular, and vascular regions in the kidney biopsies (Solez et al.

1993).

However, as more research into chronic allograft dysfunction emerged and knowledge into
the pathology expanded, researchers and clinicians felt that the term CAN, as it was being
used to diagnose any and all chronic pathologies, had become too widely used and
undermined the effort to identify the underlying pathological disease causing the allograft
rejection (Mengel, Sis, and Halloran 2007; Bhowmik et al. 2010; Solez and Racusen 2013).
As a result, the 8" Banff conference decided to abolish the term and replaced it with a more
detailed schema that first divided chronic allograft injury into rejection and non-rejection.
Non-rejection was described as allograft injury due to interstitial fibrosis and tubular atrophy
cause by diseases (Table 2). The rejection arm was subdivided into chronic antibody-
mediated rejection (CAMR) and chronic T cell-mediated rejection (Solez et al. 2007). While
the term CAN is still be found in contemporary literature, it is sparingly used and is usually
accompanied with a more detailed description of the pathology.
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Causes of IF/TA {(non-rejection)

Etiology Morphology

Chronic hypertension  Arterialffibrointimal thickening with
reduplication of elastica, usually with
small artery and arteriolar hyaline
changes.

CNI' toxicity Arteriolar hyalinosis with peripheral
hyaline nodules and/or progressive
increase in the absence of
hypertension or diabetes. Tubular cell
injury with isometric vacuolization.

Chronic obstruction Marked tubular dilation. Large
Tamm-Horsfsll protein casts with
extravasation into interstitium, and/for
lymphatics.

Bacterial pyeloneghritis Intratubular and peritubular neutroghils,
lymphoid follicle formation.

Viral infection Viral inclusions on histology and
immunohistology and/or electron
microscopy.

"CNI, calcineurin inhibitor toxicity.

Table 2. Morphology of specific chronic diseases involved in chronic allograft injury

(non-rejection) (Solez et al. 2007).

2.1.3.1 Chronic Antibody-Mediated Rejection

CAMR is defined by transplant glomerulopathy and inflammation and lesions in the
peritubular capillary basement membrane. While C4d deposition in the peritubular capillaries
is also found in a large percentage of patients with chronic rejection, it is not a requirement
for CAMR (Mauiyyedi et al. 2001). Allograft fibrosis and circulating donor specific
antibodies to MHC class Il antigens are also associated with chronic allograft rejection (Sis et

al. 2007; Solez et al. 2007; Hara 2015).

2.1.3.2 Chronic T Cell-Mediated Rejection

Interstitial fibrosis and tubular atrophy are also signs of chronic T cell-mediated rejection,
however the key characteristic of chronic T cell-mediated rejection is infiltrating mononuclear
lymphocytes at the areas of allograft injury. Fibrosis, transplant glomerulitis, intima

thickening, and the epithelial-mesenchymal transition to tubular cells have all been associated
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with the presence of infiltrating T cells (Cornell, Smith, and Colvin 2008; Bueno and Pestana

2002; Robertson et al. 2004; Solez et al. 2007).

2.1.4 Biomarkers of Kidney Allograft Injury

Biomarker research plays an important role in the effort to prolong kidney allograft survival.
While the current clinical parameters used to measure kidney heath have been in use for
years, it is commonly accept that many of these practices are not very accurate and that there
is much room for improvement. As a result, there has been a great deal of effort in searching
for new biomarkers that are highly sensitive to acute changes in kidney health and function
and can act as predictive prognostic factors to help improve patient care and extend allograft
half-life (Urbschat, Obermiiller, and Haferkamp 2011; Wasung, Chawla, and Madero 2015).
Ideally, biomarkers should be highly sensitive and specific to the condition of the kidney and
should be able to act as diagnostic markers of kidney injury and prognostic marker of disease

risk (Table 3).

Characteristics of an ideal biomarker.

1. Moninvasive

2. Highly sensitive and specific

3. Increases rapidly and reliably in response to kidney disease.

4. Correlates with the amount of kidney injury

5. Provides risk stratification and prognostic information

6. Is site specific

7. Applicable across different populations

8. ldentifies possible mechanisms of injury (prerenal, intrarenal, postrenal)
9. Highly stable over time and across different temperatures and PH

10. Does no interfere with drugs

Table 3. Characteristics of an ideal biomarker(Wasung, Chawla, and Madero 2015).
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2.1.4.1 Current Established Clinical Biomarkers

2.1.4.1.1 Serum Creatinine

The most commonly used clinical biomarker used by nephrologists to assess kidney function
and health is serum creatinine. However, serum creatinine is also widely criticized as being
unreliable as it is easily influenced by multiple external factors, such as diet, exercise and
hydration. Additionally, it does not reflect acute changes in kidney function and increases of
serum creatinine are usually not observed until a new steady-state equilibrium has been
achieved. By this time sustain damage and injury to renal tissue has already occurred

(Nickolas, Barasch, and Devarajan 2008).

2.1.4.1.2 Proteinuria and Albuminuria

Proteinuria is another common biomarker used in clinical setting for evaluating kidney
function, but like serum creatinine, proteinuria also suffers from low sensitivity and
specificity. There is also a lack of standardization regarding the clinical use and assessment of
proteinuria. In fact, there is still confusion as to whether the term proteinuria refers to total
protein concentration (encompassing albumin and non-albumin proteins) or to albuminuria, as
the two terms are often used interchangeably. Proteinuria and albuminuria can be measured
by a variety of means, ranging from a dip-stick during a spot collection to a 24-hour timed
urine collection, and all technique have advantages and disadvantages (Guh 2010;
Viswanathan and Upadhyay 2011; Urbschat, Obermdiller, and Haferkamp 2011). While
proteinuria has been an important clinical tool for evaluating chronic kidney dysfunction,

there is still a persistent desire in to find new biomarkers to replace this clinical biomarker.
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2.1.4.1.3 eGFR

Estimated Glomerular Filtration Rate (eGFR) calculations use serum creatinine or serum
cystatin-c measurements to give an approximate measure of the number of functioning
nephrons (Table 4). While eGFR is considered a good tool for measuring chronic kidney
failure, it is a poor measure of acute kidney dysfunction. Because most equations are based on
serum creatinine, it is also plagued by the same problems of being unable to accurately reflect
the degree of renal dysfunction (Urbschat, Obermiller, and Haferkamp 2011; Wasung,

Chawla, and Madero 2015).

Estimating equations for glomerular filtration rate. MDRD and CKD-EPI equations incorpo-
rating creatinine, cystatin C or both.

MDRD
GFR (ml/min/1.73 m?) = 175 = (5Cr)~ """ x (age)™ ™" x (0.742
if female) = (1.212 if African American)

2009 CKD-EPI creatinine
GFR = 141 = min (5Cr / k, 1)® x max(5Cr / &, 1)~ "% x 099322 « 1.018
|if female] = 1.159 [if Black]

2012 CKD-EPI cystatin C
eGFR = 133 x min(Scys / 0.8, 1)7"** x max(Scys / 0.8, 1)7'*% x 0.996%"
[%10.932 if female]

2012 CKD-EPI creatinine and cystatin C
eGFR = 135 x min(SCr / k, 1)™* = max(SCr / k, 1)7%°"" x min(Scys / 0.8,
1)~2375 % max(Scys / 0.8, 1)~ x 0.995%¢ [« 0.969 if female] [x 1.08 if
Black]

5Cris serum creatinine and Scys is serum cystatin C; kis 0.7 for females and 0.9 for males; a
is —0.248 for females and — 0.207 for males.

MDRD, modification of diet in renal disease equation.

CKD-EPI, chronic kidney disease epidemiology collaboration equation.

Table 4. Overview of the equations used to estimate the glomerular filtration rate

(Wasung, Chawla, and Madero 2015).

2.1.4.1.4 Biopsy

In contrast to the previous clinical biomarkers discussed in this section, biopsies are
considered the golden standard for kidney injury diagnosis. Biopsies play a critical role for

diagnosis acute and chronic humoral rejection because detecting C4d deposition kidney
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allografts is mainly done through biopsies. Due to their vast benefits and advantages for
evaluating kidney function, many transplant centers have adopted 1-year protocol biopsies as
a part of their standard of care. However, biopsies are not without their disadvantages.
Primarily, biopsies are a much more invasive procedure compared to urine or blood collection
and have the risk of bleeding complications and hematuria (Brachemi 2014). Also, biopsies
are limited as a diagnostic tool as they offer only a cross-sectional image of the kidney which
does not represent the whole kidney. Additionally, diagnosis of kidney dysfunction from a
biopsy relies heavily on the pathologist, and there is major concern regarding the

reproducibility and consistency of pathologists (Furness et al. 2003; Dhaun et al. 2014)

2.1.4.1.5 Immunknow

The Immunknow assay (Viracor-1BT) isa T cell immune function assay which measures the
amount of adenosine triphosphate (ATP) in CD4 T cells as a biomarker of the immune
response in transplant recipients. It was approved in 2002 by the United States Food and Drug
Administration as a clinical tool to evaluate the immunoreactivity in immunocompromised
patients. Renal transplant patients with an Immunknow value ranging from 225 to 524 ng/mL
are considered to be at moderate levels of immune response and immunosuppression and at
low risk for viral infections or rejection episodes. Patients with low Immunknow values
(below 225 ng/mL) are categorized as having a low immune response and therefore over
immunosuppressed. Consequently, these patients are at risk of viral infection. Patients on the
other end of the spectrum, with Immunknow values of 525 ng/mL and above, are under
immunosuppressed and have a high immune response, which puts them at risk of acute

rejection episodes (Kowalski et al. 2006).

Despite its approval as a new diagnostic tool, Immunknow has not been universally adopted

as the new clinical biomarker to replace serum creatinine. While most centers who tested the

30



Introduction: Transplantation

assay do affirm that Immunknow assay is predictive for some transplant pathologies and is
correlated with fluctuations in serum creatinine, there is no consensus nor standards regarding
which clinical settings benefit from the Immunknow assay. For example, there are several
centers that report that low Immunoknow values in their transplant patients are indeed
associated with viral (BK or CMV) infections, but high Immunknow values are not associated
with acute rejection (De Paolis et al. 2011; Moon et al. 2012; Quaglia et al. 2014). On the
other hand, other centers report that they find Immunknow values correlate with acute
rejection episodes, but this does not seem to be associated with immunosuppression drug
trough levels (Cadillo-Chavez et al. 2006; Pérez-Flores et al. 2009). Overall, the wide range
of reports from multiple centers indicates that the Immunknow assay has a promising future

as a clinical biomarker once standards and consensus have been established.

2.1.4.2 Biomarker Research

2.1.4.2.1 Kidney Transplant Failure Score

While there are many new promising biomarkers being evaluated, it will still be a while
before they can be adopting into clinical use as they still need to undergo a long and thorough
validation process. Therefore, there has been interest in finding a way to use current clinical
parameters as predictive biomarkers of allograft survival. Y. Foucher et al. evaluated several
clinical parameters that are collected during the first year post-transplantation before selecting
8 parameters (Table 5) to be included into a clinical composite score called the Kidney
Transplant Failure Score (KTFS) (Figure 7). The KTFS is calculated using a multivariate
Cox model combined with time-dependent receiver-operator characteristics and is predictive
of allograft failure 8 years post-transplant. Patients with a KTFS below 4.17 are considered to
be at low-risk for allograft failure while patients above this threshold are considered high-risk

for long-term graft failure. In their validation group, Foucher et al. found that 8% of the low-
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risk recipient group and 25% of the high-risk group went on to lose their allograft, showing

that the KTFS is in need of some improvements and more validation (Foucher et al. 2010).

Abbreviation Value

Gender 1 for male recipients and 0 for females

Crp 1 if the blood creatinine of the donor is > 190 umol/I,
and 0 otherwise

Ageg 1 if the recipient age is > 25 years, and 0 otherwise

Ntrans 1 if the number of previous transplantations is > 2,
and 0 otherwise

Cram Blood creatinine level measured 3-months
post-transplantation in pumol/dl

Crism Blood creatinine level measured 1-year
post-transplantation in pmol/I

Prism Proteinuria measured 1-year post-transplantation
in g/day

AR 1 if an acute rejection occurs in the first year,

and 0 otherwise

Abbreviation: KTFS, Kidney Transplant Failure Score; ROC, receiver-operator characteristic.
These definitions are chosen in order to maximize the quality of adjustment to the Cox
model and to maximize the area under the time-dependent ROC curve at 8 years. To
calculate the KTFS for a subject, the abbreviations in the KTFS formula (page 2) are simply
replaced by the corresponding value. If at least one variable is missing, the KTFS cannot
be calculated.

Table 5. The eight clinical parameters included into the calculation of the KTFS
(Foucher et al. 2010).

KTES = —0.75072 % Crp — 1.02316 * Ageg
+1.17295 * Ntrans + 0.22288 * AR

+0.01881 * Crjp, + 0.41551%+/(Cryoy)
—0.88001 * Gender + 0.61121 * Pry»,

+0.04077 * (Pflzm)2+0.48601 * Gender * Pryypy,
—0.06115 * Gender * (Prlzm)z.

Figure 7. The calculations for the KTFS (Foucher et al. 2010).
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2.1.4.2.2 Up and Coming Biomarkers of Kidney Injury

The task of discovering and moving a biomarker from bench to bedside is an uphill process
and faces many hurdles. However, the enthusiasm for biomarker research has not been
dampened; instead, different approaches for biomarker discovery have emerged in the past

decades (Figure 8) (Willis and Lord 2015).

The traditional approach for clinical diagnosis is an empirical one, where one treatment fits
all. While this is how medicine is largely conducted, breakthroughs in medical research have
shown that patients are not homogenous and therefore a ‘one size fits all’ approach is not
always in the best interest of the patient. Since the empirical method was too broad, a
stratified approach to medical diagnostics was developed. In this methodology, patients would
be grouped into different categories depending on the pathology and mechanism of disease
and on possible treatment therapies. Stratified medicine is now commonly used in the
transplant field. For example, patients receive therapy depending on the type and grade of the
rejection episode. Evolving from the stratified medicine strategy is personalized medicine,
where therapies are tailored specifically for each individual. While there are several
advantages to this approach, it is also very costly and time consuming. However, the
evolution of new techniques and technologies has help alleviate some of these problems, and
as they continue to advance, the cost of personalized medicine will be reduced. The ONE
Study is a clinical study that embraces the personalized medicine approach in transplant
patients. The aim of this study is to expand a patient's immunoregulatory cells from whole
blood before reinfusing them into the patient as a means to induce allograft tolerance (Willis

and Lord 2015; Geissler 2012).
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Figure 8. Comparison of different medical approaches. The figure compares features of
the empirical, stratified, and personalized medicine approaches. It also includes examples of
each approach in the context of rheumatoid arthritis and solid organ transplantation (Willis

and Lord 2015).

Because of the various problems and disadvantages of the current clinical biomarkers, the
research community has been using the stratified and personalized approaches to find new
biomarkers to replace serum creatinine and proteinuria measurements. Additionally,
biomarker research has expanded across several platforms and into various target types

(Table 6).
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TEST PLATFORM EXAMPLES OF POTENTIAL
BIOMARKERS
Gene Single gene RT-PCR mRNA: Granzyme B, Perforin, FoxP3;
Transcripts miRNA: miR155, miR223

Multiple Genes DNA Microarray

Proteins Single Protein Enzyme-linked immunosorbent | Fractalkine, Amyloid A,
assay (ELISA) 2 microglobulin

Multiple Proteins Protein Microarray

Lymphocyte Cytokine Enzyme-linked immunosorbent | IFN-y

Function Producing Cells spot assay (ELISPOT)
ATP levels in Immuknow® ATP
Activated T cells

Alloantibodies | Single or Multiple | Luminex xXMAP® Anti-HLA Antibody,
Antibodies Anti-MICA Antibody

Table 6. Platforms for biomarker discovery and validation (Hartono, Muthukumar, and

Suthanthiran 2010).

2.1.4.2.2.1 Transcriptional Biomarkers

Transcriptomics have been a corner stone of transplant biomarker research. Approaches to
transcriptomics have ranged from single gene studies to large microarray studies. Now, with
the implementation and establishment of online data repositories, data mining and
bioformatics have helped identify potential genes transcripts which are involved in the
pathology of allograft rejection and could serve as predictive biomarkers (Fehr and Cohen

2011).

The research team lead by Minnie Sarwal has been one of the key players in developing
transcriptional biomarker assay for organ failure. They have developed gene sets which are
predictive of acute rejection and of allograft inflammation, which in turn can be an indicator
of chronic dysfunction. They have established a common rejection module which consists of
11 genes that are overexpressed in acute rejection in all solid organ transplants. The score
calculated from this model is predictive of interstitial fibrosis and tubular atrophy at 2 years

post-transplant (Naesens et al. 2011; Sigdel et al. 2015; Khatri et al. 2013) .
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2.1.4.2.2.2 Protein Biomarkers

There are several proposed protein markers of acute kidney injury that are currently under
evaluation. Neutrophil gelatinase-associated lipocalin (NGAL) has long been a lead contender
as a new biomarker (Table 7) (Devarajan 2011; Haase et al. 2009). In fact, a simple term
search for ‘NGAL’ on the United States National Institutes of Health online website
ClinicalTrials.gov yielded 148 registered clinical trials at various stages of completion for
various pathologies which involved NGAL. It is a protein expressed by neutrophils and by

renal proximal tubular epithelial cells and has been shown to be predictive of kidney injury

and delayed graft function (Haase et al. 2009; Mamatov et al. 2015).

Mean Baseline Impaired

Serum Renal
Sample Age Women  Creatinine  Function NGAL
Reference Size  Population Type (y) (%) (mg/dL) (%) Setting Measurement Country
Mishra et al, 20053 71 Children 3.0 366 0.45 0 CS Plasma + urine United States
Wagener et al, 2006"° 81  Adults 64.7 34.6 1.10 32.1 CS  Urine United States
Dent et al, 2007%° 123  Children 42 488 0.50 0 CS Plasma United States
Zappitelli et al, 20078 39  Children 71 487 0.44 0 ICU  Urine United States
Hirsch et al, 200722 91  Children 6.9 440 0.73 0 CIN  Plasma + urine United States
Wagener et al, 20082° 426  Adults 63.2 33.8 1.08 27.2 CS  Urine United States
Bennett et al, 2008'° 196  Children 40 464 0.39 0 CS  Urine United States
Ling et al, 20082° 40  Adults 67.9 40.0 0.83 0 CIN  Urine China
Koyner et al, 2008%2 72 Adults 61.3 29.2 1.24 26.4 CS  Plasma + urine United States
Nickolas et al, 2008™* 541  Adults 59.2 484 1.20 26.8 ED  Urine United States
Lima et al, 200837 52  Adults 547 423 1.20 53.8 CS  Urine Brazil
Wheeler et al, 2008"° 143  Children 22 28.0 0.76 — ICU Plasma United States
Xin et al, 200828 33 Children + adults 38.0 42.4 0.77 0 CS  Urine China
Cruz et al, 2009%° 301  Adults 58.6 31.2 0.97 6.7 ICU Plasma Italy
Makris et al, 2009 (CIN)3°© 60  Adults 628 183 0.86 13.3 CIN  Urine Greece
Makris et al, 2009 (ICU)3! 31  Adults 419 194 0.97 — ICU  Urine Greece
Tuladhar et al, 2009%* 50 Adults 66.7 30.0 1.10 42.0 CS  Plasma + urine United Kingdom
Constantin et al, 200932 88  Adults 57.0 455 0.81 — ICU Plasma France
Haase-Fielitz etal, 2009 100  Adults 69.5 39.0 1.04 27.0 CS Plasma Australia

Note: Conversion factor for serum creatinine in mg/dL to umol/L, X88.4.

Abbreviations and definitions: CIN, contrast-induced nephropathy; CS, cardiac surgery—associated acute kidney injury;
ED, emergency department; ICU, intensive care unit; NGAL, neutrophil gelatinase-associated lipocalin.

Table 7. Overview and characteristics of clinical studies investing the use of NGAL as a
biomarker of acute kidney injury, renal replacement therapy, and in-hospital mortality.
Studies were published from 2005 to 2009. Interventional studies involving patients were

excluded (Haase et al. 2009).
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2.1.4.2.2.3 Lymphocyte Biomarkers

Lymphocytes are also being evaluated as potential biomarkers in transplant recipients. Gene
signatures of B lymphocytes have been shown to be biomarkers of allograft tolerance in renal
transplant patients (Sagoo et al. 2010; Brouard et al. 2007). Furthermore, a high expression of
CD4'CD25"FOXP3" suppressor regulatory T cells (Treg) in the first year post-transplantation
are a predictive biomarker of long-term graft survival (D. San Segundo et al. 2012) whereas
high levels of activated Treg (CD4'CD25'CD62L"CD45R0O") within the first year post-
transplantation is a predictive biomarker of acute rejection (David San Segundo et al. 2014).
Additionally, an increase in the TEMRA CD8 T cell population pre-transplantation has been

shown to be predictive of acute renal rejection (Betjes et al. 2012).

2.1.4.2.2.4 Alloantibody Biomarkers

The presence of donor-specific anti-HLA antibodies (DSA) plays a key role in antibody-
mediated renal allograft failure. Pre-transplant serotyping is performed on patients who have
been sensitized, through pregnancy or previous transplants, and appropriate measures are
taken in order to minimize their potency. Consequently, detection of DSA in the blood as
wells as deposition of the complement component C4d are considered signs of antibody-
mediated rejection (ABMR). However, Loupy et al. posited that concentration of complement
binding donor-specific anti-HLA antibodies are a predictive biomarker of allograft failure.
Their study shows that patients with C1g-binding DSA in the first year post-transplantation
had more severe transplant glomerulopathy and higher scores for peritubular capillary C4d
deposition compared to patients with non-C1qg-binding DSA. Furthermore, these patients were

more than 4 times likely to lose their allograft five years post-transplant (Loupy et al. 2013).

Alloantibody biomarker research is not only confined to the periphery blood. A molecular

microscope system, which has been developed by the research team of Phillip Halloran,
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combines microarray gene expression with biopsies to act as a diagnostic tool to assess
ABMR. This new diagnostic system aims to eliminate misdiagnosis of ABMR, including
C4d-negative ABMR, which are often misdiagnosed by pathologist with the current clinical
biopsy system. With this system, biopsies are awarded an ABMR score based on a classifier
set of gene transcripts. This score correlates with the presence of histologic lesions and DSA
and is predictive of allograft loss. Overall, the goal of the molecular microscope system and
the ABMR score is to assist pathologist in diagnosing difficult cases of ABMR and to help
stratify patients at risk of allograft failure (Sellarés et al. 2013; Loupy et al. 2014; P. F.

Halloran et al. 2013).

2.1.4.2.2.5 Urinary Biomarkers

While a great deal of the biomarker research has been performed in samples of peripheral
blood or biopsies, there has been a significant drive in urinary biomarker discovery in the
renal transplant field. As urine is a direct byproduct of the kidney, it was reasoned that the
allograft would filter into the urine any cells and molecules involved in kidney damage and
rejection. This hypothesis was described by Lee et al. by comparing the kidney allograft to an
‘in vivo flow cytometer’ which could be used to detect acute cellular rejection (Figure 9) (Lee

et al. 2014).

Many of the biomarkers that are evaluated in the serum are also assessed as urinary
biomarkers. For example, NGAL as a biomarker of allograft injury has been widely
investigated in both serum and urine, and researchers have found both to be justifiable sources
for NGAL research (Hollmen et al. 2011). However, detection of urinary biomarkers is not as
straightforward as in serum. Due to fluctuations in flow rate and hydration level, it is argued
that in order for urinary biomarkers to be accurate and reliable, they must be normalized.

Urinary creatinine is the most common parameter used to normalize protein biomarkers
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(Waikar, Sabbisetti, and Bonventre 2010). Gene transcripts are normalized against total RNA

concentrations or against endogenous controls (B. Li et al. 2001; Muthukumar et al. 2005).

The Cornell team lead by M. Suthanthiran has been at the forefront of investing urinary gene
transcripts as biomarkers of acute and chronic renal allograft rejection. They have proposed
perforin and granzyme-b, markers traditionally associated with effector T lymphocytes, and

FOXP3, as biomarkers of renal allograft failure (B. Li et al. 2001; Muthukumar et al. 2005).

Figure 9. Kidney allograft analogous to an ‘in vivo flow cytometer’. The proposed
rationale on why the urine is a promising resource for biomarker discovery is that allografts
undergoing acute cellular rejection (left panel) will act similarly to a flow cytometer (center
panel) and filter the cells and molecules involved in the rejection episode into the urine (right

panel) (Lee et al. 2014).
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While renal transplantation is considered the best treatment for end-stage renal disease, it is
not a permanent cure because allograft rejection is always an impending fate. Clinical
serotyping and immunosuppression regiments have now minimize early graft loss and extend
allograft survival, but chronic allograft dysfunction is still a problem. Lymphocyte
alloresponse has been shown to a key barrier to long-term allograft survival. Furthermore,
despite the conventional belief that immunosuppressive regimens have dealt with the CD8
component of allograft loss, evidence has shown that there are CD8 T cells that escape
immunosuppression and can cause allograft dysfunction and rejection. Therefore in order to
gain insight in the role of CD8 cells in renal transplant recipients, it is important to examine

the immunological mechanisms and functions of CD8 T cells.
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2.2 CD8 T Lymphocytes

Commonly recognized as lymphocytes with mainly a cytotoxic function, CD8 cells have
been shown to have an integral part in the immune response, especially against viral
infections. Lymphocyte response begins when naive CD8 cells encounter an antigen. This is
followed by a clonal expansion of effector cells. Once the antigen has been cleared, the
effector CD8 population will contract and long-lived memory cells are formed (Figure 5)

(Murphy, Travers, and Walport 2008).

2.2.1 Naive Cell Priming Gives Rise to Clonal Expansion of Effector Cells

Naive CD8 cells circulate freely in the peripheral bloodstream in order to come into contact
with numerous peptide:MHC complexes on APC. When a naive cell recognizes the presented
peptide, the cell is activated via three different types of signals (Figure 10). Signal 1 comes
from the T cell receptor upon contact to the antigen peptide:MHC complex. Signal 1 is often
not sufficient for CD8 T cells to mount a sustain immune response and thus, the cells require
additional signaling. Costimulation from CD28-CD80/86 complex deliver signal 2, which is
necessary for optimal clonal expansion. CD28 costimulation can be modulated by other
costimulatory factors. CTLA-4 has a similar molecular configuration to CD28 and competes
for binding with CD80/86, thereby regulating the strength of the T cell response. Contrarily,
costimulation from CD40-CD40L complex has a promoter effect. When CD40L (CD40
Ligand), which is expressed on T cells, binds to CD40 on dendritic cells, it causes an
upregulation in the expression of CD80/86, which in turn, binds to CD28 and strengthen to
costimulation of CD8 T cells. While CD8 T cells do express CD40L, the upregulatory effect
of the CD40-CD40L bond usually occurs through the assistance of helper CD4 T
lymphocytes expression CD40L. Signal 3 is provided by cytokine stimulation, such as

interleukin-2 (IL-2), interleukin-15 (IL-15), or the family of tumor necrosis factors (TNF)

41



Introduction: CD8 T Lymphocytes

which helps maintain T cell growth and proliferation and direct T cell differentiation

(Murphy, Travers, and Walport 2008; Philip F Halloran 2004).

T-cell activation through three signals
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Figure 10. Lymphocytes receive three activation signals. Modified from Halloran 2004.

(Philip F Halloran 2004).

After a few days of proliferation, activated CD8 T cells differentiate into effector cells with
cytotoxic functions. Once naive cells have differentiated into effector cells, they no longer
need costimulation to fulfill their effector functions, and as a result they begin to
downregulate the expression of costimulatory molecules CD27 and CD28 (Murphy, Travers,
and Walport 2008; Appay et al. 2002). Effector CD8 cells are also characterized by a loss of
the surface marker CD45RA, an isoform of CD45, and an increased capacity to secrete
cytotoxic effector molecules and proinflammatory cytokines. The cytotoxic molecules
perforin, granulysin, and granzyme are stored within granules, which are released in a direct
fashion at the target cell. Perforin form pores in the membrane of the target cell and is
important for ensuring the passage of the other cytotoxic molecules into the target cell.

Granulysin has antibacterial effects and can induce apoptosis in high concentrations.
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Granzyme is family of potent cytotoxic molecules which induces apoptosis through various
pathways. The most potent granzyme, Granzyme-B (GZMB), cleaves cellular substrates and
induces apoptosis (Murphy, Travers, and Walport 2008; Hersperger, Makedonas, and Betts

2008; Voskoboinik, Whisstock, and Trapani 2015).

2.2.2 Models of Memory Formation

Once the infection is cleared, there is no longer a need for the large effector CD8 population.
There is a contraction in the effector population and memory T cells are formed in order to
retain immunological memory of the antigen (Figure 11). Memory T cell allow for a rapid
immune response in cases of reinfection, as they require less stimulation compared naive cells
in order to activate and thus can be mobilize quickly. It has been demonstrated that naive CD8
cells are incredibly plastic and can develop into all major T cell subsets in vivo (Stemberger,
Huster, et al. 2007). However, there is still a lot unknown about the mechanisms which drive

the memory formation process.

The CD8 memory compartment mainly consists of effector memory (EM) and central
memory (CM) CDS8 cells. Effector memory cells circulate in the peripheral blood stream and
can rapidly mature into effector T cells when activated. Central memory cells remain mainly
in the lymphoid regions and are sensitive to T cell receptor (TCR) cross-linking, but they are
slower at differentiating into effector cells (Murphy, Travers, and Walport 2008; Kaech and

Cui 2012).

There are several proposed mechanisms to explain how memory cells are differentiated and
formed after an infection. The most commonly accepted model is a linear or unidirectional
model where naive cells give rise to effector cells, which in turn differentiate into EM and
CM CD8 cells. Within this model there is also debate as to how EM and CM differentiate

from effector cells. In the “signal-strength model”, the strength of the activation signal (from
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signals 1, 2 and 3) received by the naive T cell will determine the specific effector phenotype,
which will in turn affect their progeny. A strong signal will give rise to effector CD8 cells
which will undergo cell death during the contraction phase; on the other hand, a weaker signal
will give rise to EM or CM cells. Another potential linear differentiation model is where the
heterogeneous memory population is formed due to the cumulative history of signals received
during an infection, and that the repetitive stimulation from the antigen and various cytokines

will give rise to different CD8 cell subsets.

Naive T cell sees antigen
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Figure 11. T cells differentiate into effector memory and central memory cells after an

antigen-encounter (Murphy, Travers, and Walport 2008).
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The asymmetric model differs from the linear fate model in that it proposes that naive CD8 T
cells have a bi-directional fate that occurs at the first cell division after antigen stimulation.
The naive cell will divide unevenly and unequally distribute cellular components in the
daughter cells based on proximity to the APC. The daughter cell that is distal from the APC
will become a memory cell whereas the proximal cell is fated to becoming an effector CD8

cell (Parish and Kaech 2009; Kaech and Cui 2012; Stemberger, Neuenhahn, et al. 2007).

2.2.3 CD8 Subset Nomenclature

Distinguishing CD8 subset relies mainly on the expression of isoforms of CD45. Sallusto et
al. proposed using a combination of CD45RA and lymph node homing marker CCR7 (also
known as CD197) as a means to identify naive, effector memory, central memory, and
TEMRA CD8 cell subset (Sallusto et al. 1999) The combination of CD45RA and CCR7 is
also widely used as a means of identify the different CD8 subsets (Appay et al. 2008; Sallusto
et al. 1999). Furthermore, other groups have proposed other alternative nomenclatures.
Costimulatory molecules CD27 and CD28 were described as being able to identify the
different stages of CD8 effector memory differentiation in response to viral stimulation
(Appay et al. 2002). Additionally, Hamann and colleagues used CD45RA and CD27 to
identify naive, memory and effector-type cells (D Hamann et al. 1997; D6rte Hamann, Roos,
and van Lier 1999). The CD45RA and CD28 nomenclature was also used in a similar fashion
as the CD45RA and CD27 nomenclature as a means to identify effector CD8 cells from the
memory and naive subsets (Table 8) (Tomiyama, Matsuda, and Takiguchi 2002; Tomiyama
et al. 2004; Dorte Hamann, Roos, and van Lier 1999; Sobao et al. 2001). As a result of the
extensive research done by many groups, several phenotyping data using different protein and
transcription factor markers to identify unique CD8" cell subsets thus exist (Appay et al.
2008; Hersperger, Makedonas, and Betts 2008; Kaech and Cui 2012; Tomiyama et al. 2004;
Dolfi et al. 2013).
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Naive CM EM TEMRA
CD45RA"* |CD45RA™ | CD45RA- |CD45RA"
CCR7" CCR7" CCRT CCRT
cD27t cD27* cD27"" |cD27
CD28" cD28* CD28"" |CD2§
CD127" |CD127" |CD127"" |CcD127
PERF PERF PERF* PERF*
GZMb~  |GZMb  |GZMb* |GZMb*

Table 8. Phenotype of the different CD8 subsets.

2.2.4 Contrasting Portrayals of TEMRA Cells

Terminally-differentiated effector memory (TEMRA) CD8 T cells are a class of effector
memory CD8 T cells who have a lower capacity for proliferation but still retain strong
cytotoxic properties. These cells are characterized by their re-expression of CD45RA and
their lack of expression of costimulatory molecules CD27 and CD28. The prevalence of
TEMRA CDS8 cells is associated with age and chronic viral infections; as a result, they are
commonly labeled as replicatively senescent or clonally exhausted cells (Arosa 2002;
Brenchley et al. 2003; G. C. Wang and Casolaro 2014; Shen et al. 2010). They have also have
shortened telomere and reduced telomerase activity compared to CD8 T cells who express
CD28 (Monteiro et al. 1996; Pawelec 2001; Pawelec et al. 2000). Furthermore, there is
evidence that they play a role in various diseases and pathologies, such as systemic lupus
erythematosus and multiple sclerosis (Kaneko et al. 1996; Salou et al. 2015) and that their
presence is a barrier to bone regeneration and allograft tolerance (Reinke et al. 2013; Koyama

et al. 2007; Yamada et al. 2012).

However, there is a branch of researchers who have contested the senescent label given to
TEMRA CD8 cells. While the association of TEMRA CD8 prevalence and aging is not
contested, there is growing evidence that the reduced telomerase activity and proliferative
capacity in TEMRA CD8 cells may not be as straightforward as previously believed (Strioga,

Pasukoniene, and Characiejus 2011). Chong et al. showed the OKT3 and IL-2 could stimulate
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proliferation in CD8"CD57" TEMRA cells and proposed that CFSE, a common tool used to
track cellular proliferation, was the reason that other researchers did not observe proliferation
in their TEMRA populations. To support this claim, Chong et al. used both CFSE and
[*H]thymidine to track the proliferation of their cells. They found that in proliferative assay
that used [*H]thymidine, the CD8"CD57" cells proliferated very successfully in response to
OKT3 or IL-2. On the other hand, in the assays which used CFSE, there were large increases
in the percentage of CD8'CD57" cells that were apoptotic or dead. Additionally, CFSE
toxicity did not affect CD8"CD57" cells, and this discrepancy in the affects of CFSE toxicity
may have lead to the hypothesis that TEMRA CD8 cells are clonally exhausted. Chong et al.
also suggested that the culture medium also played a key role to proliferative success of the
TEMRA subset, as previous experiments which showed the reduced proliferative capacities of
TEMRA cells involved culture in fetal calf serum, whereas Chong et al. used human AB
serum for their experiments (Chong et al. 2008). Also, it has been put forward that type of
stimulation play a role in TEMRA CD8 cell proliferation. Chiu et al. showed that IL-15
induced proliferation in CD8"CD28” TEMRA cells that was comparable to CD8"CD28" cells.
Additionally, they showed that IL-15 was important to the generation and regulation of the
CD8'CD28" population, in that IL-15 caused increase in tumor necrosis factor-o (TNFa),
which in turn, caused a downregulation in the expression of CD28. Also, IL-15 induced the
expression of macrophage inflammatory protein-1p (MIP-1B), a chemokine which has an
inhibitory affect on CD8"CD28" cells, but not CD8"CD28" cells, proliferation. Furthermore,
Plunkett et al. showed that irradiated APC could induce telomerase activity and proliferation
in CD8'CD28" cells (Plunkett et al. 2007). CD134, CD137, and CD278 costimulatory
molecules were all upregulated on CD8'CD28 and that these molecules could induce

telomerase activity in CD8 T cells (Plunkett et al. 2007; Kober et al. 2008).
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The increased interest in CD8 regulatory T cells (Treg) in the recent years has further added
to the doubt surrounding the proper characterization of TEMRA CD8. While the term Treg
are normally associated with CD4"FOXP3" cells, there has been evidence of CD8 lymphocyte
populations which also possessed immunosuppressive features. However, there is still
disagreement to the phenotypic characteristics of this subset of CD8 cells, and among the
various descriptions used to identify these cells (CD8"FOXP3", CD8"CD45RC"", etc.), one
of the popular phenotypes used is CD8"CD28" (Ligocki and Niederkorn 2015; Xystrakis et al.
2009; Suzuki et al. 2012; Liu et al. 2007). Unfortunately, this is also a description commonly
used for TEMRA CD8 cells. CD8"CD28 FOXP3" Treg activity is MHC class | restricted and
they cause APC to become tolerogenic by inducing the increased expression of
immunoglobulin-like transcript 3 (ILT3) and 4 (ILT4). These tolerogenic APC, in turn,
induce naive CD4 T cells to differentiate into CD4 Treg cells, whose regulatory activities
suppress the immune response. On the other hand, CD8*CD28'FOXP3™ Treg cells inhibit
APC activity and T cell proliferation, and secrete IL-10, a cytokine that suppresses
proinflammatory responses (Suciu-Foca et al. 2005; Strioga, Pasukoniene, and Characiejus
2011). As it is widely accepted that TEMRA CD8 cells are cytotoxic in function, the
emergence of these suppressive cells indicates that the immunological role of TEMRA is not

as simple as formerly believed (Strioga, Pasukoniene, and Characiejus 2011).
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The role of CD8 T cells in the immune response to viral infections has long been established.
However, our understanding into the role they play in various pathologies, including
transplantation, continues to expand and places emphasis on the importance of investigating
the differentiation of the CD8 subsets. TEMRA CD8 cells have gain significant attention
because of their strong cytotoxic properties and senescent characteristics, which are both
associated with a variety of pathologies and conditions. However, emerging research suggests
that their immunological function extends beyond cytotoxicity and that, despite their name,

they are not terminally-differentiated.

Therefore, in order to fully understand the functionality and mechanisms of CD8 cells, there
has been a resurgence of interest in examining the metabolic pathways involved in CD8 cell

differentiation and immunological function.
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2.3 Cellular Metabolism

The purpose of cellular metabolism is to provide energy for cellular functions. Additionally,
metabolic intermediates are used for biosynthesis. Glycolysis and oxidative phosphorylation
are the two main energetic pathways that cells rely on for most metabolic functions. Cells can
also catabolize other molecules, such as glutamine or fatty acids, for energy production and
macromolecule biosynthesis (Figure 12) (Nelson and Cox 2005; Maclver, Michalek, and

Rathmell 2013).
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2.3.1 Glucose Metabolism

Glucose is the main energy source that most organisms utilize for energy production, and its
catabolic pathways are widely conserved in all cells types. Glucose can be metabolized in
both aerobic and anaerobic conditions, though the resulting byproducts from these two
different conditions differ (Nelson and Cox 2005). Glycolysis is one of the main catabolic
pathways cells use to break down glucose. In aerobic conditions, after a glucose molecule is
metabolized, the resulting pyruvate molecules are transported into the mitochondria for
oxidative phosphorylation. However, in oxygen low environments, pyruvate usually

undergoes lactic acid fermentation (Nelson and Cox 2005).

2.3.1.1 Glycolysis

Glycolysis is a six step metabolic pathway used by cells to convert the six carbon glucose
molecule into two three carbon pyruvate molecules and to produce a net of two adenosine 5°-
triphosphate (ATP) and two nicotinamide adenine dinucleotide (NADH) molecules.
Glycolysis consists of two phases: a preparatory phase and a payoff phase (Figure 13). In the
preparatory phase, glucose is first phosphorylated by hexokinase into glucose-6-phosphate,
which undergoes a conversion into fructose 6-phosphate by phosphohexose isomerase. The
fructose 6-phosphate is phosphorylated again by phosphofructokinase-1 before being cleaved
by aldolase into two 3-carbon sugar molecules (glyceraldehydes 3-phosphate and
dihydroxyacetone phosphate). The dihydroxyacetone molecule is isomerized into a second
glyceraldehydes 3-phosphate molecule, which is oxidized and phosphorylated into 1,3-
bisphosphoglycerate in the next step. This oxidation and phosphorylation step results in
NADH formation, with two molecules of NADH forming for each molecule of glucose. The
final few steps of glycolysis augment the energy production as four molecules of ATP are

produced. Two ATP molecules are produced from the conversion of 1,2-bisphosphoglycerate
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into 3-phosphoglycerate, which is converted into 2-phosphoglycerate and then into
phosphoenolpyruvate. The final enzyme, pyruvate kinase, converts phosphoenolpyruvate into
pyruvate and also generates two ATP per glucose. By the end of glycolysis, one glucose
molecules produces a net of two ATP (while four ATP were generated, two ATP are required
for the priming of fructose 1,6-bisphosphate), two NADH, and two pyruvate molecules

(Figure 13) (Nelson and Cox 2005).

This process occurs in the cellular cytoplasm and the final product pyruvate is either further
processed into lactate or otherwise transported into the mitochondria where it is converted
into acetyl-coenzyme A (acetyl-CoA). Acetyl-CoA enters the tricarboxylic acid (TCA) cycle,
also known as the Krebs cycle, where it is broken down into CO, (Maclver, Michalek, and

Rathmell 2013; van der Windt and Pearce 2012; Nelson and Cox 2005).

2.3.1.2 Lactic Acid Fermentation

If pyruvate is not shuttled into the mitochondria for oxidative phosphorylation (OXPHQS),
then it is converted into lactate. This procedure usually occurs in anaerobic conditions;
however, Otto Warburg has observed that cancer cells also use this metabolic pathway in
oxygen rich conditions and since his initial observation, other researchers have made similar

observation in other cell types (Warburg 1928; Maclver, Michalek, and Rathmell 2013).

In lactic acid fermentation, lactate dehydrogenase converts pyruvate into lactate (Figure 14).
During this process, NAD" is regenerated from NADH. The replenishment of the NAD" pool
is the main goal of lactic acid fermentation. This is because during the glycolytic process,
NAD" generates NADH, but if pyruvate does not undergo OXPHOS, the NADH will not be
re-converted back into NAD", thus drastically diminishing the overall pool of NAD" (Nelson

and Cox 2005).
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2.3.1.3 The Citric Acid Cycle (TCA)

The main purpose of the citric acid cycle, also known as the Krebs cycle or the tricarboxylic
acid cycle, is to take the fragments of glucose, fatty acids, and amino acid molecules and
enzymatically oxidize them (Figure 12). This process releases energy in the form of energy-
rich electrons and protons, which are bond to carriers NAD" and FAD to form NADH and

FADHo,, respectively (Lunt and Vander Heiden 2011; Nelson and Cox 2005).

Before the TCA can continue the metabolism of a glucose molecule, the resulting pyruvate
from glycolysis must be converted into acetyl-coenzyme A (acetyl-CoA). Pyruvate
dehydrogenase converts pyruvate into acetyl-CoA, which is then shuttled into the

mitochondria (Schell and Rutter 2013; Nelson and Cox 2005).

Once in the mitochondrial matrix, acetyl-CoA enters into the TCA by giving its acetyl group
to oxaloacetate to form citrate. Citrate becomes isocitrate which becomes a-ketoglutarate. A-
ketoglurate is a common biosynthetic precursor and can be removed from the TCA at this
point if the cell requires (Wasinski et al. 2014; van der Windt and Pearce 2012). If not, a-
ketoglutarate becomes succinate. Through several more enzymatic steps, succinate becomes
fumarate, which becomes malate, and finally transforms back into oxalacetate, which in turn
can react with a second acetyl-CoA molecule and initiate the cycle again (Figure 15) (Nelson
and Cox 2005). Throughout one turn of the TCA cycle, three molecules of NADH, one of

FADH,, and one of ATP are produced (Nelson and Cox 2005).
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Figure 15. Overview of the Citric Acid Cycle (Nelson and Cox 2005).

2.3.1.4 Oxidative Phosphorylation and the Electron Transport Chain

The final and most energy-rich step of cellular respiration is oxidative phosphorlylation
(OXPHQOS), where the electrons in the NADH and FADH, are used to synthesize ATP. This
process takes place in the inner membrane of the mitochondrial, which is impermeable to
protons and small ions, thus maintaining mitochondria polarization (Figure 16). The

mitochondrial membrane potential is essential to OXPHOS because it is the flow of electrons
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through the electron transport chain (ETC), a chain of five membrane-bound enzyme

complexes that allows for the phosphorylation of ADP into ATP.

Electrons are freed from NADH and FADH2 at Complex | while the resulting freed H+
protons are pumped into the intermembrane space, thus causing a gradient to form in the
mitochondria. The electrons decoupled from NADH are bound by the different enzyme
complexes to a series of electron carriers, beginning with ubiquinone, continuing through a
series of cytochrome proteins (in the order of cytochrome b, ci, ¢, a, and finally az) before
finally being bound to O,. The combined chemical and electrical gradient formed by the
electron flow creates a strong proton-motive force which drives protons back into the
mitochondrial matrix via ATP synthase, which in turn provides the energy needed to
phosphorylate ADP into ATP (Figure 16) (Nelson and Cox 2005; Krauss, Israel, and Medical

2001).

The total net ATP generated through aerobic metabolism of one molecule of glucose is 30 or
32 ATP. This discrepancy in final ATP count is due to the shuttle systems used to transport
the two molecules of NADH generated in the cytoplasm during glycolysis into the
mitochondria. In liver, kidney, and heart cells, a malate-aspartate shuttle is used to transport
NADH into the mitochondrial matrix. By using this shuttle system, these cells can recover a
net 32 ATP from one molecule of glucose. However, the skeletal muscle and the brain use a
slightly less efficient glycerol 3-phosphate shuttle to transport NADH into the mitochondria.
This shuttle delivers the electrons from NADH to Complex Ill, instead of Complex I, and thus

results in a net of 30 ATP per glucose molecule (Nelson and Cox 2005).
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Figure 16. Overview of the Electron Transport Chain (Nelson and Cox 2005).

2.3.2 Alternative Energy Sources

During homeostasis and quiescence, cells will prioritize glucose metabolism to fulfill their
energy and biosynthetic needs. However, there are times, such as times of stress, starvation,
or when a cell are differentiating and thus have different metabolic needs, when alternative

energy sources are metabolized (van der Windt and Pearce 2012).

2.3.2.1 Glutaminolysis

In order for amino acids to be catabolized, they must be converted into carbon intermediates
which will enter the citric acid cycle. Glutamine is an abundant non-essential amino acid that
enters the TCA a-ketoglutarate. Glutamine plays an important anaplerotic role in the
metabolic programming of lymphocytes. Glutaminolysis begins when glutaminase converts
glutamine into glutamate, a closely-related amino acid, which is in turn converted into o-
ketoglutarate by glutamate dehydrogenase (Nelson and Cox 2005). Glutamine is transported
into lymphocytes via the SLC (solute carrier) protein families; however, little is known about
the transporter responsible for shuttling glutamine from the cytoplasm into the mitochondria

(Pochini et al. 2014).
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2.3.2.2 Fatty Acid Oxidation

Long-chain fatty acids have high energetic potential, where one molecule of palmitate has the
potential net yield of 106 molecules of ATP (Figure 17). Before fatty acids can be oxidized in
the mitochondria, they must be broken down into acetyl-CoA by a process called p oxidation.
First, fatty acids longer than 12 carbon lengths are converted into a fatty acyl-CoA and
transported into the mitochondria by carnitine palmitoyltransferase 1 (CPT1) (Figure 17A).
Shorter fatty acids do no need to be actively transported into the mitochondria. Once inside
the mitochondria, fatty acids undergo the four-step p oxidation where a two-carbon acetyl
group is removed for the fatty acid chain to form acetyl-CoA. In addition to acetyl-CoA,
oxidation also produces one molecule of NADH and one of FADH,. A 16-carbon palmitate
molecule will yield 8 molecules of acetyl-CoA, 7 of NADH, and 7 of FADH, after

oxidation (Nelson and Cox 2005; Kennedy and Lehninger 1949).
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2.3.3 CD8 T Cell Metabolic Programming

2.3.3.1 Metabolic Demands in Quiescent T Cells

In resting state, naive T cells rely on oxidative phosphorylation (OXPHQOS) to produce ATP
(Guppy, Greiner, and Brand 1993). This metabolic pathway is the most effective method to
generate ATP by catabolizing metabolic intermediates derived from glucose, fatty acids, and
amino acids. The low rate of energy metabolism needed by quiescent cells to maintain their
housekeeping functions is instructed by cytokine-dependent signals, and preferentially 1L-7
mediated signals. Indeed, IL-7 is a crucial cytokine to sustain the homeostasis of naive cells
and their survival and is also an important regulator of the glucose transporter GLUT1
(Wofford et al. 2008). The IL-7 receptor (IL-7R) is largely expressed in naive lymphocytes
and downregulated when naive CD8 T cells differentiate into the effector phenotype. IL-7
causes JAK1 and 3 activation, which in turn activates STAT5 and the PI3K/AKT pathways
(Wofford et al. 2008; Pallard et al. 1999; Crawley et al. 2014). IL-7 allows a basal glucose
metabolism which has been shown to be essential for quiescent T cell survival (Wofford et al.

2008).

In addition to mitochondrial glucose oxidation, resting T cells generate energy through the f3-
oxidation of fatty acids, and especially quiescent memory subsets (Figure 18A). Fatty acid
oxidation is integral to the development of memory T cells and when FAO is impeded, the
memory CD8 T cell population is heavily affected (Lochner, Berod, and Sparwasser 2015;
O’Sullivan et al. 2014). Pearce et al. showed that mice which lack tumor necrosis receptor-
associated factor 6 (TRAF6) cannot upregulate FAO, and while these mice were able to
mount a normal effector CD8 response, they were unable to form a CD8 memory population
after bacterial infection (Pearce et al. 2009). Additionally, TRAF6 deficient CD8 cells could

not properly activate AMP-activated kinase (AMPK); however, Metformin, an AMPK
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activator, was able to rescue FAO in the TRAF6 deficient CD8 cells and promote the
development of the memory subset (Pearce et al. 2009). The generation of potent CD8
memory T cells is also dependent on mammalian target of Rapamycin (mTOR) related
signaling since Rapamycin, a mTOR inhibitor, promotes memory T cell differentiation (Araki
et al. 2009; Sipula, Brown, and Perdomo 2006). Rapamycin treatment during the CD8
expansion phase has been shown to increase the resulting quantity of CD8 memory cells;
furthermore, Rapamycin given during the contraction phase results in memory CD8 cells that
are highly functional and can mount a better memory response (Araki et al. 2009; Xu et al.

2012; Araki, Youngblood, and Ahmed 2010).

2.3.3.2 Activation of CD8 T Cells Leads to Metabolic Reprogramming.

Proliferation and potent effector functions are an energetically demanding process that
requires a metabolic adaptation in order to fulfill the needs of T cells. Upon activation, CD8 T
cells reprogram their metabolism from OXPHOS to aerobic glycolysis and glutaminolysis
(Figure 18B) (Maclver, Michalek, and Rathmell 2013). This glycolytic shift supports the
rapid proliferation of activated lymphocytes in terms of energy requirement but also in terms
of metabolic intermediates (Lunt and Vander Heiden 2011). These metabolic intermediates
allow the biosynthesis of macromolecules essential for the massive cell growth and
proliferation required as effector CD8 cells expand during the immune response. For example,
these intermediates generated from the glycolytic pathway are used to generate nucleotides,
amino acids, and lipids which in turn will be used to synthesize nucleic acids, lipids and
proteins needed in order to duplicate the cellular biomass (Vander Heiden, M. G., Cantley,

L.C., Thompson 2009; Lunt and Vander Heiden 2011).

61



Introduction: Cellular Metabolism

Glucose Glutamine
Ghioose QUIESCENCE STATE Free Fatty Acid i ACTIVATION STATE g
FOCUS ON ENERGY PRODUCTION Giucose[T] LOCUS ONBIOSYNIHESIS Glutamine
lrar(vssm:zev transporter II e s transporter | |
oo HIGHLY EFFICIENT PRODUCTION CELL PROLIFERATION
o LOW BIOSYNTHESIS R Glucose . g@?’éﬂﬁ?&%‘éﬁgﬁ&s i
Glucose-6-P Glucose-6-P
Fructose-6-P Carnitine Fru(:o‘se»G-P
i + ATP
cetyl-Col cerate-3- PDK
Glycerate-3-P PDK /— Acetyl-CoA. Glycerate-3-P _[_
Pyvrll‘./alc CPT1 Acyl-Carnitine I Pyruvate
dehydrogenase Acetyl-CoA PEP dehydrogenase
Pyrisis Canleet pyuwate™ || Acetyl-CoA Pyruvate Acetyl-CoA
Oxaloacetate \_\__.C,mm& Citrate Dlatbacatate il
02 Pyruvate [’ 02
Lactate
Malate «—— a-Ketoglutarate l Malate «—— a-Ketoglutarate Glutamate
Lactate
L . (e 1

W, J W,

Figure 18. Metabolic Pathways Used by CD8 T Cells in Quiescent and Active States.
A. When in a quiescent state, naive CD8 T cells fulfill their energy needs mainly through aerobic glycolysis and mitochondrial respiration. Fatty
acid oxidation plays an important role during the restriction phase when effector CD8 cells differentiate into memory CD8 cells and the immune

system returns to a quiescent state.

B. When stimulated, effector CD8 T cells rapidly upregulate glycolysis and glutaminolysis because the activated cells require many of the
metabolic intermediates for macromolecule biosynthesis. The metabolic adaptations sustain the rapid expansion of effector CD8 T cells and
support the secretion of cytokines and cytotoxic molecules.
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T cell activation requires two signals: one from the T cell receptor (TCR) and the other from
costimulatory receptors. TCR signaling alone is not sufficient for inducing major changes to
the metabolic programming (Frauwirth et al. 2002).The increased glucose metabolism seen in
activated lymphocytes is due to CD28 costimulation signaling, which in turn activates the
PIBK/AKT pathway (Figure 19) (Frauwirth et al. 2002; Jacobs et al. 2008; Parry et al. 1997),
leading to an increase of nutriment uptake, cell surface expression and function of glucose
transporter. However, it is becoming apparent that there are specific metabolic adaptations
dependent on the T cell subset. Gubser et al. showed that the effector memory CD8 T cells are
able to switch to glycolysis more rapidly as compared to naive CD8 T cells (Gubser et al.
2013). Furthermore, effector memory CD8 T cells are able to sustain this higher glycolytic
rate. The drastic diversion of energy generation from OXPHOS to aerobic glycolysis induced
by T cell activation may be over-simplified as a higher mitochondrial mass of memory CD8 T
cells compared to naive CD8 T cells has been reported and linked to a higher enhancement of

both OXPHOS and glycolysis in memory CD8 T cells (van der Windt et al. 2013).

In addition to increase glycolytic activity, activated T cells also upregulate glutamine
metabolism (glutaminolysis). Glutamine, a common amino acid found in human plasma, can
serve as an alternative source of energy. Activated lymphocytes require glutamine for cell
proliferation and cytokine secretion, and CD28 costimulation enhances glutamine uptake and
increases glutamine transporter expression (Carr et al. 2010; van der Windt and Pearce 2012).
Several metabolic TCA cycle intermediates such as citrate, o-ketoglutarate, oxaloacetate are
crucial for proliferation as precursor for lipid and amino acids synthesis. Glutamine undergoes
anaplerotic reaction to produce oxaloacetate and o-ketoglutarate metabolism through
glutamate. Glutaminolysis also replenishes NADPH pool, which is also needed by
proliferating lymphocytes to support lipid and nucleotide biosynthesis as well as maintaining

the redox balance (van der Windt and Pearce 2012; Wasinski et al. 2014).
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Figure 19. Immunometabolic targets. This figure depicts the different metabolic and
transcriptional pathways involved in the immunometabolic functions of CD8 T cells. Black
arrows are used to show the transport of glucose and glutamine into the cells where they are
metabolized. The yellow arrow represents the combined signaling of the TCR and CD28
which activates CD8 effector cells and triggers the metabolic adaptations in the effector cells.
The blue arrows show the transcriptional used by activated CD8 T cells to upregulate mTOR,

which controls cellular metabolism and growth. Red arrows show the promotion or

suppression of therapeutic molecules on the various immunometabolic pathways.
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2.3.3.3 Metabolism and Immunomodulation

2.3.3.3.1 Targeting Bioenergetic Pathways

As previously discussed, glycolysis and glutaminolysis are two key metabolic pathways
which are imperative for proper CD8 effector function. 2-Deoxy-D-glucose (2-DG) is a
glucose analog that inhibits glycolysis by blocking hexokinase function. Many studies showed
the potent effect of 2-DG in inhibiting the cytotoxic function of effector CD8 cells
(O’Sullivan and Pearce 2015; Cham and Gajewski 2005; Gubser et al. 2013; Sukumar et al.
2013). In a similar fashion, blocking glutaminolysis with a glutamine antagonist such as 6-
diazo-5-oxo-I-norleucine (DON) inhibits lymphocyte proliferation (R. Wang et al. 2011).
Additionally, blocking glucose and glutamine transporters disrupt lymphocyte activation and
affect memory differentiation (Sinclair et al. 2013; Singer et al. 2011; Anastasiou et al. 2011,

Macintyre et al. 2014).

Targeting major bioenergetic pathways seems at first glance a rather dangerous mean to
control an immune response and major side effects such as a massive toxicity to normal tissue
is expected. Animal models and ongoing therapeutic use of metabolic interferences therapies
prove that such strategy is safe and feasible. For instance, leflunomide, a molecule from which
teriflunomide is the active metabolite, prevents de novo biosynthesis of pyrimidine and
efficiently inhibit the development of EAE (Korn et al. 2004). In Multiple Sclerosis patients,
teriflunomide, compared to a placebo, significantly reduces relapse rates, disability
progression (at the higher dose), and MRI evidence of disease activity (O’Connor et al. 2011).
Interestingly, whereas a link with metabolism has not been established, Leflunomide or
analogues have also been shown to be effective in prolonging graft survival and even to

induce tolerance in a model of heart allograft transplantation (Le Texier et al. 2011).
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2.3.3.3.2 Targeting Transcriptional Regulators of Immunometabolism

Since metabolic adaptation is required to support T cells activation and function, nutrient
availability or limitation will affect these processes. A recent publication has shown that
adenosine monophosphate-activated protein kinase (AMPK) couples T cell function to
nutrient availability (Blagih et al. 2015). AMPK is a serine-threonine kinase that is sensitive
to energy levels and is activated during cellular stress. By sensing the AMP/ATP ratio,
AMPK senses energy deficiency and favors pathways leading to ATP production while
inhibiting ATP-consuming pathway. It increases catabolic processes and inhibits anabolic
processes to increase ATP production when activated. AMPK upregulates fatty acid f-
oxidation by promoting the transfer of long chain fatty acids into the mitochondria via
carnitine palmitoyltransferase 1 (CPT1) (Maclver, Michalek, and Rathmell 2013). Metformin,
a drug commonly used in diabetes treatment, blocks mitochondrial complex I, which has the
downstream effect of promoting AMPK activity. Interestingly, Metformin fosters memory
CD8 T cell differentiation in mice(Pearce et al. 2009). In agreement with these results, it has
been shown that autoreactive T cells can be efficiently control by the co-administration of 2-
DG and Metformin in a mouse model of Systemic lupus erythematosus (SLE) (Yin et al.
2015). However, as Meformin also inhibits OXPHQS, in vitro or in vivo administration is

likely to have a broader target than solely the memory compartment.

While using metabolic interference as a medical treatment has been mainly studied in the
cancer field, given the similarity of metabolic adaptation between cancer cells and activated T
cells, immunometabolic regulation of CD8 T cells could be used as a mean to manipulate the

CD8 T cell immune function for effective immunosuppression.
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3.1 Thesis Overview

Kidney transplantation is the best treatments for end-stage renal disease. Unfortunately, due to
the risk of allograft rejection, patients need to endure life-long immunosuppression regiments.
Furthermore, as the causes of chronic allograft rejection are not fully understood, chronic
allograft rejection endangers the long term survival of the allograft. With the current clinical
biomarkers available, rejection episodes are not detected until after they have begun to do
damage to the allograft. Therefore, it is a pressing concern in the transplant community to
further our understanding of the mechanisms of allograft rejection and to find new biomarkers

with better reliability and predictive power.

Miqueu et al. showed that chronic kidney allograft rejection was associated with an altered
peripheral TCR VP repertoire and an increased CD8*/CD4" T cell ratio. Tolerant patients did
not have skewed repertoires and stable patients exhibited a heterogeneous mixture of
repertoire usage, ranging from unaltered to altered (Miqueu et al. 2010). Additionally,
Brouard et al. showed that alterations in the TCR VP repertoire in transplant recipients is
mainly in the CD8 compartment (Brouard et al. 2005). Furthermore, Baeten et al.
demonstrated that cytotoxic CD8 T cells were involved in chronic rejections (Baeten et al.
2006). Cumulatively, this has shown that CD8 T cells play an important role in the health of

kidney allografts.

The main goal of this thesis was to investigate the role of CD8 T cell subsets and the
involvement of their immunometabolic programming in kidney transplant recipients and

evaluate the possibility of using CD8 T cells as biomarkers of allograft rejection.

This thesis was divided into two parts. The first part was focused on characterizing the
distribution of CD8 T cell subsets in the periphery of long term stable kidney transplant

patients (Article 1) and evaluated the use of TEMRA CD8 T cells as predictive biomarkers of
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long term allograft rejection (Article 3). Additionally, we compared three different
nomenclatures which are used to identify CD8 T cell subsets in order to assess and identify
the best nomenclature to be used to monitor the CD8 compartment in kidney transplant

patients (Article 2).

The second part of the thesis was focused on characterizing the immunometabolic
programming involved in CD8 T cell function in healthy volunteers, kidney transplant
recipients and multiple sclerosis patients. We used an extracellular flux analyzer to observe
the changes in the immunometabolic programming in different CD8 T cells subsets and
investigated the importance of different metabolic pathways in the effector function of CD8 T
cells (Article 4). Furthermore, we compiled our findings about the importance of the
immunometabolism of CD8 T cells in kidney transplantation with the current research and

literature in this field and wrote a mini review, which is located in the appendix.

69



Results: Article 1

3.2 Article 1: Expansion of Highly Differentiated Cytotoxic Terminally
Differentiated Effector Memory CD8+ T Cells in a Subset of Clinically
Stable Kidney Transplant Recipients: A Potential Marker for Late Graft
Dysfunction.

Published in the Journal of the American Society of Nephrology in 2014 (Yap et al. 2014).

In this article, we investigated the association of the TCR V[ repertoire and CD8
immunophenotype in long-term stable kidney graft recipients. In previous animal studies, our
team has found that alterations to the TCR Vp repertoire is associated with chronic allograft
dysfunction in a rodent cardiac allograft model and that these alterations are due mainly to
CD8 T lymphocytes and not CD4 lymphocytes (Ballet et al. 2009). Furthermore, Miqueu et
al. showed that kidney allograft recipients suffering from chronic rejection had an altered
TCR V} repertoire while tolerant patients had an unaltered TCR Vp repertoire. Additionally,
this study found that stable kidney allograft patients had a heterogeneous spread of TCR Vf3
repertoire usage (Miqueu et al. 2010). These finding caused us to hypothesize about the
association between the TCR VP repertoire and the immunophenotype of the CD8 cells in
these stable patients and to also investigate the prognostic value of the TCR VJ repertoire and

CD8 T cells in predicting long-term allograft dysfunction.

We used polychromatic flow cytometry to characterize the CD8 T cell populations in 131
long-term stable kidney transplant patients. Patients were divided into two groups depending
on the alterations to their TCR V repertoire (unaltered vs. altered). We found that an altered
TCR VP repertoire was associated with an expansion in the TEMRA CD45RA*CCR7'CD27

CD28 CD8 T cell subset and that patients with an increased frequency of TEMRA
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CD45RA'CCR7'CD27CD28 CD8 T cells had a 1.96 fold chance increase of long-term

allograft dysfunction.
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Expansion of Highly Differentiated Cytotoxic
Terminally Differentiated Effector Memory CD8"*
T Cells in a Subset of Clinically Stable Kidney
Transplant Recipients: A Potential Marker

for Late Graft Dysfunction

Michelle Yap,*™* Francoise Boeffard,*'* Emmanuel Clave,® Annaick Pallier,*™
Richard Danger,*'* Magali Giral,*'* Jacques Dantal,*'* Yohann Foucher, !
Cécile Guillot-Gueguen,’ Antoine Toubert,® Jean-Paul Soulillou,*"*
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ABSTRACT

Despite the effectiveness of immunosuppressive drugs, kidney transplant recipients still face late graft
dysfunction. Thus, it is necessary to identify biomarkers to detect the first pathologic events and guide
therapeutic target development, Previously, we identified differences in the T-cell receptor Vi repertoire
in patients with stable graft function. In this prospective study, we assessed the long-term effect of CD8"
T-cell differentiation and function in 131 patients who had stable graft function. In 45 of 131 patients, a
restriction of TCR V3 diversity was detected and associated with the expansion of terminally differentiated
effector memory (TEMRA; CD4SRA'CCR7 CD27 CD28 )CD8* T cells expressing high levels of perforin,
granzyme B, and T-bet. This phenotype positively correlated with the level of CD57 and the ability of CD8"
T cells to secrete TNF-a and IFN-y. Finally, 47 of 131 patients experienced kidney dysfunction during the
median 15-year follow-up period. Using a Cox regression model, we found a 2-fold higher risk {P=0.06) of
long-term graft dysfunction in patients who had increased levels of differentiated TEMRA CD8" T cells at
inclusion. Collectively, these results suggest that monitoring the phenotype and function of circulating
CD8" T cells may improve the early identification of at-risk patients.

JAm Sac Nephrol 25: ese—eee, 2014, doi- 10.1681/ASN, 20130806848

The major immunologic cause of late kidney graft
failure is chronic antibody-mediated rejection
(CAMR).! Its diagnosis relies on renal dysfunction,
histologic features, and donor-specific antibodies.”
The biologic mechanisms leading to CAMR are
poorly defined. Whereas anti-donor antibodies
are identified as a risk factor for graft survival >+
preexisting T-cell memory is associated with high
incidence and severe rejection episodes,® and recip-
ients prone to acute rejection have a higher precur-
sor frequency of alloreactive CD8 T cells than
nonrejectors,” Using an experimental model of

JAm Soc Neghrol 25: eee_ses_ 2014

CAMR,” we previously reported that a similar
T-cell receptor (TCR) VB selection of CD8 T cells
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can be identified in the blood and graft of recipients.® This
profile was associated with transcript coding for granzyme
B (GZM-B} in the graft.*'! Similar observations made in the
blood of CAMR patients reported a restricted TCR V8 reper-
toire, an increase in IFN-y, GZM-B, and perforin-1 (PERF-1)
transcripts, and an increase in CD8 T cells.'>- ' These obser-
vations suggest that alteration in the TCR V3 repertoire of CD8
T cells may be associated with kidney dysfunction.

We previously reported that different shapes of TCR V8
repertoire are identified in patients with stable graft function,
despite the stringent clinical criteria used to constitute a ho-
mogeneous group.'* In this prospective study, we examined
CD8 T-cell phenotype and function and the long-term clinical
outcome of these patients with stable graft function (n=131)
who exhibit different usage of their TCR VB repertoire. We
found that the restriction of the TCR V3 repertoire diversity is
associated with an increase of highly differentiated terminally
differentiated effector memory (TEMRA; CD45RA'CCR7
CD277CD287) CD8 T cells, which are characterized by a
high expression of cytotoxic molecules, PERF and GZM-B,
T-bet, and CD57 and the ability to secrete TNF-ar and IFN-y.
During the follow-up period, 47 patients exhibit kidney dys-
function. Using an unsupervised clustering strategy, we report
that stable patients who have an increase in highly differenti-
ated TEMRA CD8 T cells have a 2-fold higher risk of long-term
graft dysfunction (P=0.06). Additional prospective clinical in-
vestigation will be necessary to provide definitive proof of the
association between kidney graft dysfunction and the accumu-
lation of highly differentiated TEMRA CD8 T cells.

RESULTS

Study Population

Intotal, 131 kidney transplant recipients who displayed a stable
graft function (Table 1)} were enrolled. At the time of inclusion,
patients’ TCR VB repertoire was analyzed, T-cell phenotype
and function were characterized, and signal joint TCR excision
circle (sjTREC) levels were measured (Figure 1). With more
than 6 years of follow-up, the kidney graft was re-evaluated for
graft dysfunction.

Reduction in TCR VB Repertoire Diversity Is Associated
with an Increase of Highly Differentiated TEMRA
(CD45RA*CCR7 CD27°CD28 ) CD8 T celis

Of 131 patients (median time post-transplantation=7.78 years,
range=5.01-21.66 years), 45 patients exhibited a restricted
TCR VB repertoire {median time post-transplantation=6.55
years; range=>5.11-19.58 years), and 86 patients did not {me-
dian time post-transplantation==8.10 years; range=5.01-21.66
years) (Table 1). Patients with a restricted TCR V3 repertoire
were older (P<<0.001), transplanted with an older kidney
(P=0.002), and more frequently treated with mycophenolate-
mofetil (P=0.01) compared with patients with a diverse TCR
VB repertoire (Table 1). All the other clinical parameters were
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similar between the two groups. CD8 T cells were classified as
naive (CD45RACCR7"), central memory (CD45RA ™ CCR7"),
effector memory (EM; CD45RA ™ CCR7 ), or TEMRA
(CD45RA"CCR7 ™ ).1%16¢ CD28 and CD27 expressions were also
used to identify early (CD27'CD28"), intermediate (CDD28 CD27"),
and late (CD28° CD27 7 )'® differentiated cells (Supplemental
Figure 1), Patients with a restricted TCR V8 repertoire exhibita
higher frequency of CD45RA'CCR7 ™ TEMRA CDS8 T cells
compared with patients with a diverse TCR V@ repertoire
(52.74%2.96% versus 31.39%1.99%; P<0.001) (Figure 2A)
and a decrease in CD45RA CCR7 " naive CDS T-cell frequency
(14.13£1.62% versus 29.31 % 1.82%:; P<<0.001} (Figure 2A).

A restricted TCR VB repertoire was associated with a
marked increase in late differentiated CD27 CD28 CDS8 T
cells (55.1323.14% versus 23.0622.3046; P<0.001) {Figure
2B). Finally, an increase in CD27 " CD28™ T cells was associ-
ated with a significant decrease in CD27°CD28" T cells in EM
and TEMRA CD8 T cells in restricted TCR V3 repertoire pa-
tients {P<<0.001) (Figure 2C). Collectively, the restriction in
TCR VS diversity was associated with an expansion of TEMRA
cells with highly differentiated phenotype.

CD8 T Cells in Patients with Restricted TCR Vg
Repertoire Showed High Cytotoxic Molecule
Expression
A significant increase of CD8 T cells expressing either GZM-B
only (28.04%3.05%; P=0.007) or GZM-B and PERF
(30.61%2.83%; P<0,001) was observed in patients with a re-
stricted TCR VB repertoire. Three levels of expression of PERF
were observed within CD8 T cells (Figure 3B). CD8 T cells
with a restricted TCR V@ repertoire exhibit a higher expres-
sion of PERF compared with patients with a diverse TCR VB
repertoire (PERF": 21.04=2.80% versus 7,84 +0.88%:;
P<0.001) (Figure 3C). The enhanced expression of PERF
was associated with an increase in the mean fluorescence in-
tensity of GZM-B (diverse TCR V3 repertoire [4375+487]
versus restricted TCR V3 repertoire [5809=283]; P=0.,008)
(Figure 3D). Finally, a positive correlation between the expres-
sion of PERF and GZM-B was observed (R*=0.46, P<<0.001),
High cytolytic potential can be measured using the expres-
sion of CD57.171* Patients with restricted TCR VB repertoire
display a higher frequency of CD57" CD8 T cells compared
with patients with a diverse TCR Vg repertoire (47.75 % 2.69%
versus 26.831.59%:; P<<0.001) (Figure 3E). Collectively,
these data show that restriction of TCR V3 repertoire diversity
is associated with an enrichment of CD8 T cells exhibiting
markers associated with cytotoxicity.

CD8 T Cells in Patients with Restricted TCR V3
Repertoire Expressed Higher Levels of T-Bet

Three populations could be defined based on the expression of
T-bet (T-bet™®, T-bet™, and T-bet"™).1* Whereas the fre-
quency of T-bet"™" CDS T cells was similar between patients,
patients with a restricted TCR V3 repertoire exhibit a marked
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Table 1. Summary of demographic and clinical characteristics of patients

Pathant Global (n=131) Diverse Stable (n=86) Restricted Stable (n=45)
Charsitosicaics Mean or SD or Mean or SDor Mean or SDor PValue
Number Percentage Number Percentage Number Percentage
Recipient age (yr} 45.21 13.53 240 13.44 50.56 12.15 <0.001
Donor age (yr) 36.34 14.56 3353 1439 41.69 13.50 0.002
At blood sampling
Time post-transplantation 2.01 3.84 .42 3.88 8.43 374 0.16
yr)
Creatinemia (zmol/L) 118 N 118 32 119 28 0.76
Protainunia {g/24 h) 0.20 017 0.21 019 0.17 0.13 0.26
Woman recipient 48 36.6% 33 38.4% 12 26.7% 0.25
Woman doner 35 26.7% 23 26.7% 12 26.7% 1.00
Incompatibility HLA-A, -B, 63 48.1% 41 a7T7% 22 48.9% 1.00
or-DR>4
Induction therapy
mAD 15 1% 9 10% ] 13% 0.77
Polyclonal antibody 54 1N% 33 38% 21 a7% 0.46
None 33 25% 21 24% 1 24% 1.00
Cther 29 22% 22 26% 7 16% 0.27
Maintenance therapy
Mycophenolatemofet] 72 55% 40 47% 32 Mn% 0.01
CSA 104 79% 66 e 38 84% 0.37
Azathioprine 32 7% 25 29% 7 16% 013
FK 38 0% 26 30% 12 27% 0.84
Corticotherapy 12 9% 10 12% 2 4% 0.22
Kidney recipiants under dard blatherapy immuncsupp vwith stable graft function and without TCR VJ alterations (dwerse stabla; ne86) or with TCR VB

alterations (restricted stable; n=45), CSA, cyclosporin &; FK, Tacrolimus.

Pr i cti mz‘n 135' express the effector-associated marker CD57, lose the expres-
g dses , = sion of CD27 and CD28, and are preferentially found within
i the EM and TEMRA CDS8 subset (Figure 4C). Altogether, pa-

TcLandscape analysis \ TREC measurement

5

{n=131) (n=131)

ticnts with a restricted TCR V8 repertoire exhibit T-bet"*"
CD8 T cells with an increased expression of CD57
(67.37+2.34% versus 52.862.13%; P<<0.001) (Figure 4D)
associated with a highly differentiated phenotype of CD27~
CD28 T cells (75.57%2.50% versus 44.76+3.26%;
P<0,001) (Figure 4D} and an increase in TEMRA CD45RA™

Urivaslivdity of f Unavaiibiity of frazen CCR7 ™ T cells (59.45%3.06% versus 48.00=2.67%; P=0.02)
PEMC (n=15)} PBMC (n=10} [Plgunc 4D)
Phenotypic i |Phe = lysis ]
ey T Downregulation of CD127 by CD8 T Cells in Patients

{n=18) (n=16}

Figure 1. Description of the cbservational and prospective study.
The number of patients is shown in parentheses,

increase in T-bet™® CD8 T cells (44.05+4.05% versus
25.25= 1.88%; P<<0.001) {Figure 4A).The expression of T-bet™"
was positively correlated with CD57 expression {R*=0.40;
P<0.001) (Figure 4B), Most of the T-bet"'*" CD8 T cells

JAm Soc Neghrol 25: ese_see 2014

with Restricted TCR V8 Repertoire

High expression of CD127 ([L-7Ra) allows the maintenance
of a diverse repertoire of naive CD8 T cells, 22! We report that
the level of CD127 expression was lower in patients with a
restricted TCR VB repertoire (Figure 5, A and B). Whereas
the frequency of CD127%™ was similar between the two
groups, patients with a restricted TCR V repertoire exhibit
an increase of CDI27'™ CD8 T cells (54.92+2.81% versus
31.132.10%; P<0.001) (Figure 5B). Of interest, CD127""
CD8" T cells with a restricted TCR V3 repertoire were more
differentiated compared with CD127'°"CD8" T cells with a
diverse TCR VP repertoire (Figure 5C), The frequency of
CD27 CD28" and CD45RA"CCR7 ™ was significantly higher
in patients with a restricted TCR VB repertoire (83.7552.45%
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Figure 2, Reduction in TCR V[ repertoire diversity is associated with
an increase of highly differentiated TEMRA (CD45RA™CCR?
CD27 °CD28 ") CD8 effector T cells. Expression of (A) CD45RA
and CCR7 and (B) CD27 and CD28 was measured in CD8 T cells
in PBMCs from stable patients with a diverse (n=71; open circles)
or restricted (n=35; filled circles) TCR VB repertoire. CD3'CD8"
cells were gated by morphology and viability before being
subdivided into (A} central memory (CM], naive, TEMRA, and
EM subsets based on the expression of CD45RA and CCR7 or
[B) CD27 and CD28 subsets. (C) Expression of CD27 and CD28
within CM, naive, TEMRA, and EM subsets. Each dot represents
one individual, and the mean and the SEM are displayed.
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versus 54.22+2.10%; P<0.001 and 75.28%2.90% versus
63.062.44%; P=0.006) (Figure 5C).

Collectively, the reduction of TCR V3 repertoire in kidney
transplant recipients is associated with a profound downregu-
lation of CD127 in CD8 T cells with a highly differentiated
phenotype.

CD8 T Cells in Patients with Restricted TCR Vg3
Repertoire Exhibit Potent Effector and Cytotoxic
Functions

Restriction of TCR VB repertoire diversity was associated with
an increase in T-bet' TNF-a* CD8 T cells (14.52 % 1.64% ver-
sus 4.29*0.66%; P<0.001) (Figure 6A) and T-bet” IFN-y"
CD8 T cells (6.76=1.03% versus 1.86=0.57%; P<0.001) (Figure
6A) after short-term polyclonal stimulation. [FN-y-secreting
CD8 T cells were virtually all enclosed within TNF-a* CD8 T
cells. Polyclonal stimulation results in a fast release of cytotoxic
granules as assessed by CD107a upregulation at the cell surface
(7.11£2.35% wversus 1.6920.65%; P=0.003) (Figure 6B} in
patients with a restricted TCR VB repertoire, Collectively, the
restriction of TCR VB repertoire is associated with the acqui-
sition of potent effector function markers of CD&" T cells,

Reduction in Thymic Output Does Not Account for the
TCR Vg Repertoire Alteration

Given theaccumulation of highly differentiated CDS TEMRAT
cells in patients with a restricted TCR V8 repertoire, we asked
whether these patients could have a defective thymic T-cell
output. A generalized linear model was used to take into ac-
count potential confounding factors (recipient age and sex).
The difference in siTREC levels was not statistically significant
between the two groups of patients (Supplemental Table 1).

Increase of Highly Differentiated TEMRA CD8 T Cells

Is a Risk Factor for Long-Term Graft Dysfunction

Finally, we examined the association between accumulation of
highly differentiated CDS T cells and graft function outcome, A
set of markers, linked phenotypically and functionally
(TEMRATCD27 CD28~ CD57'T-bet" GZM-B"PERF"), al-
lows the segregation of the population into two groups of 54
and 50 patients according to the level of differentiated TEMRA
CD8 T cells (Figure 7A). We assessed whether the kidney dys-
function (47 of 131 patients) (Table 2) was associated with
markers expressed by CD8 T cells. Graft dysfunction was de-
fined as significant proteinuria greater than I g/d (10 patients),
an isolated increase of the creatinine level without proteinuria
(20 patients), or both increased proteinuria and creatinine
levels (17 patients). Only two patients had an isolated episode
of proteinuria, six patients had an isolated episode of

Comparison of the frequency of each CDB subset vas performed
using a Holm multiple comparison test. *P<0.05; **P<0.01;
=**P0.001.
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functional degradation, and six patients displayed concomi-
tant donor-specific antibodies {six were suspicious; i.e., HLA-
DQ donor typing not done). Among six patients who were
subjected to a biopsy, four patients presented lesions of
chronic humoral rejection, one patient had isolated transplant
glomerulopathy, and one patient had acute cellular rejection
after immunosuppression withdrawal, A biostatistical model
was developed to adjust for the different times at which
patients were enrolled post-transplantation {Table 1) and fol-
lowed (median time of follow-up=15.01 years; range=5.60-
29.71 years). The probability of late graft dysfunction during
the 10 vears after the fifth anniversary of transplantation was
41.6% (95% confidence interval, 20.7% to 57.0%) for patients
with an increase of highly differentiated TEMRA CD8 T cells,
whereas it was only 23.0% {95% confidence interval, 6.5% to
36.5%) for the other group of patients (Figure 7B). Indepen-
dently from the time post-transplantation, recipient and do-
nor age, recipient and donor sex, number of HLA mismatches
above four, induction therapy, plasma renin activity (PRA) at
inclusion, and eGFR at inclusion, patients with an increase of
highly differentiated TEMRA CD8 T cells had a 1.96-fold higher
risk of graft dysfunction during their follow-up and before their
15th graft anniversary (P=0.06) (Table 3}. The increased risk of
kidney dysfunction was observed preferentially in the first 5
years after inclusion (Figure 7B). At later time points, the in-
creased risk was similar between the two groups.

Collectively, CD8 T-cell monitoring allows for the identi-
fication of patients with higher risk of graft dysfunction at a
distance from the actual occurrence of kidney dysfunction.

DISCUSSION

Using a prospective analysis of a cohort of patients with long-
term stable kidney function, we found that highly differenti-
ated TEMRA CD8 T cells accumulate in patients with a
restricted TCR VB repertoire. Despite exhibiting stable graft
function at the time of analysis, patients with reduced TCR V3
repertoire diversity exhibit an accumulation of highly differ-
entiated TEMRA (CD45RA'CCR7 CD27 CD28 ) CD8 T
cells with all the attributes of cytotoxic and effector cells. Of
interest, similar modifications were observed in the CD4 com-
partment {data not shown). We also report that patients with
an increase of highly differentiated TEMRA CD8 T cells have
higher risk of graft dysfunction (hazard ratio, 1.96; 95% con-
fidence interval, 0.97-4.05; P=0.06). The P value may be ex-
plained by the low sample size (#=131) and incomplete data
(truncated and censored observations). Rather than using

Results: Article 1

only the P values, the size of the effect should be used to judge
on the clinical importance of a result,?? because the risk of
incorrectly stating that accumulation of highly differentiated
TEMRA is a risk factor of graft dysfunction was as low as 6%,

A subgroup of patients with stable graft function was
characterized by a restriction of TCR Vg repertoire diversity
and an accumulation of GZM-B*PERF"™™ CD8 T cells with
high cytotoxic function. The expression of the two cytotoxic
molecules was positively correlated and associated with CD37
expression, which identifies high cytotoxic potential cells.??
Interestingly, increased PERF and GZM-B expression has
also been associated with acute rejection.” Qur data suggest
that high expression of these molecules also implicates adverse
chronic events. Therefore, CD8 T cells of patients with a re-
stricted TCR V3 repertoire have a greater potential of lysis,
The identification of the potential target will be of great impor-
tance. Based on our prior work,' viral targets could be excluded,
because we showed no link between viral infection and the shape
of the TCR Vg repertoire. Moreover, active inflammatory pro-
cesses, including viral and bacterial infections, were exclusion
criteria in the current study. Anti-cytomegalovirus [gG preva-
lence was similar in patients with highly different TCR VB rep-
ertoire typologies.

The accumulation of effector CD8 T cells was strengthened
by the enhanced T-bet expression, which is crucial in Ty 1-cell
commitment and CD8 T-cell differentiation and function.'®
Moreover, T-bet"=" CD8 T cells expressed the highest levels of
PERF and GZM-B and are associated with HIV-specific cyto-
toxic function, ' Interestingly, we found that T-bet"*" expres-
sion in CD8 T cells correlated with cytotoxic potential marker
CD57 expression (R°=0,40; P<0.001), Moreover, the ability to
secrete TNF-a and IFN-y was restricted to T-bet expressing
CD8 T cells, which confirmed the functionality of the TEMRA
CD8 T cells within the at-risk patient group.

A profound decrease in CD127 was observed in patients
with restricted TCR V@ repertoire, suggesting that TEMRA
CDS T cells do not rely on IL-7-related homeostasis. CD127*™
CD8 T cells were preferentially found within the CD45RA™
CCR7 CD27 CD28 " subsets, a phenotype consistent with
the reported prevalence of low levels of CD127 in effector
CD8 T cells.?* Downregulation of CD127 expression in CD8
T cells has been observed in latent viral or chronic viral infec-
tions**-? and correlated with CD8 T-cell exhaustion. We
found that prolonged exposure to allogeneic antigens does
not result in similar exhaustion. Patients with a diverse TCR
VB repertoire retain high expression of CD127 on CDS T cells;
because these patients also exhibit a high frequency of naive
CD8 T cells, the retention of high expression of IL-7R is in

showing COMSRA and CCR? or CD27 and CD28 by PERF™S", PERF™, and PERF™S CD3°CD8" cells. {C and E) Frequency of {C)
PERF"@", PERF™, and PERF"? and (E) CD57" and CD3'CD8" cells in patients with a diverse TCR V8 repertoire (n=71; open circles) or
arestricted TCR VS repertoire (n=35; filled circles). (D) Level of expression of GZM-B {mean fluorescence intensity [MFI]) in patients with
a diverse TCR VB repertoire [n=71; open circles) or a restricted TCR V8 repertoire {n=35; filled circles). Each dot reprasents one in-
dividual, except for in E, and the mean and the SEM are displayed. Comparison of the frequency of the each CD8 subset was per-
formed using a Holm multiple comparison test, **P<0.01; ***P<0.001,
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agreement with the fact that the maintenance of naive CD8 T cell
pool relies on intermittent response to [L-7 and sel - TCR.2! The
modulation of IL-7R expression may be caused by a switch in
survival factors, leading to either the maintenance of naive CD8
T cells with diverse TCR Vg repertoire or the expansion of
TEMRA CD8 T cells with restricted TCR V8 repertoire. TCR
V3 repertoire restriction results in decreased CD127 expression
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exemplified by the high expression of T-bet, CD57, GZM-B,
and PERF by CD127"" CD8 T cells. However, low expression
of CIN27 by TEMRA CD27 CD28 CD8 T cells does not nec-
essarily preclude their ability to respond to IL-7.0-32
Longitudinal monitoring of the CD8 T cells compartment
will be needed to document the differentiation from naive to
TEMRA cells. Before transplantation, an increase of TEMRA
CD8 T cellsand a decrease of naive CD8 T cells were associated

without altering CD8 T-cell effector functions, which was
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Figure 4. CD8 T cells in patients with restricted TCR VB repertoire exoressed higher
leviels of T-bet than patients with diverse TCR Vg repertoire. (A) Frequency of T-bet™?,
T-bet™! and T-bet™" CD8 T cells was measured in CD8 T cells in PBMCs from stable
patients with a diverse {n=71; open circles) or restricted TR V8 repertoire (n=35; filled
circles). (B} The frequency of CDS7" CD8 T cells was plotted against the frequency of
T-bet"3" CD8 T cells within all patients. Linear regression was performed to determine
statistical significance, and the regression factor is indicated. (C) Phenotype of T-bet™
{white bars} versus T-bets" [lack bars) of the whole cohert. (D) Phenotype of T-bet"=”
CD8 T cells from stable patients with a diverse (n=71; black bars) or restricted TCR V3
repertoire {n=35; white bars). Comparison of the frequency of the each CD8 subset was
performed using a Holm multiple comparison test. *P<0.05; ***P<0.001. CM, central
memory.
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with a lower risk of acute rejection.* The
reduction of T-cell diversity may reflect a
reduction of alloreactive T cells before
transplantation. In contrast, we identified
that the increase of TEMRA CD8 T cells
and the decrease of naive CD8 T cells
were risk factors for long-term graft dys-
function. Moreover, TEMRA CD8 T cells
exhibit potent effector functions, including
the ability to secrete proinflaimmatory cy-
tokines and cytotoxic molecules. Whereas
at the early stages post-transplantation, the
T-cell immunity is controlled by the im-
munosuppressive drugs, it is possible that
there is a gradual leakage in the control of
theantidonor immune response, leading to
an expansion of TEMRA CD8 T cells. The
continuous stimulation of the alloimmune
system is evidenced by CD27 and CD28
downregulation. Controlling TEMRA
CD8 T-cell function and preventing their
deleterious effects will be the next chal-
lenge. Targeting the CD28-CD80/86 path-
way in patients with CD80/86 antagonists
{Belatacept) or using monovalent anti-
CD28 mAb may not be effective on
TEMRA CDS8 T cells given the lack of ex-
pression of costimulatory molecules
{CD28 and CD27). An interesting candi-
date could be anti-TNF treatment that de-
creases the granulysin-expressing CD8”
CCR7 CD45RA™ effector memory T-cell
population. -4

Collectively, our study provides new
evidence implicating blood CD8 T cells in
kidney graft dysfunction. Additional pro-
spective clinical investigation will be nec-
essary to provide definitive proof of the
association between kidney graft dysfunc-
tion and the accumulation of highly differ-
entiated TEMRA CD8 T cells. Monitoring
CDS T-cell differentiation may be useful for
identifying patients at risk of kidney dys-
function. Innovative therapies targeting the
CD8 TEMRA compartment may offer new
opportunities to prevent and treat kidney
dvsfunction.
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Figure 5. Downregulation of CD127 by CD8 T cells in patients with restricted TCR V8 repertoire. (A) Three levels of CD127 expression
could be identified. Representative flow cytometry plots showing CDA5RA and CCR7 or CD27 and CD28 by CD127"¥", CD1277", and
CD127"" CD3'CD8" cells in stable patients with a diverse (left panel) or restricted TCR VB repertoire (right panel). The various CD127
populations (blue) were overlad onto dot plots (red) of total CD8' T cells, (B) Frequency of CD127"s", CD127™, and
CD127°"CD3°CD8" cells in patients with a diverse TCR Vi3 repertoire (n=71; open circles) or a restricted TCR VB repertoire (n=35;
filled circles). Each dot represents one individual, and the mean and the SEM are displayed. (C) Phenotype of CD127%" CD8 T cells
from stable patients with a diverse (n=71; black bars) or restricted TCR V8 repertoire (n=35; white bars}. The mean and the SEM are
displayed. Comparison of the frequency of the each CD8 subset was performed using a Holm multiple comparison test. *P<0.05;
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Figure 5. Downregulation of CD127 by CD8 T cells in patients with restricted TCR V8 repertoire. (A) Three levels of CD127 expression
could be identified. Representative flow cytometry plots showing CDA5RA and CCR7 or CD27 and CD28 by CD127"¥", CD1277", and
CD127"" CD3'CD8" cells in stable patients with a diverse (left panel) or restricted TCR VB repertoire (right panel). The various CD127
populations (blue) were overlad onto dot plots (red) of total CD8' T cells, (B) Frequency of CD127"s", CD127™, and
CD127°"CD3°CD8" cells in patients with a diverse TCR Vi3 repertoire (n=71; open circles) or a restricted TCR VB repertoire (n=35;
filled circles). Each dot represents one individual, and the mean and the SEM are displayed. (C) Phenotype of CD127%" CD8 T cells
from stable patients with a diverse (n=71; black bars) or restricted TCR V8 repertoire (n=35; white bars}. The mean and the SEM are
displayed. Comparison of the frequency of the each CD8 subset was performed using a Holm multiple comparison test. *P<0.05;
**P=(.01; ***P<0.001, CM, central memory
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Figure 6. CD8 T cells in patients with restricted TCR Vi3 repertoire
exhibit potent effector functions (secretion of proinflammatory
cytokines [TNF-a and IFN-y] and cytotoxic function). {A) PBMCs
from patients with a diverse TCR VB repertoire {n=18) or a re-
stricted TCR VB repertoire (n=16) were stimulated with plate-
bound anti-CD3 ant-CD28.2 mAbs for 6 hours, and expression of
T-bet, IFN-y, and TNF-a was measured on CD8 T cells. The mean
and the SEM are displayed. (B) PBMCs from patients with a diverse
TCR V8 repertoire {n=15) or a restricted TCR V@ repertoire (n=13)
were stmulated with plate-bound anti-CD3 anti-CD28.2 mAbs for
6 hours, and expression of CD107a was measured on CO8 T cells.
Comparison of the frequency of each CD8 subset was performed
using a Holm multiple comparison test. ***P<0.001.

CONCISE METHODS

Subjects and Ethics Statement
The University Hospital Ethical Committee and the Committee for

the Protection of Patients from Biologic Risks approved the study. All
kidney transplant recipients gave informed consent; 131 transplant
recipients who had received a firstand unique kidney transplant froma
deceased donor and displayed a stable graft function (Modification of
Diet in Renal Disease ¢GFR=40 mi/min and proteinuria<1 g/24 h)
for at least 5 years were enrolled. Patients were prescreened and des-
ignated as stable according to an ¢GFR above 40 ml/min, a stable
creatinemia (£25% of the mean value of creatinemia in the year
before the inclusion), and a daily proteinuria< 1 g/d. Criteria of graft
stability were confirmed at 3 months. Graft dysfunction was defined
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by at least three values of creatinemia above 25% of the basal level
within the last 2 years of follow-up and/or a proteinuria=1 g/24 h.
Patients received tacrolimus or cyclosporine A for maintenance ther-
apy with or without mycophenolatemofetil, azathioprine, and/or ste-
roids. All patients were compliant with the medical description and
had not undergone an episode of rejection or ongoing infection dur-
ing the monitoring period. At the inclusion, anticlass 1 PRA was
detected for three patients, and anticlass 11 PRA was detected for six
paticnts, including two patients who exhibited both anticlass [ and [1
PRA.

Characterization of the TCR Vg Repertoire and
Identification of Restricted TCR Vg Repertoire

The TeLandscape was performed as previously described by com-
bining the complementary determining region 3 length distribution
with cach normalized amount of V8 transcript.** *7 A capillary se-
quencer (Applied Biosystems 3730)* was used to determine the
CDR3 length distribution after amplification of the V8 genes tran-
seript.™ The level of VB family transeripts was measured by quanti-
tative RT-PCR and normalized by a reference gene (HPRT). TCR VS
repertoires were stratified into diverse and restricted profiles using
the rules recently developed.'

Study Design

One hundred thirty-one patients were prospectively recruited ac-
cording to the exclusion/inclusion criteria described above (Figure 1).
Patients were classified into two groups according to the alteration of
the TCR VB repertoire (diverse stable, #n=86; restricted stable,
n=45).'* Among 131 patients recruited, frozen PBMCs were available
for 106 patients (diverse stable, #=71; restricted stable, n=35) and
subjected to phenotypic and functional analyses at the time of in-
clusion. A fraction of the patients was selected to characterize the
transcripts expression of a selected CD8-related genes set (diverse
stable, n=17; restricted stable, #=12), The selection of the patients
was done to minimize the disparity of the demographic and clinical
parameters (time post-transplantation, recipient age and sex, donor
age and sex, and HLA mismatches).

Blood Samples
PBMCs were separated on a Ficoll gradient layer and frozen in 10%
DMSO autologous serum.

Polychromatic Flow Cytometry
Cells were analyzed with an LSRII flow cytometer (BD Immunocy-

tometry Systems); 2X10° frozen PBMCs were surface-stained with
antibodies specific for CD3 (BW264/56; VioBlue), CD8 (BW135/80;
VioGreen), CIM5RA (1612115 APC-Vio770), CCR7 (3D12; PE-Cy7},
CD27 (L128; Brilliant Violet 605), and CD28 (CD28.2; PE-CF594).
In addition to this core-staining cocktail, different combinations of
antibody were used: CI127 {MB15-18C9; PE), CD57 (TBO3; FITC),
T-bet (04-46; PE), GZM-B (GB11; Alexa Fluor 700), and PERF
(B-IM8; PE). Yellow LIVE/DEAD Fixable Dead Cell Stain Kit was used
to exclude dead cells from analysis, BD CompBeads stained scparately
with individual mAbs were used to define the compensation matrix,
Data were analyzed using FlowJo Version 9.0.1 (TreeStar). All the
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Figure 7. Identification of patients at risk of late kidney dysfunction based on the features of CD8 T cells. (A} Unsupervised clustering of
kidnay recipients based on CD8 T-cell markers measured by flow cytometry at the time of inclusion. Two groups of patients (referred as
left and right CD8) are identified. (B) The cumulative probability of graft dysfunction was assessed in patients with stable graft function
according to the shape of the TCR V8 repertoire (restricted versus diverse TCR Vg repertoire) and the time post-transplantation after the
fifth anniversary of ransplantation. At the end of the follow-up, the low remaining number of transplant recipients explained the
sudden increase in kidney dysfunction, CM, central memory.
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Table 2. Summary of clinical characteristics of patients with a kidney dysfunction

Patient Characteristics Mean or Number SD or Percentage

Time betwaen transplantation and kidney dysfunction (yr) 13.88 449

Time between inclusion and kidney dysfunction (yr) 415 235

Anti-HLA antibodies 19747 40.42%
Donor-specific antibodies 16747 34.04%
Proteinuria =1 g/d alone 10/47 21.27%
Risa in craatinine lavel alona 20/47 42.55%
Proteinuria=>1 g/d and rise in creatinine level 17/47 3617%

Table 3. Multivariate analysis of the time between the fifth anniversary of
transplantation and the time of graft dysfunction using a Cox model adapted to

genomic copy number using albumin gene
quantification. Data were expressed per 150,000

truncated data PEMCs.
< < Hazard Ratio
Patient Characteristics Coefficient  SD (95% CI) P Value Sistictical Methods

CDB T cells {left arm versus right arm) ~0.68 037  1.96(0.96-4.05) 006 Descriptive Analyses
Recipient age (yr} -0.03 0.02 097(0.94-1.01) 0.15  Quantitative variables were described according 1o
Donor age (yr) 0.04 0.02 1.04(1.00-1.08) 003 mean and SEM and compared using a f test; the
Recipient sex (worman versus man) -0.20 0.42  0.41(0.18-0.97) 0.08  pyalue was corrected according to Holm’s proce-
Donor sax (woman versus man) -1.37 050  026(009-0£8) <001  dyre Qualitative variables were compared using a
HLUA (A+B+DR) mismatches 045 0.45 1.58(0.66-3.81) 0.30 Fisher exact test.

{=4 versus other)
eGFR level at collection (ml/min) -0.02 0.01  0.98{0.95-1.00) 0.06 X
PRA at inclusion —028 047 0760030189 056 Survival Analyses.
Polyclonal induction therapy ~010 040 091(042-19¢) 080 Ihe outcome was the time between the fith

{yes versus no) anniversary of transplantation and the time of

The confourding varisbles were ol reinforced i the model, and the Wald's test was used in this model
to test for correlations. Patients were clyssified into two groups according to the clustering based on the

expressian of phenotypic markers. 95% O, 95% confidence interval.

antibodies were purchased from BD Biosciences, except for CD3-
VioBlue (Miltenyi), CD8-VioGreen [Miltenyi), CD45RA-APC-Vio?70
(Miltenyi), CD127-PE (Miltenyi), CD37-FITC (Miltenyi), and PERF-PE
(Diaclone).

Functional Assays

PBMCs were thawed and rested overnight in complete RPMI medium
(10% fetal calf serum). Cell concentration was adjusted at 2 % 10° cells/ml
and stimulated for 6 hours with coated anti-CD3 (3 pg/mi) and ant-
CD28.2 mAb (5 pg/ml) in a final volume of | ml in 24-well flat-
bottom plates, When indicated, PE-conjugated anti-CD107a mAb
(10 pliwell) was added at the beginning of the culture. After 2 hours,
monensin (1 gg/ml; in a well with anti-CI2107a mAb} or brefeldin A
(5 pg/ml) was added. PEMCs were stained for cell surface markers
(CD3, CD8, CIM5RA, CCR7, CD27, and CD28), fixed, permeabilized
according to the manufacturer’s procedure (eBiosciences), and then,
stained for [FN-y (AlexaFluor 700}, TNF-a (FITC), and T-bet (O4—46;
PE). A minimum of 1X10* CD3"CD8" cells was recorded (me-
dian=8 X 10%; range=1 X 10°-2%107).

Quantification of sjTRECs by Real-Time PCR
Genomic DNA was extracted from 5210° to 10210° cells stored in

TRIzo! reagent. Quantification of thymic siTREC was done by mul-
tiplex real-time quantitative PCR,*" Values were normalized for the

JAm Soc Neghrol 25: ese_ses 2014

graft dysfunction. A nonparametric estimator of
survival function for truncated and censored
data was used.** A Cox model adapred to trun-
cated data was used for additional multivariate
analysis.** The Wald's test was used to evaluate the significance of
hazard ratios. The model was adjusted on all possible confounding
factors according to well established risk factors of renal dysfunction.

GTREC Analyses

Multivariate analysis was used to evaluate the confounding factors
using a generalized linear model with a y-distribution and inversed
link function.** The model was adjusted on all possible confounding
factors according to well established risk factors of siTREC modifi-
cation,

CD8 T-Cell Phenotype and Function Analysis
Analysis and presentation of distributions were performed using

Simplified Presentation of Incredibly Complex Evaluations (SPICE
version 5.1; httpz//exon.niaid.nih.gov**). Holm multiple comparison
test was used to compare the different markers.
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Supplementary Figure 1 | Gating strategy for phenotypic characterization of CD8 T

cells.

Coef SE Wald  p-value

Intercept 0.0079 0.0034 235 0.0205
Restricted-STABLE vs. Diverse-STABLE 0.0001 0.0005 0.30 0.7625
Recipient age (years) -0.0003 0.0001 -2.31 0.0227
Recipient gender (Female vs. Male) -0.0009  0.0004 -1206 0.0416

Supplementary Table 1 | Multivariate analysis of sjTREC levels using a generalized

linear model with a gamma distribution and inversed link function.
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3.3 Article 2: The Benefits of Using CD45RA and CD28 to Investigate CD8

Subsets in Kidney Transplant Recipients

Article in Press with the American Journal of Transplantation

The most commonly used nomenclature for identifying naive, EM, CM, and TEMRA CD8
cell subsets is that which was proposed by F. Sallusto et al (Sallusto et al. 1999). However, in
the recent years, we have noticed an increase in the use of alternative nomenclatures to
identify the CD8 subsets. Furthermore, we noticed a shift in usage the nomenclature CD45RA
& CD27 for identifying subsets, which was originally proposed by van Lier et al. as a means
to identify naive, effector, and memory CD8 subsets (D Hamann et al. 1997). However, in
more recent articles, this nomenclature has begun to mimic the nomenclature of Sallusto et al.
and been used to identify naive, EM, CM, and TEMRA CD8 subsets without examining if

indeed these subsets are equivalent.

Due to this evolution of CD8 nomenclatures, as well as the emergence of anti-CD28
pharmaceutical therapies coming into the transplant field, we decided to perform a
comparison study in kidney transplant recipients to examine the similarities and differences of
using three CD8 nomenclatures: CD45RA & CCR7, CD45RA & CD27, and CD45RA &
CD28. We found that all three nomenclatures can identify naive and TEMRA subsets with
similar characteristics, but there are differences in the resulting EM and CM subsets. We
found that the CD45RA'CD27", which was originally described by van Lier et al. as memory
CD8 cells but now is labeled CM CD8 cells (Henson et al. 2014; Shen et al. 2010), do not
possess many features which one attributes to CM, and instead appear to be EM cells who are
at an early stage of differentiation. Furthermore, we are also able to see this distinction of

early versus late stages of differentiation of EM in the CD45RA & CD28 nomenclature. This
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suggests that this nomenclature may be useful to investigate the role of CD8 cell subsets in

transplant patients who are being treated with the next generation of anti-CD28 therapies.
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Abstract

The deleterious role of CD8 T cells in kidney graft outcome has regained interest over the
years and memory T cells are considered as one of the main hurdle to achieve transplantation
success. Monitoring the CD8 immune response in transplant recipients involved a
heterogeneous combination of markers but the justification of their choice is rarely stated.
Whereas the number of parameters is not an issue in phenotypic analysis, functional assays
have to accommodate the cell number with the narrowing of the subset. The aim of the study
was to investigate the similarities and differences of the subsets identified using three
nomenclatures (CD45RA and CCR7/CD27/CD28) in kidney transplant recipients with stable
graft function. We found that all three nomenclatures can identify Naive and TEMRA CD8
with similar features. Whereas CM CD8 could only be documented using CCR7 and
CD45RA, the characteristics of EM CD8 will differ according to the nomenclature. We found
that the use of the CD45RA & CD28 gives the benefit of examining two EM populations at
early and late differentiation states. This systematic comparison provides a cohesive layout of
the advantages of using these nomenclature strategies in kidney transplant recipients in order

to guide the choice of their use.
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Introduction

The deleterious role of CD8 T cells in kidney graft outcome has regained interest over the
years. Memory T cells are now under scrutiny and are considered as one of the main hurdle to
achieve transplantation success and even transplantation tolerance (1). Higher incidence of
rejection has been associated with the pre-existing memory T cells (2) or a higher precursor
frequency of alloreactive CD8 T cells (3). Heterogeneous combination of markers could be
found in the literature of immune-monitoring of CD8 subsets in kidney transplant recipients
such as the use of CD45R0 and CCR7 (4), CD45R0 and CD27 (5,6), CD45RA and CD27
(7), CD45RA, CCR7 and CD28 (8,9), CD45R0O, CCR7 and CD28 (10), CD45RA, CCRY7,
CD27 and CD28 (11,12). The inclusion of CD28 in the set of markers has gained a growing
interest with the advent of costimulation blockade therapies and especially those targeting
CD28 — CD80/CD86 pathway(13). On which ground one nomenclature is chosen over
another is rarely mentioned despite the fact that the functionality of the CD8 subsets will be
greatly influenced by the markers chosen. While the description of the CD8 compartment will
benefit from a larger number of markers, functional assay required fewer markers to
accommodate the balance between the precision of CD8 subsets and the number of cells
needed for this assay. Moreover, current FACS-sorters allows only for the purification of 4
populations. Therefore, it is important to choose the right CD8-markers to address the
appropriate research question. As aforementioned, the justification of the use of one
combination over another is rarely stated which ultimately could lead to the misuse of the
markers. For instance, there appears to have been an evolution in the subsets identified using
CD45RA and CD27. While this nomenclature was pioneered as being able to identify naive,
effector and memory subsets(14), over time it has begun to be misused as a means to identify
naive, CM, EM, and TEMRA (7,15,16). The aim of the study was to investigate the

similarities and differences of the subsets identified using three nomenclatures (CD45RA
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&CCR7, CD45RA & CD27, and CD45RA & CD28) in a large cohort of kidney transplant
recipients with stable graft function and standard immunosuppressive regimen. This
systematic comparison aims to provide a cohesive layout of the advantages of using these
nomenclature strategies in kidney transplant recipients in order to guide the choice of the use
of one over another nomenclature. The monitoring of CD8-compartment of kidney transplant

recipients will also benefit from an enlighten choice of CD8-related markers.
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Materials and methods
Subjects and Ethics statement

Peripheral blood mononuclear cells (PBMC) were prospectively collected from 73 kidney
transplant recipients in the DIVAT biocollection (www.divat.fr) and stored in the Biological
Resource Center of the Nantes University Hospital, F-44093, France (BRIF : BB-0033-
00040). All donors were informed of the final use of their blood and signed an informed
consent. The University Hospital Ethical Committee and the Committee for the Protection of
Patients from Biological Risks approved the study for patients. All kidney transplant patients
have normal graft function at 12 months post-transplantation (creatinemia less than 150
umol/L and proteinuria less than 0.4g/24h at the time of sampling). Clinical characteristics are

shown in Table 1.

Blood samples

PBMC were separated on a Ficoll gradient layer and frozen in DMSO-10% autologous serum.
Polychromatic flow cytometry

Multi-colored flow cytometry was performed on whole PBMC using a LSRII (BD
Bioscience). 3x10°frozen PBMCs were surface stained with antibodies specific for CD3
(BW264/56; VioBlue), CD8 (BW135/80; VioGreen), CD45RA (T6D11; APC-Vio770),
CCR?7 (3D12; PE-Cy7), CD27 (L128; Brilliant Violet 605) and CD28 (CD28.2; PE-CF594).
In addition to this core-staining cocktail, different combinations of antibody were used CD127
(MB15-18C9; PE), CD57 (TBO03; FITC), T-bet (O4-46; PE), Granzyme B (GB11; AlexaFluor
700), and Perforin (B-D48; PE). Intracellular staining was performed using the
Foxp3/Transcription Factor Staining Buffer Set according to the manufacture instructions

(eBioscience). Yellow LIVE/DEAD Fixable Dead Cell Stain Kit was used to exclude dead
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cells from analysis. BD CompBeads stained separately with individual mAbs were used to
define the compensation matrix. Data were analyzed using FlowJo Version 9.7.6. All the
antibodies were purchased from BD Biosciences except for CD3-VioBlue, CD8-VioGreen,
CD45RA-APC-Vio770, CD127-PE, and CD57-FITC (Miltenyi) and Perforin-PE
(Diaclone).Lymphocytes were first gated for morphology then for viability. Next, CD3"CD8"
cells were located and then cells were gated using CD45RA &CCR7, CD45RA& CD27, or
CD45RA &CD28. On the subsets of each nomenclature, the percentage of cells positive for
each phenotypic marker was analyzed. Of note, there was not additional stimulation used to

detect the expression of any markers.
Statistical analyses

Statistics were analyzed using Graphpad Prism. Unpaired T-test with Welch’s correction was

used and a p-value of less than 0.05 was considered significant.
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Results
Characteristics of the kidney transplant cohort

The clinical and demographic characteristics of the population are shown in Table 1. Patients
were transplanted between November 2006 and December 2011. All the patients signed
informed consent. Among the 73 kidney transplant recipients alive with a functional kidney
graft at 1 year post-transplantation, 95.9% were recipients of a first graft. At the time of
sampling (i-e 12 months post-transplantation), meanzsd of creatinemia and proteinuria was

109+£21 umol/L and 0.18+0.13 g/24h respectively.

Characterization of CD8 Subsets by combining CD45RA and one additional maker

(CCR7, CD27 orCD28)

We investigated the differences in gating strategies used to identify different CD8 subsets
using a combination of CD45RA with CD27, CD28, or CCR7. The three different strategies,
CD45RA&CCR7, CD45RA&CD27, and CD45RA&CD28 were compared using flow
cytometry data collected from whole PBMC from 73 stable kidney transplant patients (TX).
After gating for morphology, viability, and CD3"CD8" cells, the three different strategies
were used to identify the different CD8 subsets (Supplementary Figure 1). The expression
of remaining two antibodies that were missing from each nomenclature was also analyzed in
both cohorts. In all 3 nomenclatures, Naive CD8 cells and TEMRA cells are both positive for
CD45RA whereas Effector Memory (EM) and Central Memory (CM) cells do not express
CD45RA. A second marker (CCR7, CD27 or CD28) is necessary to separate naive cells from
TEMRA cells within the CD45RA™ compartment and EM from CM within the CD45RA"

compartment.
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The use of CD8 T cells was heterogeneous within the 73 kidney transplant recipients (Figure
1A). Whereas the frequency of CM has low variation across patients (meanzsd 5.6+4.3), the
frequency of naive, TEMRA and EM exhibit divergent repartition (meantsd27.7£17.1,
25.8+16.4 and 22.0+7.1 respectively; Figure 1A). Two groups of patients could be identified:
TEMRA"Y" consisted of patients with a high frequency of TEMRA CD8 T cells and lower
frequency of naive and EM T cells; TEMRA" consisted of patients with a lower frequency
of TEMRA CD8 T cells and a higher frequency of naive and EM T cells. Of note, the clinical
characteristics was similar between patients with high or low frequency of TEMRA CD8 T

cells.

We took advantage of the heterogeneity of CD8 T cell subsets to first assess the influence of
CCR7, CD27 and CD28 on the ability to decipher the 4 CD8 subsets, using the CCR7 &
CD45RA nomenclature as the nomenclature of reference. The frequencies of naive CD8 T
cells (defined as CD45RA'CCR7") and TEMRA CD8 T cells (defined as CD45RA*CCR7)
were on average similar when the expression of CD27 or CD28 was used (Figure 1B). The
CD45RACD27" and CD45RA'CD28" cell subsets highly correlated with the naive CD8 T
cells (Spearman coefficient r = 0.91 and 0.98, respectively; for both p<0.0001; Figure 1B).
Like the naive subsets, CD45RA"CD27" and CD45RA'CD28" cells correlated very well with
TEMRA cells (Spearman coefficient r = 0.84 and 0.95, respectively; for both p<0.0001;
Figure 1B). In contrast, the EM and CM showed little correlation with the analogous subsets
identified with CD27 and CD28. The linear correlation of EM (CD45RA CCR7") was low
when compared to CD45RA'CD27 and CD45RA CD28 (Spearman coefficient r 0.49
(p<0.0001) and 0.22 (p = 0.0675) respectively; Figure 1B). Similarly, CD45RA'CD27" and
CD45RA'CD28" have a Spearman coefficient r equal to 0.71 and 0.64, respectively (for both,
p<0.0001), when correlated to CM cells (Figure 1B). The high correlation in the naive and

TEMRA subsets and the low correlation in the EM and CM subsets shows that all three
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nomenclatures can easily and dependably identify naive and TEMRA CD8 populations with
similar characteristics; however, there are discrepancies in the expression of co-stimulatory
markers CD27 and CD28, as well as CCR7 in the EM and CM subsets. Finally, we tested
whether the differences across the 3 nomenclatures could be explained by the time of
sampling or by the immune-challenge induced by kidney transplantation. The time of
sampling does impact the distribution of CD8 subsets (identified according to the expression
CD45RA and CCR7; Supplementary Figure 2). The ability of the 3 nomenclatures to define
CD8 subsets exhibits a similar efficiency when blood samples from Healthy Volunteers (HV;
n=16) were used (Supplementary Figure 3). Collectively, our results show that co-
stimulatory markers CD27 and CD28 as well as CCR7 could be used to define naive and
TEMRA CDS8 T cells whereas the EM and CM population exhibit heterogeneous expression

of these markers.

Naive and TEMRA CDS8 cell characteristics remain consistent across the three different

nomenclatures.

We then aimed to better characterize within each subset of CD8 T cells the expression of
additional markers (CD127, PERF, GZMB, CD57 and T-bet) and thus confirmed the identity
of one subset identified using the 3 different nomenclatures.CD45RA" cells that also co-
express the second marker (CCR7, CD27 or CD28) exhibit all the features attributed to naive
cells (Figure 2A). Expression of CD127 was detected on all cells whereas very low
expression of cytotoxic molecules (PERF and GZMB), effector associated transcription factor
(T-bet) and markers of activation/senescent (CD57) was found. A small increase of GZMB™,
CD57" and T-bet”™ frequency was observed in CD45RA'CD27" T cells as compared to those
of CD45RACCR7" or CD45RA'CD28". The magnitude of this increase expression of
effector-associated markers is low and explains the trend of a higher frequency of naive cells

when CD27 or CD28 markers were used (Supplemental Table 1). TEMRA cells moderately
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expressed CD127 and expressed high levels of PERF, GZMB, CD57, and TBET (Figure 2B).
Altogether, we found that the expression of these markers was not significantly different
within the three groups. Of interest, whereas the range of frequency of naive and TEMRA
CD8 T cells varies from low to high (Figure 1A), the population identified by the 3
nomenclatures is homogeneous regarding the expression of effector-associated molecules

(Figure 2A and B).
Intra-subset differences in characterization profiles EM subsets.

EM CD8 T cells exhibit as expected a high expression of T-bet, regardless the nomenclature
used (Figure 2C). The range of expression of cytotoxic molecules and CD127 was large
when EM CD8 T cells were identified as CD45RA CCR7 (Figure 2C) despite the more
narrow dispersion of the frequency of EM across the kidney transplant recipients (Figure
1A). The use of costimulatory molecules to identify EM highlights a more differentiated
population with especially a higher frequency of PERF" and GZMb" (Figure 2D). A gradient
of differentiation could be observed between CD27" and CD28 CD45RA™ CD8 T cells
(Figure 2D). The expression of cytotoxic molecules (PERF and GZMDb) and effector-
associated marker (CD57 and T-bet) were significantly higher in CD28™ compartment and the
expression of CD127 was lower (Figure 2D). Moreover, the use of CD28 to identify EM
allows restraining the heterogeneity in the level of expression of effector-associated molecules
(Figure 2C). For instance the meanzsd of GZMb was 44.6%+20.3 for CD45RA CCR7" and
84.5%+11.6 for CD45RA CD28 (Figure 2C). Collectively, the use of CD28 over CCR7

allows to increase the homogeneity of the EM CD8 subsets.

Costimulatory-based nomenclature identified EM CD8 T cells with intermediate and

advanced differentiation.
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We observed that the frequency of CD8 T cells within the CD45RA" fraction differs when
CD27 or CD28 expression is used as compared to the use of CCR7 (Figure 1B). Not only the
frequency of subsets differs as compared to CCR7 counterpart, but we also report that the
expression of CD27 and CD28 varies within the CD45RA" fraction. A higher frequency of
CD45RACD28" and a lower expression of CD45RA CD28 were observed as compared to
the CD45RA'CD27" and CD45RA CD27 respectively (Figure 3A). In contrast, the
frequency of CD8 subsets within the CD45RA™ fraction did not differ according to the use
CD27 or CD28 (Figure 3A). As previously reported by Appay et al., the expression of CD27
and CD28 has been assigned to different levels of differentiation(17), with a gradual loss of
CD27 and CD28 respectively in the context of viral infection. Our results confirmed this
observation as EM CD45RA'CD28" expressed a more differentiated phenotype as compared
to EM CD45RACD27" with a higher magnitude of expression of cytotoxic molecules and

effector-associated molecules and a lower expression of CD127 (Figure 3B).

Collectively, the nomenclature of CD45RA & CD28 allows for the identification of two EM
subsets with different characteristics that cannot be observed using the other two

nomenclatures.
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Discussion

Viral stimulation or allogeneic transplantation leads to the generation of CD8 memory T cells
that constitutes a major hurdle to achieve long-term acceptance of allogeneic graft even in the
context of standard immunosuppressive regimen. Accelerated kinetic of rejection in animal
that were previously grafted had been reported decades ago (18) and numerous examples of
cross-reactivity of CD8 T cells between viral peptide and allogeneic HLA have been
reported(19). We have also recently reported that an accumulation of TEMRA CD8 T cells in
kidney transplant recipients with stable graft function is associated with an increase risk of
kidney dysfunction (11). Given their key role in anti-donor immune response, the phenotypic
and functional monitoring of CD8 T cells in kidney transplant recipients require an objective
choice of cell surface markers. Given the heterogeneity of markers used in the transplantation
literature (3,4,7-12,20-22), it is difficult to understand the choice over one set of markers over
another. In the current study, we took advantage of the inclusion of a larger number of kidney
transplant recipients with stable graft function to describe the pros & cons of the association
of CD45RA with CCR7, CD27 or CD28 to purify CD8 subsets. As expected (11,12), a
heterogeneous repartition of naive, TEMRA, EM and CM was observed in the 73 enrolled
transplant recipients. We provide evidences that within the CD45RA" fraction, naive and
TEMRA CDB8 T cell can be identified with CCR7, CD27 or CD28 markers and the expression
of additional phenotypic markers (GZM-b, PERF, CD127, T-bet and CD57) is on average
similar. In contrast, we further confirmed that CM CD8 T cells could only be identified with
the expression of CCR7. Within the CD45RA" fraction, the use of CD28 allows to identify
effector memory with strong biases in their effector program, ranging from early
differentiation in the CD45RA'CD28" T cells to highly differentiated CD45RA'CD28™ T cells.
The magnitude of differentiation of CD8"CD45RA™ T cells is lower when EM cells are

identified as CD45RA'CCR7 T cells.
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A drift has been observed in the literature to accommodate the use of CD45RA and CD27
with the original description of CD8 subsets based on CD45RA and CCR7. For instance,
CD8'CD27 T cells had been described as CM (7,15,16,23) in healthy volunteers as well as in
clinical settings including transplantation despite the fact that these cells are lacking CCR7
expression. Indeed, the characteristics of the subsets that were identified using either
CD45RA'CCR7" or CD45RA'CD27" were in sharp contrast. The frequencies of these two
subsets were drastically different, with a mean+sd of 5.7% + 4.3 of CD45RA'CCR7" and
21.8% + 12.8 of CD45RA'CD27". Moreover, CD45RA CCR7" cells were mostly CD27,
whereas CD45RA'CD27" did not express CCR7. A careful appraisal of the marker used in
each study is thus needed to avoid the report of erroneous data and their associated

conclusion.

In the context of costimulation blockade strategies in kidney transplantation, the monitoring
of CD28 has gained an increase interest. The FDA-approved Belatacept (CTLA4-1g) has been
proposed as an alternative to calcineurin inhibitor (13). The introduction of this new molecule
has lead to the identification of costimulation blockade resistant patients in which a sizable
frequency of CD8"CD28" T cells could be evidenced (24). The loss of CD28 expression in T
cells could be driven by repeated antigen stimulation leading to the generation of highly
antigen-experienced CD8CD28" T cells (25). CD8'CD28 T cells have been shown to exhibit
polyfunctional cells including multiple cytokines secretion and high level of cytotoxic
molecules (PERF and GZMb) in the context of alloreactive assays (8). The frequency of
CD8'CD28 T cells is increased in patients with biopsy-proven chronic antibody mediated
rejection (12). We also have recently reported that an accumulation of TEMRA CD8 T cells
in kidney transplant recipients with stable graft function is associated with an increase risk of
kidney dysfunction (11). Collectively, these results highlight that CD8"CD28" T cells are

pathogeneic cells involved in kidney graft rejection that are necessary to monitor. We
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reported here that the use of CD45RA and CD28 markers offers thus several benefits to
characterize the CD8 compartment in kidney transplant recipients, including the ability to

identify early and late-differentiated EM CD8 T cells.
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Figure Legends

Figure 1. The identification of all CD8 subsets except CM and EM can be realized using
the 3 nomenclatures in kidney transplant recipients. A. The usage of CD8 subsets
identified by the expression of CD45RA and CCRY7 is heterogeneous across the 73 kidney
transplant recipients. The frequency of naive, TEMRA, EM and CM CD8 T cells is shown
and the relative proportion of each subset for each patient is display by a connecting line. The
frequency of the 4 CD8 subsets is shown in the two groups of patients that can be identified
according to their high or low frequency of TEMRA. B. Using the CD45RA and CCR7
nomenclature as the nomenclature of reference, the frequency of the 4 CD8 subsets was
compared with those using CD45RA and CD28 (open triangle) or CD45RA and CD27 (open
circle). The correlation of the linear regression was assessed using Spearman Test and the

linear regression is display (dash line, CD45RA and CD28; solid line, CD45RA and CD27).

Figure 2. Naive, TEMRA but not EM CD8 T cells identified by the 3 nomenclatures
exhibit similar phenotypic markers. The expression of cytotoxic molecules, CD127, T-bet
and CD57 was analyzed in naive (A), TEMRA (B) and EM (C) CD8 T cells. Whereas naive
and TEMRA exhibit the expected phenotype, the expression of the analyzed markers was
heterogeneous. Of note, the use CD28 marker allows to minimize this heterogeneity. For each
patient, the percentage of variation of the 5 markers was compared between the 3

nomenclatures using CCR7-based nomenclature as reference.

Figure 3. CD28 expression allows the identification of intermediate and advanced stage
of differentiated EM cells. (A) The percentage of variation between CD27" and CD28 based
nomenclature was compared for the 4 CD8 subsets. (B) The expression of PERF, GZMb,

CD127, CD57 and T-bet was compared within the CD45RA"™ fraction according to the
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expression or not of CD27 and CD28. CD27-based nomenclature was used as the reference

nomenclature.

Supplementary Figure 1. FACS gating strategy to identify CD8 subsets. Viable cells were
selected by gating on Yellow negative cells and lymphocytes were then identified by
morphology (FSC vs. SSC), and CD3"CD8" were selected. CD8 subsets were identified by

using quadrant gates on CD45RA & CCR7, CD45RA & CD27, or CD45RA &CD28.

Supplementary Figure 2. The time of sampling does not alter the frequency of CD8 T
cell subsets. The frequencies of CD8 subsets identified according to CD45RA and CCR7

expression were analyzed according to the year of sampling.

Supplementary Figure 3. Naive and TEMRA CD8 can be identified using the 3
nomenclatures in healthy volunteers. The frequencies of CD8 subsets identified using the 3
nomenclatures were compared in PBMC retrieved from healthy volunteers (n=16). Using the
CD45RA and CCR7 nomenclature as the nomenclature of reference, the frequency of the 4
CD8 subsets was compared with those using CD45RA and CD28 (open triangle) or CD45RA
and CD27 (open circle). The correlation of the linear regression was assessed using Spearman
Test and the linear regression is display (dash line, CD45RA and CD28; line, CD45RA and

CD27).
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Mean or Number SD or Percentage

Recipient Age (years) 48.38 11.42
Recipient Gender (Male) 42 58%
Deceased Donors 73 100%
Creatinine at 12 months post-TX 108.96 20.93
Proteinuria at 12 months post-TX 0.18 0.13
Tacrolimus 64 88%
Cyclosporine A 6 8%

Mycophenolic
Maintenance

Mofetil 68 93%
Therapy
Azathioprine 2 3%
Rapamycin 1 1%
Corticosteroids 16 22%
Lymphocyte
Induction Depleting Therapy 17 23%
Therapy

Lymphocyte Non-

Depleting Therapy 56 7%

Table 1. Summary of demographic and clinical characteristics of patients.

Second meanzsd | Generic CCR7+ CD27+ CD28+
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marker (%) subset meanzsd [meantsd |meanzsd
name (%) (%) (%)
CCR7+ 24.8+16.4 | Naive ++ 90.6+13.1 |97.0+4.1
CD27+ 29.3+16.5 | Naive 76.1+18.4 | ++ 83.3+14.6
CD28+ 29.2+16.7 | Naive 79.3+16.9 |78.9£16.6 |++
CD45RA+
CCR7- 27.2£16.9 |TEMRA |-- 14.8+14.0 [19.8+16.6
CD27- 26.5£16.6 |TEMRA [12.7£17.4 |-- 15.5+18.9
CD28- 24.1+£16.2 |TEMRA [9.7£9.9 10.5+£11.2 |--
CCR7+ 6.846.1 CM ++ 75.5+17.8 |195.9+4.4
CD27+ 21.8+12.8 |EM 42.0+16.6 |++ 86.9+9.7
CD28+ 29.3+15.3 |[EMearly ([37.5+£15.5 |54.6x17.4 |++
CDA45RA-
CCRT7- 235889 |EM - 30.0+17.3 |57.1+22.7
CD27- 224119 |EM 11.0£9.6 |-- 45.91£24.2
CD28- 17.4+12.3 |EM late  |5.445.6 14.7+13.0 |--

Supplementary Table 1. Comparison of subsets as identified by their expression of

CD45RA and a secondary marker and their generic subset name.
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3.4 Article 3: Inclusion of CD8 Monitoring Improves the Prognostic

Capacities of the Kidney Failure Transplant Score

Avrticle under review with the Journal of Leukocyte Biology

This article is the follow up study to two previous studies performed by our group. The
Kidney Transplant Failure Score (KTFS), which was developed by Y. Foucher and
colleagues, uses clinical parameters collected at one year post-transplantation to calculate a
predictive value to indicate the likelihood of a patient being at risk of long term graft failure
(Foucher et al. 2010). Also, we found that patients with an increased frequency of TEMRA
CD45RA'CCR7'CD27'CD28 CD8 T cells had a 1.96 fold chance increase of long-term
allograft dysfunction (Yap et al. 2014). In this follow up study, we examined the
immunophenotype of 161 kidney transplant patients who were not included in the original
KTFS study to investigate if including immunological biomarkers into the KTFS would be
able to improve the prognostic power of the clinical parameter based score. Using the same
readout and endpoints as the initial KTFS study, we assessed if a composite KTFS would be a
better predictor of graft failure and return to dialysis compared to the original KTFS. We
found that including the frequency of CD45RA'CCR7  TEMRA CD8 T cells into the KTFS
increase the AUC from 0.64 (95% CI 0.48 — 0.80) to 0.69 (95% CI1 0.54 — 0.83). By including
the frequencies of CD27°CD28", GZMb'PERF" and GZMbPERF" to the KTFS calculations,
the AUC for prognostic up to 6-years post transplantation increased to 0.76 (95% CI 0.62 —
0.90). This new biomarker-based KTFS allowed for the better classification of 26.1% of the
kidney transplant patients. These results show that the updated KTFS is an innovative tool for
clinicians which will help predict patients at risk of chronic kidney graft loss and that
TEMRA, CD27°CD28, GZMb'PERF" and GZMbPERF" CD8 cells are biomarkers for

kidney allograft health.
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Abstract

Beside the classical monitoring of kidney graft function using creatinemia or proteinuria
levels, the assessment of other non-invasive biomarkers have been proposed to identify
patients at-risk of kidney rejection. To reach a true clinical utility, the prognostic capacities of
a biomarker has to be higher than other available metrics such as clinical-based scoring
system. We have previously shown that an increase in TEMRA CD8 T cells is associated with
a 2-fold higher risk of kidney dysfunction. In this study, we evaluate if the monitoring of
CD8-related biomarkers could improve the prognostic capacities of a clinical-based scoring
system (Kidney Transplant Failure Score; KTFS). 161 kidney-transplant recipients have been
prospectively enrolled and followed for more than 6 years. At the end of the follow-up time,
14 patients returned to dialysis. Targeted analysis of CD8 T cell phenotypic markers have
been performed on blood samples retrieved 12 months post-transplantation. We show that the
prognostic capacities of graft failure by the KTFS could be improved by the inclusion of
CD8-related biomarker with an increase of the area under the ROC of 0.12 (95%CI 0.00—
0.26; p=0.0321). As a consequence, the improvement of prognostic power results in a better
reclassification of more than 25% of patients (26.1% of patients (NRI, 95%CI 3.2-49.8;
p=0.0321)). This result not only validates our strategy for improving the efficiency of
recipient’s follow-up, but also point-out the need to develop new therapy to restrain TEMRA

CDS8 T cells.
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Introduction

The improvement of kidney allograft transplantation has grounded the need to adapt the
recipient follow-up regarding his susceptibility of long term graft failure’. Numerous
assessments of biological markers in the blood, urine and kidney biopsies have been proposed
in the literature. Whole-transcriptomic analysis of kidney biopsies have been extensively
used, notably by the Edmonton group lead by Halloran®*. The improvement of the
classification of kidney graft rejection has been one of the major assets of biopsy-based
scoring. However, a wider use of kidney graft biopsy is limited by the invasiveness of the
technique, reproducibility issues related to small size of the biopsy and the lack of proven
long-term benefit>°. Numerous non-invasive biomarkers of rejection have been proposed
including several blood”® and urine®*! biomarkers, suggesting some promise in predicting

long-term transplant outcome.

Obviously, personalized medicine is not a new concept for physicians as their daily practice
specifically consists in driving patients according to their susceptibility of graft failure.
Numbers of clinical parameters are available to guide such medical decision-making. Kidney
transplant function, estimated using either serum creatinine or other estimated glomerular
filtration rate (eGFR) equations, remains the most simple and pertinent biomarkers widely
used to evaluate long-term graft failure risk yet. Other parameters such as proteinuria,
marginal donor characteristics, or history of previous transplantation offer crucial
complementary information. To help physicians in the synthesis of these multiple parameters,
composite scores have been developed'®*®. Several years ago, we developed the Kidney
Transplant Failure Score (KTFS) based on 8 parameters collected within the first year of
transplantation®® (Patent N°0959043, 2010). The KTFS is associated with an area under the

time-dependent ROC curve (AUC) of 0.78 (C195% = [0.71, 0.86]) for a prognostic up to eight
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years post-transplantation. Its usefulness to drive the patient follow-up is under study in a

randomized health-economics clinical trial*.

In accordance with Braun et al.** and Moore et al.™, we believe that complex predictors
associating clinical, biological and immunological biomarkers may have a true clinical utility
if their prognostic capacities are higher than other simple and available metrics, clinical-based
scoring system for instance. We have recently showed that an increase of highly differentiated
CD45RA'CCR7 TEMRA CD8 T cells is associated with a 2-fold higher risk of kidney graft
dysfunction in a study of kidney transplant recipients with a functioning kidney graft for more
than 5-years™. In this study, we hypothesize that the prognostic capacities of the KTFS can be
improved by monitoring a small set of CD8-related blood biomarkers. We show that
combining well accepted pre- and post-transplant risk factor of graft loss and the frequency of
CD8-related biomarkers may constitute a way for improving the prognostic capacities of

clinical-based scoring systems.
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Material and Methods

Subjects and Ethics statement

Peripheral blood mononuclear cells (PBMC) were prospectively collected from 161 kidney
transplant recipients in the DIVAT biocollection (www.divat.fr) and stored in the Biological
Resource Center of the Nantes University Hospital, F-44093, France (BRIF : BB-0033-
00040). All donors were informed of the final use of their blood and signed an informed
consent. The University Hospital Ethical Committee and the Committee for the Protection of
Patients from Biological Risks approved the study for patients. The clinical and research
activities being reported are consistent with the Principles of the Declaration of Istanbul as
outlined in the 'Declaration of Istanbul on Organ Trafficking and Transplant Tourism'.
Clinical characteristics are shown in Table 1. Kidney transplant recipients were enrolled
using the following inclusion criteria: adult recipients of kidney graft from heart-beating
deceased donors with a functional transplant on the first anniversary of transplantation. Only
patients without missing values for the original KTFS were retained (i.e. patients for whom
creatinemia at 3 and 12 months, recipient gender and age, number of previous transplantation,
last donor creatinemia value and the number of rejection episodes during the first year post-
transplantation). Finally, the availability of a frozen PBMC at 12+6 months was used to select
the patients. Of note, the sampling time was of 12+2 months for more than 75% of patients
(Supplementary Figure 1).Finally, none of the patients included in Foucher et al. study *3

and in Yap et al. study *® was included in the present cohort.
Blood samples
PBMC were separated on a Ficoll gradient layer and frozen in DMSO-10% autologous serum.

Polychromatic flow cytometry
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Cells were analyzed with a LSRII flow cytometer (BD Immunocytometry Systems). 2x10°
frozen PBMCs were surface stained with antibodies specific for CD3 (BW264/56; VioBlue),
CD8 (BW135/80; VioGreen), CD45RA (T6D11; APC-Vio770), CCR7 (3D12; PE-Cy7),
CD27 (L128; Brilliant Violet 605) and CD28 (CD28.2; PE-CF594). In addition to this core-
staining cocktail, different combinations of antibody were used CD127 (MB15-18C9; PE),
CD57 (TBO03; FITC), T-bet (O4-46; PE), Granzyme B (GB11; Alexa Fluor 700), and Perforin
(B-D48; PE). Yellow LIVE/DEAD Fixable Dead Cell Stain Kit was used to exclude dead
cells from analysis. BD CompBeads stained separately with individual mAbs were used to
define the compensation matrix. Data were analyzed using FlowJo Version 9.7.6 (TreeStar).
All the antibodies were purchased from BD Biosciences except for CD3-VioBlue, CD8-
VioGreen, CD45RA-APC-Vio770, CD127-PE, and CD57-FITC (Miltenyi) and Perforin-PE

(Diaclone).Representative gating schemes are shown in Supplementary Figure 2.
Statistical analyses

Outcome definition. The graft survival represents the primary outcome of the study and was

defined as the time between the transplantation and the return in dialysis (death censored).

Associations with graft survival. The survival curves were obtained using the Kaplan-Meier
estimator *’. The raw and KTFS-adjusted associations between the biomarkers and the time-
to-event were described by Hazard Ratios (HR) obtained by using proportional hazard Cox
models 8. The KTFS was an offset variable, i.e. regression coefficient equals to 1 rather than
estimate the regression coefficient related to the KTFS. Each biomarker was analyzed

separately.

Prognostic of graft failure. The objective was to update the KTFS using biomarkers to
improve its prognostic capacities. The variables were selected using Cox regression with

Lasso penalization *°. The tuning parameter, i.e. the number of selected variables, was
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estimated by 5-fold cross validation. A benefit of using this methodology is to avoid the
selection of the explicative variables by using the p-values, which may not constitute the most

relevant indicator of prognostic capacities 2%,

The novel biological and clinical scoring system was the sum of the KTFS value and the
biomarkers values multiplied by their relative regression coefficients. The corresponding
improvement of the prognostic capacities related to biomarkers was evaluated by two
different methods % the Net Reclassification Index (NRI) and the increase of the area under
the time-dependent ROC curve (AUC) for a prognostic up to 6 years post-transplantation 2*.
For the NRI estimation, as mentioned by Muhlenbruch et al. %, the choice of the number of
categories and corresponding cut-offs has a major impact on the results. Our choice was
driven according to the clinical application, i.e. improving the existing binary classification.
Up to date, the low-risk group is defined by a KTFS value lower than 4.17 = that is a risk to
return to dialysis below 2%, 5%, 7% and 9% at 3, 4, 5 and 6 years post-transplantation. The
95% confidence intervals (CI) of prognostic indicators were obtained non-parametrically from

1000 bootstrap replications.

Software. All the statistical analysis were performed using R version 3.1 . The package ROCt
version 0.9 was used for computing the time-dependent ROC curves. The package nriccens

version 1.2 was used for computing the NRI.
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Results
Characteristics of the kidney transplant cohort

The clinical and demographic characteristics of the population are shown in Table 1. Patients
were transplanted between February 2007 and December 2011. Among the 161 kidney
transplant recipients alive with a functional kidney graft at 1 year post-transplantation
(baseline of the study), 14 returned to dialysis at the end of the follow-up and 7 died. The
mean follow-up time was 4.4 years (range 0.1 - 6.2). The 6-year graft survival was 84.7%
(95% CI1 77.3 —92.9). 91.9% of patients received a first kidney transplant. The mean donor

age was 51.9 years (range 13 — 82) and 62.1% were male.
Description of the KTFS prognostic capacities

We first evaluate the predictive values of the KTFS on the 161 patients. Patients stratified at 1
year post-transplantation as patients with low-risk (KTFS < 4.17) and high-risk (KTFS >
4.17) of graft failure exhibited significant different graft survival (p<0.05; Figure 1). At 3-
year post-transplantation (i.e. 2 years after the calculation of the KTFS), the graft survival was
of 100% for patients classified as low-risk whereas the graft survival for patients at high-risk
was of 87.5% (95% CI 77.8 — 98.4). At 6-year post-transplantation, the graft survival was
88.2% (95% C1 80.1 — 97.0) and 76.0% (95% CI 60.2 — 95.9) for patients with low risk and
high risk of graft failure respectively. Regardless a specific KTFS cut-off, the AUC for such a

prognostic at 6 years was 0.64 (95% CI 0.48 — 0.80).
Early increase in TEMRA CD8 T cells is associated with an increased risk of graft failure

We have previously reported that an increase of highly differentiated TEMRA
CD45RACCR7 CD8 T cells in patients with a stable graft function for more than 5 years is

a risk-factor of graft failure'®. We assessed the association between the risk of kidney graft
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failure (a more stringent clinical criteria than those used in our previous study) and the early
monitoring of CD8-related markers. Taking advantage of the DIVAT bio-collection and the
prospective storage of PBMC from kidney transplant recipients, we monitored at the first
anniversary of the transplantation the frequency of CD8 subsets using phenotypic markers
CD45RA and CCR7 (naive, CD45RA'CCR7"; TEMRA, CD45RACCR7"; EM, CD45RA
CCR7’; CM, CD45RA CCR7"), markers of differentiation (CD27 and CD28), expression of
cytotoxic molecules (GZMb and PERF), IL-7 receptor and markers associated with the
secretion of pro-inflammatory cytokines (T-bet and CD57). Stringent quality controls were
implemented to ensure the accuracy and the reproducibility of the measure of each parameter.
Independently of the KTFS, the 1-year frequencies of TEMRA, CD27°CD28" and
GZMb*PERF were associated with an increase in the risk of graft failure (KTFS-adjusted
Hazard Ratio (HR) equaled 1.32, 1.29 and 1.53 respectively; Table 2). In contrast, an increase
frequency of CD27°CD28", GZMb'PERF and CD57 Thet” was observed with a lower risk of
graft failure (KTFS-adjusted HR 0.71, 0.74 and 0.73 respectively; Table 2). The associations
between these 6 biomarkers were then assessed (Figure 2). As expected, a strong positive
correlation was observed between the percentage of TEMRA CD8 T cells and those of CD27
CD28'. In contrast, the frequency of TEMRA CD8 T cells was negatively correlated with the
frequencies of CD27°CD28", GZMb PERF and CD57 Thet". Overall, the frequency of
TEMRA was highly correlated with 4 out 5 biomarkers (CD27°CD28*, CD27'CD28", GZMb’

PERF and CD57 TBET).
Inclusion of CD8-related biomarkers improved the prognostic power of the KTFS

The association between the percentage of TEMRA CD8 T cells and the kidney graft survival
independently of the KTFS prompted us to hypothesize that the ability to prognosis of graft
failure could be improve by combining the KTFS with the frequency of TEMRA CD8 T cells

assessed at the same time than the KTFS calculation at one year of follow-up. The capacities
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to predict the graft failure 6-years post-transplantation are indeed improved when the
percentage of TEMRA CD8 T cells are included (Figure 3). The AUC increases from 0.64
(95% C1 0.48 — 0.80) when the KTFS is used as a single predictor alone to 0.69 (95% CI 0.54
—0.83) with TEMRA CD8 T cells. We and others have shown that the selection of the
variables in a prognostic context by using usual indicators such as HR and corresponding 95%
Cl may not be the optimal option®?2. To test whether the prognosis capacities of a composite
KTFS could be further improved, we therefore select the potential predictor of kidney graft
failure using the penalized Lasso regression strategy*®. This strategy allows a more efficient
selection of potential predictors, especially in the context of highly correlated predictors as
observed for CD8-related biomarkers (Figure 2). By 5-fold maximizing the cross-validation
criteria, 3 biomarkers may be retained in addition to the KTFS: the frequencies of
CD27°CD28", GZMb'PERF" and GZMb PERF" to predict graft failure. Of interest, all five
variables that could be included in the scoring model were independent (Supplementary
Figure 3) and thus each variable brings complementary information regarding the risk of
graft failure. The biomarker-updated KTFS has an AUC for prognostic up to 6-years post
transplantation at 0.76 (95% CI1 0.62 — 0.90; Figure 3) as compared to 0.64 with KTFS asa
single predictor (95% CI1 0.48 — 0.80; Figure 3). The AUC increased by 0.12 (95% C1 0.00 —
0.26; p=0.0321; Figure 4A). The improvement of the prediction of kidney graft failure was
also illustrated by a better classification of 26.1% of patients (NRI, 95% CI 3.2 — 49.8;

p=0.0321; Figure 4B).
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Discussion

The ability to stratify the patients during the first year post-transplantation according to their
long-term graft survival is an important challenge. Identifying as early as possible patients
with a high risk of kidney graft failure offers the opportunity to physicians to change their
standard of care of kidney transplant recipients, as for instance to adjust the
immunosuppression, to test alternative or to prescribe innovative therapies. One way to
address this challenge is to use clinical-based scoring systems. A clinical trial (Clinical Trial
Registry NCT01615900) is ongoing to test the efficiency of the Kidney Transplant Failure
Score®® for improving the recipient follow-up after one year post-transplantation®. Patients
with a higher risk of graft failure (KTFS >4.17) will be follow-up with 6 visits at hospital and
6 video conferencing every year, whereas patients with a lower risk (KTFS <4.17) of graft
failure will be interviewed only once at hospital and 3 times by video conferencing. The aim
from the physician perspective is to allocate more time to patients that potentially need it and
to improve the quality-of-life for patients at low-risk of graft failure. The implementation of
biomarkers into the KTFS could improve the predictive capacity of the KTFS for still increase
its efficiency. But biomarkers may also ultimately guide the introduction of alternative

immunosuppressive regimens targeting more efficiently alloreactive immune cells.

The aim of our study was to validate such approach by implementing in the KTFS the
measurement of CD8-related markers, that have been associated with long term graft outcome
and/or graft failure '°. In contrast to the initial AUC value obtained in Foucher et al. report 2,
the estimated AUC obtained in the current study was lower. These apparent lower prognostic
capacities is only explained by the small sample size, especially the low number of patients
returning to dialysis, resulting in a high sample to sample fluctuation. In the literature, various
criteria have been used to define a poor graft outcome, including decrease of kidney function

estimated by the eGFR. It is important to stress that the endpoint of the current study has to be
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the same than for the KTFS (i-e return to dialysis), and the use the eGFR to increase the
number of events cannot be considered as an alternative option. The inclusion of TEMRA
CDS8 frequency and other CD8 subsets (CD27°CD28", GZMb'PERF" and GZMb PERF)
improve the predictive capacities of the KTFS. Indeed, the AUC for prognostic up to 6-years
post transplantation increases by 0.12 (95% CI 0.00 — 0.26; p=0.0321) when CD8-related
biomarkers were implemented. As a consequence, the improvement of prognostic power
results in a better reclassification of more than 25% of patients. This result not only validates
our strategy for improving the efficiency of recipient’s follow-up, but also point-out the need
to develop new therapy to restrain TEMRA CD8 T cells. The main objective of the current
study was to evaluate the ability of the monitoring of CD8 T cell to improve the evaluation of
the patient susceptibility to return to dialysis. Despite the promising result obtained, the
clinical utility of such composite score is beyond the scope of the study. A randomized
clinical trial (NCT01615900) is ongoing and is aiming to improve the efficiency of the

follow-up of patients based on the stratification of patients at 12 months post-transplantation

1

161 kidney transplant recipients have been included in this study, which remains an important
sample size for a study related to novel biomarkers in comparison with the literature in this
field in kidney transplantation 222, We therefore described an important improvement of the
prognostic capacities to predict graft failure related to the implementation of CD8-related
phenotypes. As only 14 patients returned to dialysis, we were not able to divide our initial
cohort into learning and validation groups. Nevertheless, major arguments justify that our
results are true positive: 1) we demonstrated in a previous work based on independent
recipients that these CD8-related biomarkers were accumulated in patients with chronic
antibody mediated rejection®®, 2) we also demonstrated that such accumulation is associated

with a higher risk of graft failure in a independent population of kidney transplant recipients
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recruited more than 5 years post-transplantation*®, and 3) we measured only few CD8-related
biomarkers to limit as much as possible the over-fitting and the increase of the false positive

rate.

The deleterious role of CD8 T cells in kidney graft outcome and not only in early events post-
transplantation has regained interest over the years. Memory T cells are now under scrutiny
and are considered as one of the main hurdle to achieve transplantation success and even
transplantation tolerance. Pre-existing memory T cells is associated with high incidence and
severe rejection episodes®, and recipients prone to acute rejection have a higher precursor
frequency of alloreactive CD8 T cells than non-rejectors®. Using an experimental model of
ABMR®*, we previously reported that CD8 T cells in the blood exhibit an altered TCR VP
repertoire and that a similar TCR Vp selection of CD8 T cells can be identified in the blood
and graft of recipients®. This profile was associated with transcript coding for cytotoxic
molecule, granzyme B (GZM-B), in the graft®>***°. Similar observations made in the blood of
ABMR patients reported a restricted TCR Vp repertoire, an increase in [IFN-y, GZM-B and
perforin (PERF-1) transcripts and in the frequency of CD8"CD28™ T cells®*3*%". More
recently, in a prospective study, we found that a 1.96 fold higher risk of kidney graft failure
was observed in patients with an increase of differentiated TEMRA CD8 T cells at the
inclusion®. Several groups including our own, have thus highlighted the involvement of

alloreactive CD8 T cells in kidney graft dysfunction.

The efficacy of calcineurin inhibitors (CNI) on controlling adaptive immunity is obvious but
such strategy seems to be less effective in the control of pathogenic CD8"CD28™ T cells as the
rise of these pathogenic CD8 T cells is observed in kidney transplant recipients treated with
CNI for maintenance therapy™®?. Costimulation blockade has emerged over the last decades
as an alternative to treatment with CNI. For instance, similar 5-year graft survival is obtained

with the use of Belatacept but with an improvement of the renal function and a reduction in
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side effect as compared to CNI*®*, Of note, an increased rate of acute rejection is observed*’
and alloreactive CD8"CD28" T effector memory cells are hypothesized to be critical
mediators of Belatacept-resistant rejection*'. Nevertheless, whereas association of Belatacept
and ICOS blockade had shown promising results in mice®, it failed to control Belatacept
resistant rejection in non-human primate*. These results illustrate the need to intensive the
search of effective blockade of alloreactive CD8*CD28" T cells and probably not only based
on costimulatory blockade but also to identify such biomarkers directly in cohorts of

transplanted recipients and that extrapolation from mice model is not always possible.

Collectively, we have shown that the combination of CD8-related biomarkers with clinical-
parameters based KTFS allows to better predict patients at-risk of kidney graft failure and to
target those with a more specific immunologic risk. Such score, after further validation on
large external cohorts, could be useful as decision tool in the clinical management of kidney

transplant recipients.
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Table 1. Demographic and clinical characteristics of the kidney transplant recipients at

baseline (N=161)

Demaographic and clinical characteristics

Mean or Number (range or

%)
Recipient age (years) 50.6 (18 to 77)
Male recipient 104 (64.6%)
Donor age (years) 51.9 (13 to 82)

Male donor gender

3-month Creatinemia (umol/L)

1-year Creatinemia (umol/L)

1-year Proteinuria (g/day)

Last donor Creatinemia (umol/L)

Retransplantation

Acute rejection episode during the first year post-

transplantation

100 (62.1%)

146.4 (61 to 355)

143.3 (62 to 353)

0.4 (0 to 10)

90.7 (33 to 813)

13 (8.1%)

18 (11%)
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Table 2. Relationship between the biomarkers and the time to return to dialysis
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Markers Mean Range Raw 95% ClI Adj. HR  95%ClI
HR
CD45RACCR7* 1.64 0.04- 0.73 0.44-1.23 | 0.81 0.47 -
Naive 6.03 1.39
CD45RA'CCR7'CM | 0.80 0.06 - 0.87 0.34 - 0.68 0.28 -
3.98 2.23 1.66
CD45RACCR7 EM | 251 0.38- 0.77 0.48 - 0.65 0.41 -
5.89 1.24 1.03
CD45RA'CCRT 437 0.48- 1.23 0.94 - 1.32 1.02 -
TEMRA 8.70 1.60 1.70
CD127* 507 041- 0.89 0.70 - 0.80 0.63 -
9.57 1.13 1.01
CD27°CD28" 3.82 0.40- 0.78 0.59 - 0.71 0.53 -
8.64 1.04 0.97
CD27CD28" 1.23 0.08 - 1.16 0.77 - 0.92 0.55 -
7.08 1.75 1.54
CD27'CD28 0.69 0.03- 0.16 0.03 - 0.20 0.03 -
3.19 0.87 1.38
CD27°CD28 425 0.18- 1.19 0.95 - 1.29 1.03 -
9.14 1.50 1.63
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GZMb'PERF"

GZMb PERF*

GZMb'PERF

GZMb PERF

CD57" Thet"

CD57 Thet”

CD57" Thet’

CD57 Thet’

3.70

1.40

0.85

4.05

3.54

2.78

0.34

3.35

0.12 -

8.82

0.00 -

7.60

0.01 -

6.38

0.29 -

9.48

0.00 -

8.46

0.02 -

1.47

0.00 -

4.77

0.17 -

8.01

1.13

1.00

1.29

0.78

1.14

0.97

1.28

0.82

0.90 -

1.43

0.62 -

1.63

0.92 -

1.81

0.59 -

1.02

0.88 -

1.46

0.62 -

1.52

0.79 -

2.07

0.61 -

1.11

1.21

0.89

1.53

0.74

1.23

1.12

1.17

0.73

0.96 -

1.52

0.58 -

1.37

1.07 -

2.21

0.56 -

0.97

0.96 -

1.59

0.78 -

1.61

0.65 -

2.12

0.54 -

0.98
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Figure Legends

Figure 1. Kidney graft survival in patients stratified according to the KTFS. Patients
were stratified 12 months post-transplantation according to their KTFS value in low risk
(KTFS <4.17) and high risk (KTFS > 4.17) and the survival of their kidney graft was
assessed using the Kaplan-Meier estimator. The number of patients at-risk was computed

every year.

Figure 2. Description of the associations between the 6 biomarkers significantly associated
with the graft survival independently of the KTFS. The coefficient of linear correlation is
shown is shown in the upper right panel. Individual values are shown for each pair of

biomarkers in the lower left panel.

Figure 3. Inclusion of CD8-related biomarkers improves the prognosis capacities of the
KTFS. Time-dependent ROC curves to predict kidney graft outcome 6-years post-
transplantation using KTFS alone (black line), KTFS and the percentage of TEMRA CD8 T
cells (long dashed line) or KTFS and the percentage of CD27°CD28", GZMb*PERF’, GZMb’

PERF (4-variables updated KTFS; short dashed line).

Figure 4. Improvement of the prognosis power of kidney transplant outcome using the
composite KTFS. The prognostic capacities of the KTFS used alone or in combination with 3
CD8-related biomarkers at 3, 4, 5 and 6 years post-transplantation were evaluated and the
difference in the area under the ROC curve between the two scores was computed (A). The
percentage of improvement of the reclassification of patients according to their kidney graft

outcome was assessed according to the Net Reclassification Index (NRI) (B).

Supplementary Figure 1. Distribution of the post transplantation times of biomarker

collections.
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Supplementary Figure 2. FACS gating strategy to identify CD8 subsets. Yellow negative
cells (i-e viable cells) were first gated, lymphocytes were then identified by morphology (FSC

vs. SSC) and CD3+CD8+ were selected. Expression of various markers were analyzed.

Supplementary Figure 3. Complementarity of the information bring by the selected
predictors. The predictors selected by the Lasso penalized Cox model are analyzed according
to their regression coefficients to evaluate their independency. The coefficient of linear
correlation is shown is shown in the upper right panel. Individual values are shown for each

pair of biomarkers in the lower left panel.

146



Graft survival (death censored)

1.0

0.8

0.6

0.4

0.2

0.0

Results: Article 3

e

ke 1
s edemeees
>
ALY
©
c
9
©
=
°2
©
Q
wn
w
-
¥

Number of at-risk patients (low-risk / high-risk)
113 101 86 65 54 23 7
45 4 28 22 16 5 2

—— Low-risk patients
= = High-risk patients

T T 1 1 1 T
2 3 4 5 6 7

Time post transplantation (years)

FIGURE 1

147




2 4 6 8

0 2 4 6 8

Results: Article 3

2 4 6 8 0o 2 4 2 4 6 8
L1 1 1 [ O | [ R T
TEMAA -0.76 0.86 0.25 -0.76 -0.77
CD27+C028+ -0.89 -0.36 0.74 0.74
CO27-CO28- 0.30 -0.80 -0.80
GZME+PERF- ~0.17 -0.30
GZMB-PERF- 0.81
CDS7-TBET-

FIGURE 2

148

02 46 8 2 4 6 8

02 46 8
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3.5 Article 4: TEMRA CD8 T Cells Rapidly Engages a Sustained Glycolytic

Switch to Sustain Their Potent Effector Functions

In preparation for submission

TEMRA CD8 cells have been long considered senescent. Convention asserted that these cells
possessed an exhausted phenotype and little proliferative abilities (Arosa 2002; Brenchley et
al. 2003; Henson et al. 2014). However, some researchers have found contrary results and
show that under different culture conditions, TEMRA CD8 T cells act in similar fashion to
EM CD8 cells, thus suggesting that their label as terminally-differentiated cells does not
equate to cellular exhaustion (Chiu, Fann, and Weng 2006; Chong et al. 2008; Strioga,

Pasukoniene, and Characiejus 2011).

Our previous finding which showed that an increased in TEMRA CD8 T cells in kidney
transplant patients indicated that TEMRA CD8 cells are important to the rejection (Yap et al.
2014). Furthermore, others have shown that this subset also plays important roles in other
pathologies, such as multiple sclerosis and bone regeneration (Salou et al. 2015; Reinke et al.
2013; Strioga, Pasukoniene, and Characiejus 2011). While there has been renewed interest in
investigating the ties between the metabolic programming and the immune function in
lymphocytes (van der Windt and Pearce 2012; Maclver, Michalek, and Rathmell 2013), there
is still much to discover about the metabolic programming involved in the different CD8 cell
subsets, especially in TEMRA CD8 cells. Furthermore, investigation into the metabolics of
these cells in pathological settings is lacking. Therefore we investigated the immunometabolic
machinery involved in naive, EM and TEMRA CD8 cell immune functions in healthy

volunteers, kidney transplant recipients, and multiple sclerosis patients.
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We first confirmed that the CD45RA'CD28 TEMRA cells did not conform to the
conventional definition of senescent cells and could, in fact, rapidly upregulate STATS5 upon
stimulation, as well as readily proliferate in response to TCR and to cytokine stimulation.
Also, we found that these cells possess high basal levels of ATP, which they can rapidly
utilize when stimulated, before replenishing them 24 hours later. Furthermore, they possessed
well-polarized and functional mitochondria. TEMRA CD8 cells adjusted their metabolic
programming in a similar manner to EM cells, in that they rapidly upregulated glycolytic
activity upon stimulation and maintained high levels of glycolysis long after the initial
stimulation. Additionally, glycolysis was shown to be important for pro-inflammatory
cytokine release in CD8 cells, in not only healthy volunteers, but also in kidney transplant

recipients and multiple sclerosis patients.
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Abstract

Effector memory CD8 T cells are able to respond faster to a second antigen stimulation thanks
to their ability to switch rapidly to glycolytic mode. Among effector memory, those that re-
expressed CD45RA (TEMRA) have not been well characterized as for their bio-energetic
potential and function. Recent report suggested that TEMRA CD8 T cells exhibit defective
mitochondria and immune-senescence. We found that TEMRA CD8 T cells (CD45RA'CD28"
) exhibit many characteristics of EM CD8 T cells (CD45RACD28"), including the ability to
proliferate upon TCR and to engage and sustain a high glycolytic rate upon polyclonal
activation. In steady-state, TEMRA CD8 exhibit functional mitochondria and high ATP
content that is rapidly used upon antigen stimulation to sustain their effector functions.
TEMRA CD8 T cells are able to respond to common-y chain cytokine stimulation without
pre-activation and I1L-2, IL-7 or IL-15 enhance the proliferation induced by anti-TCR
stimulation. The secretion of pro-inflammatory cytokines (IL-2, IFN-y and TNF-a) by
TEMRA can be abrogated by the provision of 2-Deoxy-D-glucose whereas alteration of
mitochondria respiration does not. Finally, we provide evidences that chronic in vivo
stimulation with low-grade (multiple sclerosis) and high-grade (allogeneic kidney
transplantation) stimulation leads to an increase of well-polarized mitochondria in TEMRA
CD8 T cells while maintaining a need for glycolysis for pro-inflammatory cytokines
secretion. These data suggest that, thanks to their high content in inflammatory cytokines and
cytotoxic molecules, TEMRA CD8 T cells are in a ready-to-respond state that could engage
their bioenergetic machinery to rapidly and efficiently sustain proliferation and effector

functions.
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Introduction

Protection against intracellular pathogens and cancer relies on an effective CD8 response.
Upon activation, antigen-specific naive CD8 T cells clonally grow and differentiate into
cytotoxic effector CD8 T cells. Once the pathogen is being successfully cleared, only a
fraction of effector CD8 T cells will survived and generate effective antigen-specific memory
CD8 T cells. It has been recently highlighted that the ability of memory CD8 T cells to
quickly respond to second stimulation relies on their bioenergetics advantages(1, 2).As
quiescent cells, naive and memory CD8 T cells rely primarily on oxidative phosphorylation to
support their energy need (3). However, memory CD8 T cells exhibit several unique
bioenergetics features that allow their rapid response upon re-stimulation. Memory CD8 T
cells have a greater mitochondrial mass which allow a rapid metabolic response involving
both oxidative phosphorylation and aerobic glycolysis(1). These long-lived T cells require
mitochondrial fatty acid oxidation (FAO) for survival (4), using mostly newly synthesized
lipids from extracellular glucose rather than using external long-chain fatty acid (5).Ligation
of TCR on effector memory CD8 T cells induces a rapid and sustained glycolytic switch that
precedes clonal expansion(2). These metabolic features and in particular glycolysis inhibition,
can influence both the generation of memory CD8 T cells and their anti-tumor function (6).
The bioenergetic profiles have been primarily performed by comparing the properties of naive
CD8 T cells and effector memory CD8 T cells in human settings and in rodents. However,
several subsets of CD8 T cells with distinct functions can be distinguished. TEMRA CD8 T
cells are terminally differentiated T cells that re-express CD45RA with contradictory
observations published regarding their functionality. On one hand, TEMRA CD8 T cells have
been shown to accumulate with age or chronic antigen stimulation and as such leads to the

senescence of the immune system (7-9). On the other hand, we and others have shown that
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TEMRA CD8 T cells are involved in a wide variety of pathogenic processes, including kidney

transplant rejection (10) and bone regeneration (11).

In the present study, we found that TEMRA CD8 T cells (CD45RA'CD28") exhibit
characteristics of EM CD8 T cells (CD45RACD28"), including the ability to proliferate upon
TCR only stimulation, to engage and sustain a high glycolytic rate upon polyclonal activation.
TEMRA CD8 T cell exhibit a well-polarized mitochondria and a high ATP reservoir pool that
could be rapidly engage and later reconstituted to sustain their activation. Finally, we
identified that the source of energy differentially regulates the secretion of pro-inflammatory
cytokines by TEMRA in healthy volunteers and immune-challenged patients. The secretion of
IL-2, IFN-y and TNF-o. by TEMRA was abrogated by the provision of 2-Deoxy-D-glucose (2-
DG) in the 3 groups. Whereas, inhibition of mitochondria respiration inhibits IFN-y and TNF-
a secretion in healthy volunteers and immune-challenged patients, inhibition of mitochondria
respiration enhances IL-2 secretion by TEMRA from patients with multiple sclerosis. These
data show that TEMRA CD8 T subsets are not immune-senescent cells and that their
cytopathogenic function are sustained by bioenergetics features shared with EM CD8 T cells

and that may be differentially involved according to the immunological situation.
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Material & Methods
Subjects and Ethics statement

Peripheral blood mononuclear cells (PBMC) were collected from 10 kidney transplant
recipients (Table 1A), 24 patients with multiple sclerosis (Table 1B) and 19healthy
volunteers. All donors were informed of the final use of their blood and signed an informed
consent. The University Hospital Ethical Committee and the Committee for the Protection of
Patients from Biological Risks approved the study for patients. Healthy volunteers were
enrolled by the Etablissement Francais du Sang (EFS, Nantes, France) within the context of a

research contract. Clinical characteristics are shown in Table 1.

Blood samples

PBMC were separated on a Ficoll gradient layer and frozen in DMSO-10% autologous serum.
Polychromatic flow cytometry

Cells were analyzed with a LSRII flow cytometer (BD Immunocytometry Systems).
2x10%frozen PBMCs were surface stained with antibodies specific for CD3 (BW264/56;
VioBlue), CD8 (BW135/80; VioGreen), CD45RA (T6D11; APC-Vio770), CCR7 (3D12; PE-
Cy7), CD27 (L128; Brilliant Violet 605) and CD28 (CD28.2; PE-CF594). In addition to this
core-staining cocktail, different combinations of antibody were used CD127 (MB15-18C9;
PE), CD57 (TBO3; FITC), T-bet (O4-46; PE), Granzyme B (GB11; Alexa Fluor 700), and
Perforin (B-D48; PE). Yellow LIVE/DEAD Fixable Dead Cell Stain Kit was used to exclude
dead cells from analysis. BD CompBeads stained separately with individual mAbs were used
to define the compensation matrix. Data were analyzed using FlowJo Version 9.7.6

(TreeStar). All the antibodies were purchased from BD Biosciences except for CD3-VioBlue,
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CD8-VioGreen, CD45RA-APC-Vio770, CD127-PE, and CD57-FITC (Miltenyi) and

Perforin-PE (Diaclone).

Cell culture

TEMRA, NAIVE and EM CD8 T cells were FACS-sorted according to the expression of
CD45RA and CD28 using an ARIA cell-sorter flow cytometer. Before FACS sorting, CD8 T
cells were purified in some instance by negative selection using CD8 T cell Isolation Kit and
an AutoMACS pro (Miltenyi Biotech). Highly purified CD8 T cell subsets were stained with
Cell Proliferation Dye eFluor450 (eBioscience), plated in 96-flat bottom plates and cultured
for 5 days in TexMACS medium (Miltenyi). Anti-CD3 (OKT3; 1ug/mL) was previously
coated for at least 2h. Various cytokines were added to the culture and were all purchased
from Miltenyi. Cell proliferation was assessed according to the frequency of CPDIlow cells or
using the dedicated Proliferation module of FlowJo software. Annexin V was used to assess
the apoptosis. Antibodies against I1L-2 (5344.111; PE; BD Biosciences), IFN-y (B27; Alexa
700; BD Biosciences), and TNF-a (cA2; FITC; Miltenyi) were used to assess cytokine
expression by purified CD8 subsets 48h after stimulation with anti-CD3 (OKT3; 1ug/mL) and
anti-CD28 (CD28.2; 2ug/mL) in the presence or not of 2-DG (50mM; Sigma) or metformin

(50uM; Sigma).

Quantification of mitochondria and mitochondrial membrane potential assessment.

To quantify mitochondrial mass, PBMCs were first incubated with 100nM MitoTracker Red
(Invitrogen) for 30” at 37°C 5% CO2 and then stained using CD3 (HIT3a;PE), CD8
(BW135/80;VioGreen), CD45RA (T6D11;APC-Vio770) and CD28 (CD28.2;
FITC).Polarization of mitochondrial membrane was assessed using JC-1 (Invitrogen). PBMCs
were first incubated with 2uM JC-1 for 30’ at 37°C 5% and then stained with CD3

(BW264/56; VioBlue), CD8 (BW135/80; VioGreen), CD45RA (T6D11; APC-Vio770) and
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CD28 (CD28.2; APC). Unfixed samples were immediately analyzed with a LSRII flow

cytometer.
Phosphorylation of STAT5 and STAT3

Phosphorylation of STAT3 and STAT5 was measured using the protocol developed by
Goldeck et al. (12). PBMC were incubated in TexMACS at 37°C/5% CO, for 2h, washed once
at RT and the final concentration was adjusted to 1x10’ cells/mL. 10° PBMC were incubated
in a final volume of 100uL in a 96-U bottom plate for 30° at 37°C/5% CO,. Pre-warmed
cytokines (IL-2, IL-7, IL-15, IL-6, IL-10 and IL-21) were added at a final concentration of
10ng/mL except for IL-2 (300Ul/mL) for 15 at 37°C/5% C0,. Reaction was rapidly stopped
by transferring the plate on ice and the addition of 100uL of cold FACS buffer. After
permeabilization and fixation with Cytofix/Cytoperm buffer (BD Biosciences), PBMC were
stained for cell surface markers (CD3, clone HIT3a, PE-Cy5.5; CD8, VioGreen; CD45RA,
clone T6D11, APC-Vio770; CD28, clone CD28.2, PE-CF594) in Perm/Wash buffer for 30’ at
4°C. Cells were further permeabilized by adding cold BD Perm Buffer I11, washed with cold
FACS Buffer and stain with anti-pSTAT5 (pY694; clone 47; Alexa 647) and anti-pSTAT3
(pY705; clone 4; Alexa 488) for 30 at RT. Stability of the staining of cell-surface markers
upon the use of BD Perm Buffer I1l was ensured in preliminary experiments. All cytokines

were purchased from Miltenyi.
Quantification of ATP

Purified CD8 T subsets cells were incubated in TexMacs at 4x10° cells/ml and stimulated for
various time with PMA (50 ng/ml; Sigma) and lonomycin (500ng/ml; Sigma). 15 ul of each

cells suspension (i-e 6x10e* cells) were used for luminometric ATP measurement using Apo

Biovision kit according to manufacturer’s instructions (Clinisciences). Luminometry was

measured with a VICTOR multilabel plate reader (Perkin Elmer).
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Metabolic assays

OCR and ECAR were measured using Seahorse XF24 or XF96 analyzers in purified CD8 T
cell subsets (4x10° or 2.5x10° purified cells respectively) that were allowed to rest for 2h after
FACS-sorting in TexMACS buffer at 37°C/5% CO0,. The assay was performed in Seahorse
XF-base medium supplemented with 10mM glucose (Sigma), 2mM glutamine (Life
Technologies) and 1mM pyruvate (Life Technologies). Mitochondrial stress assay was
performed by adding successively oligomycin (1.5uM; Sigma), CCCP (1uM; Sigma) and
Antimycin A + Rotenone (1uM each; Sigma). To assess OCR and ECAR upon polyclonal
stimulation, PMA (50ng/mL; Sigma) and Ionomycin (500ng/mL; Sigma) were added 75’ after
the start of the experiment. 2-DG (250mM; Sigma) and oligomycin (1.5uM; Sigma) were

added before the stimulation with PMA-Iono.
Real-time quantitative PCR

RNA were extracted using RNeasy Micro Kit (Qiagen) and total RNA was reverse-
transcribed using a classical MMLV cDNA synthesis (Invitrogen). Quantitative real-time
PCR was performed using a ViiA 7 Real-Time PCR System (Applied Biosystems) and all
TagMan primer-probe sets were purchased as ‘“Assay-on-Demand’’ from Applied

-A
2 Ct

Biosystems. Transcript levels were calculated according to the method as described by

Applied Biosystems and normalized to the expression of 18S.
Statistical analyses

Statistics were analyzed using Graphpad Prism. Mann-Whitney U test, Kruskall-wallis test
followed by Dunn’s post-hoc test and paired Wilcoxon test were used when suitable and is
mentioned within the legend figures. Exact p-values are mentioned or using *. * p<0.05; **

p<0.01; *** p<0.001.
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Results
Characterization of TEMRA cells

A wide array of markers was screened at the protein and the mRNA levels to finely identify
TEMRA cells withinCD8 T cell subsets. As terminally differentiated CD8 T cells, TEMRA
cells characterized by a CD45RA*CD28 phenotype (13) did not express secondary lymphoid
organ chemokine receptor CCR7, CD27 costimulatory molecule and IL-7 receptor (CD127)
(Figure 1A). Their differentiation status was further confirmed by a high co-expression of
effector-associated transcriptional factor T-bet and effector/senescent marker CD57.
Furthermore, under resting condition, they expressed cytotoxic molecules Perforin (PERF)
and Granzyme B (GZMb) (Figure 1A). In contrast, NATVE (CD45RA*CD28") and EM
(CD45RA'CD28%) CD8 T cells expressed high level of CD27 and CD127 (Figure 1A). A
higher frequency of T-bet” but CD57" was observed in EM CD8 subsets, a phenotype that
confirmed their memory status. TEMRA, naive and EM cells were then purified by flow
cytometry on the basis of CD3, CD8, CD45RA and CD28 markers and were subjected to
gPCR analysis. Transcriptional factors T-bet and EOMES have been ascribed with the CD8 T
cell differentiation process with a relative balance between effector and memory features for
T-bet EOMES respectively. Nonetheless, both transcriptional factors are partially redundant
and triggers the expression of IFN-y, PERF and GZM B(14, 15). As expected, and in contrast
to naive CD8 T cells, unstimulated TEMRA CD8 T cells expressed high amount of T-bet and
EOMES (Figure 1B) and high expression of transcripts encoding for pro-inflammatory
cytokines (IFN-y and TNF-a) and cytotoxic molecules (GZM-b and PERF) (Figure
1B).BLIMP-1 (B lymphocyte-induced maturation protein 1) is a transcriptional repressor that
is robustly expressed by effector CD8 T cells(16) and its expression has been shown to be
inversely correlated to BCL-6 expression in effector and memory CD8 T cells (17). In

contrast, BCL-6 progressively accumulates in virus-specific memory CD8 T cells (17). No
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difference in the level of expression of Bcl-6 was observed for naive, TEMRA and EM CD8
T cells whereas both TEMRA and EM CD8 T cells expressed high level of BLIMP-1 (Figure
1B). It has been recently identified that mouse CD8 T cells constitutively express GATA-3
and its expression was upregulated by activation through TCR and cytokine stimulation(18).
Moreover, the absence of GATA-3 precludes the proliferation of CD8 T cells induced by
TCR and cytokine stimulation. GATA-3 was detected in all CD8 subsets (Figure 1B). Of
note, a higher expression of GATA-3 was found in TEMRA and EM subsets that could be
linked with a sustained stimulation through TCR and cytokines. Finally the expression of anti-
apoptotic molecule Bcl-2 was similar in the 3 CD8 subsets (Figure 1B). Altogether, these
data showed that TEMRA cells characterized by a CD45RA*CD28 CD27' CD127"°T-
bet*GZM-b*phenotype express high level of T-bet, EOMES, BLIMP-1, cytotoxic molecules
and pro-inflammatory cytokines. Thus TEMRA CD8 T cells exhibit the hallmarks of highly

differentiated and effector memory cells.

TCR stimulation of TEMRA CD8 T cells induces T cell proliferation and pro-

inflammatory cytokine secretion

Given the contradictory published reports describing the functionality of TEMRA CD8 T
cells, we aimed to sequentially investigate the ability of TCR stimulation and then common-
gamma chain cytokine stimulation to activate TEMRA CD8 T cells. We first assessed the
proliferation induced by TCR stimulation of highly purified CD8 subsets. TCR stimulation
alone was sufficient to induce T cell proliferation of TEMRA CD8 T cells (meantsem
34.4%=+7.5 vs 18.9%=3.4 for TEMRA and NAIVE cells respectively; p=0.0465; Figure 2A).
The proliferation was not associated with an increase of apoptosis as shown by a similar
frequency of annexin-V expressing cells between TEMRA and NAIVE CD8 T cells
(mean+sem 43.5%=8.2 and 32.8%+9.2 TEMRA and NAIVE respectively; ns; Figure

2A).These results suggest that TCR stimulation induces a potent proliferation which is not
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associated with cell death in TEMRA CD8 T cells. Proliferation of TEMRA CD8 T cells was
associated with an increase of transcripts encoding for pro-inflammatory cytokines IFN-y
(x14.8 as compared to basal level; p=0.018; Table 2) and TNF-a (x10.9 as compared to basal
level; p=0.011; Table 2). Expression of cytotoxic molecules GZM-b remained unchanged (i-e
high expression) after culture and the expression level of PERF was decreased after TCR
stimulation in TEMRA CD8 T cells (x0.3; p=0.002; Table 2). After TCR stimulation,
TEMRA CD8 T cells expressed an increase of Bcl-2 (x5.9 as compared to basal level,
p=0.038; Table 2).Altogether, our data show that TCR stimulation of TEMRA CD8 T cells
results in a potent proliferation and an up-regulation of pro-inflammatory cytokines, features

of potent effector T cells.

TEMRA CDS8 T cell are susceptible to common-y chain stimulation

Given the low expression of costimulatory molecules CD27 and CD28 by TEMRA CD8 T
cells, we questioned the susceptibility of TEMRA CD8 T cells to various cytokines including
common-y chain cytokines. We first screened the susceptibility of freshly and unstimulated
CD8 subsets to respond to short-term stimulation with various cytokines involved in CD8
homeostatic process by monitoring the phosphorylation of STAT3 and STATS after 15° of
stimulation. Binding of IL-2, IL-7 and IL-15 to its cognate receptor should result in the
phosphorylation of STATS5 whereas stimulation with IL-10 and IL-21 should preferentially
result in STAT3 phosphorylation. TEMRA CD8 cells exhibited a potent response to IL-2 and
IL-15 (meantsem 74.3%+12.0 and 81.8%z=4.7 respectively; Figure 3A) and with similar
magnitude as those of naive and EM CD8 T cells. Response of TEMRA CD8 T cells to IL-7
was of lower magnitude (56.7%=7.1; p<0.02; Figure 3A) as compared to those of naive and
EM CD8 T cells. The lower response of TEMRA CD8 T cells to IL-7 stimulation can be
explained by lower expression of CD127 rather than by a different affinity of CD127 for IL-7

as a saturating response was obtained for all CD8 T cell subsets with 1ng/mL of IL-7
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(Supplementary Figure 1). TEMRA CD8 T cells were as responsive as naive and EM CD8
T cells to IL-10 and IL-21 stimulation as exemplified by the similar frequency of pSTAT3
(Figure 3A). TEMRA CD8 T cells in steady-state were thus able to respond to common-y
chain cytokine stimulation. Highly purified CD8 subsets were then simultaneously stimulated
with common-y chain cytokine and anti-CD3 mAb. After 5 days of culture, addition of IL-2,
IL-7 or IL-15 enhanced the proliferation of TEMRA CD8 T cells induced by TCR stimulation
(Figure 3B) and triggered anti-apoptotic effects as exemplified by the decrease of Annexin
V" cells in proliferating cells (Figure 3C).Collectively, these data show that TEMRA CD8 T
cell are susceptible to common-y chain stimulation and that stimulation of TCR in
combination with cytokine stimulation results in the proliferation of TEMRA CD8 T cells

while the magnitude of apoptosis is similar to those of naive and EM CD8 cells.

Resting TEMRA CD8 T cells exhibit a greater amount of ATP that can be efficiently

and rapidly mobilized upon stimulation

Proliferation of TEMRA CD8 T cells can be achieved through TCR stimulation in
combination or not with common-gamma chain cytokine and was more vigorous than those of
naive CD8 T cells (Figure 2). In order to determine if the metabolic state of TEMRA CD8 T
cells could explain this difference, ATP was quantified in purified CD8 T cell subsets in
resting state and after 2h and 24h of stimulation with PMA and lonomycin. In resting state,
TEMRA CD8 T cells exhibited a 2.5-fold increased in ATP level as compared to naive CD8 T
cells (meantsem 0.48+0.05 vs.0.18+0.04 respectively; Figure 4A). As expected, EM CD8 T
cells also exhibit greater amount of ATP as compared to naive CD8 T cells (meantsem
0.36+0.05 vs. 0.18+0.04 respectively; Figure 4A). Upon polyclonal stimulation, in EM CD8
T cells the ATP level was increased by 2-fold 24 hours after stimulation after a rapid and
transient decrease (Figure 4B). In contrast, the level of ATP in naive T cells increased

progressively along this 24-hours time period, probably reflecting their slower immunogenic
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response. In TEMRA cells, the ATP level decreased greatly and significantly 2 hours after
stimulation in TEMRA before being fully reconstituted after 24 hours(Figure 4B).
Altogether, these results highlight the different bioenergetic requirements of naive and
memory T cells upon stimulation. The slow immune response of naive T cells to polyclonal
stimulation probably allow these cells to switch their metabolism in time to fully fulfill the
energetic demand. In contrast, EM and TEMRA CD8 T cells ability to rapidly respond to
polyclonal stimulation the rapid immune response required a high bioenergetic demand that
exceeds the ATP level available. As a consequence, even if these cells exhibit a larger energy
supply than naive cells in resting state, this ATP pool is not sufficient to fulfill the rapid ATP
mobilization required upon stimulation. However, both EM and TEMRA cells are able to
reconstitute at least their initial energy supply within 24 hours. These results suggest that EM

and TEMRA cells undergo similar metabolic changes.

TEMRA CD8 T cells exhibit polarized and functional mitochondria

The functionality of TEMRA CD8 T cells mitochondria has recently been questioned since
TEMRA CD8 T cells have been described as senescent cells(7-9).We thus investigated
different mitochondrial parameters. Using the Seahorse XF Analyzer, mitochondrial
respiration was assessed under steady-state in purified naive, TEMRA and EM CD8 T cells.
Basal respiration was similar across the different CD8 subsets (Figure 5A and B).
Mitochondrial coupling efficiency was then measured using olygomycin, an inhibitor of ATP
synthase. Mitochondria of all cell subsets, including TEMRA cells, exhibit well-coupled
mitochondria with roughly 70% of mitochondrial respiration devoted to ATP production
(Figure 5C).Finally, mitochondrial membrane potential and mitochondrial mass were
assessed by FACS analysis using the fluorescent probes JC-1 and Mitotracker respectively in
freshly isolated CD8 subsets. In depolarized mitochondria, JC1 accumulated as a monomer,

resulting in green fluorescence whereas JC1 aggregates are formed in polarized mitochondria
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membrane resulting in a broad fluorescence emission (green to red). TEMRA CD8 T cells
exhibit well-polarized mitochondria as shown by a JC1 red/green ratio similar to those of
naive and EM CD8 T cells (Figure 5D). Finally, mitochondrial mass was not different across
the 3 CD8 subsets (Figure 5E). Collectively, these results show that TEMRA CD8 T cells

exhibit well-functioning mitochondria under steady-state settings.

We next assess whereas mitochondria were involved in the T cells metabolic response upon
polyclonal stimulation. To by-pass differences in TCR and costimulation signaling, purified
CD8 subsets were stimulated with PMA and ionomycin (iono). Polyclonal stimulation of
TEMRA CD8 T cells results in an immediate and rapid increase of OCR (Figure 5F and G),
with a similar magnitude to those of naive and EM CD8 T cells. However, as EM CD8 T
cells, TEMRA CD8 T cells exhibited a sustained OCR overtime whereas mitochondrial
respiration of naive CD8 T cells return to basal level (p<0.01; Figure 5H). Collectively,
TEMRA CD8 T cells exhibit functional mitochondria with similar characteristics as those of

EM cells.

TEMRA CD8 T cells switch rapidly to glycolysis upon activation

It has been shown that, unlike naive CD8 T cells, EM CD8 T cells are able to activate and to
sustain aerobic glycolysis upon stimulation (2) and this feature was required for efficient
immediate-early IFN-y recall responses. Extracellular acidification rate (ECAR) was used as
an indicator of glycolysis in TEMRA under steady-state and upon polyclonal stimulation.
Glycolysis ofallCD8 T cell subsets were similar in resting state and greatly increased within
minutes following polyclonal stimulation (Figure 6A, B and C). However, similarly to
mitochondrial respiration, increased ECAR was sustained up to several hours after polyclonal
stimulation in TEMRA and EM CD8 T cells but not in naive cells (p=0.0002; Figure 6B and

6D), a phenomenon previously reported for EM CD8 T cells (2). Addition of 2-deoxyglucose
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(2-DG), that blocks the first step of the glycolytic pathway, prevented both the immediate and
sustained increase of ECAR confirming that increase of ECAR truly reflected increase of
glycolysis(Figure 6E and 6F). Collectively, these data showed that TEMRA CD8 T cells
behave as EM CD8 T cells for their ability to rapidly engage glycolysis for a prolong period
of time upon polyclonal stimulation. Furthermore, this sustained higher metabolism, whether
it is at the glycolytic level and at the mitochondrial level, in TEMRA and EM CD8 T cells is
in agreement with the ability of these cells to reconstitute their ATP supply in the hours

following polyclonal stimulation.

Glycolysis and not mitochondrial respiration is necessary for pro-inflammatory cytokine

secretion by TEMRA CD8 T cells in healthy volunteers

Given the shared immune-metabolic features between TEMRA and EM CD8 T cells, we
finally asked how glycolysis and mitochondrial respiration could regulate the immune
function of TEMRA CD8 T cells. CD8 T cell subsets were polyclonally stimulated for 48h in
the presence of 2-DG or metformin (MET) to inhibit respectively glycolysis and
mitochondrial respiration(19, 20), and the secretion of pro-inflammatory cytokines (IL-2,
IFN-y and TNF-a)) was assessed. Addition of glucose inhibitor 2-DG resulted in an inhibition
of IL-2, IFN-y and TNF-a secretion in all CD8 subsets (Figure 7A) whereas inhibition of
mitochondrial respiration by metformin had no effect on their secretion (Figure 7B).
Altogether, these data show the critical role of glycolysis in the secretion of the key pro-

inflammatory cytokines secreted by CD8 T cells.

TEMRA CD8 T cells from patients with low or high immune stimulation rely on

glycolysis to rapidly secrete pro-inflammatory cytokine

We have previously shown that the phenotype and the function of CD8 T cells and especially

TEMRA CD8 T cells are modified in patients with multiple sclerosis (low-grade chronic
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immune-stimulation) and in recipients of allogeneic kidney transplantation (high-grade
chronic immune-stimulation)(10, 21).We then questioned whether prolong in vivo stimulation
of CD8 T cells could affect their metabolic profiles. The amount and the functionality of
mitochondria in CD8 T cells purified from MS and TX patients were first assessed as
described previously (Figure 8A and B). Interestingly, patients with chronic low-grade
immune-stimulation (MS) and in particular with chronic high-grade immune-stimulation (TX)
exhibit a higher number of mitochondria as compared to HV (p<0.05; Figure 8A). Of note,
no difference in mitochondrial polarization was observed between different CD8 subsets

(Figure 8B).

We next assessed how TEMRA CD8 T cells rely on glycolysis and mitochondrial respiration
to secrete pro-inflammatory cytokines. As expected, TEMRA and EM CD8 T cells secreted
higher amount of IL-2, IFN-y and TNF-a in MS and TX patients as compared to HV (Figure
8C). Addition of glucose inhibitor 2-DG blunted the secretion of IL-2, IFN-y and TNF-a in all
CD8 subsets in both HV and patients with chronic low or high-grade immune stimulation
(Figure 8C). Finally, similar experiments were performed in the presence of metformin. For
most cytokines secretion, metformin had no effect independently of CD8 T cells and chronic
inflammation (Figure 8C). However, metformin enhanced IL2 secretion by TEMRA CD8 T

cells in MS patients (p=0.0159; Figure 8D).

Collectively, our results show TEMRA CD8 T cells exhibit immune-metabolic profiles
similar to those from EM CD8 T cells and that interfering with glycolysis is a potent way to
inhibit pro-inflammatory cytokine secretion in patients with chronic immune-stimulation

ranging from low to high grade.
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Discussion

We report that TEMRA CD8 T cells rapidly respond to stimulation by using the large pre-
existing pool of ATP and switch their metabolism toward glycolysis that is sustained in time
and required for the secretion of pro-inflammatory cytokines. Thus, TEMRA CD8 T cells
exhibit not only high amount of pre-formed cytotoxic molecules and pro-inflammatory
cytokines but also metabolic features that confers them an advantage for a rapid response to
stimulation. Thus, these data show that, in contrast with other report(22), TEMRA CD8 T
subsets are not immune-senescent cells and that their cytopathogenic function are sustained
by bioenergetics features shared with EM CD8 T cells and that may be differentially involved
according to the immunological situation. Even more, whereas early EM CD8 T cells exhibit
high amount of IFN-y and TNF-a but lack of pre-formed cytotoxic molecules, TEMRA CD8
T cells exhibit both and represent memory CD8 T cells at the frontline with new antigen
encounter. Collectively, our results strengthen the need to control these pathogenic CD8 T
cells in a wide range of chronic disease ranging from auto-immune diseases like multiple

sclerosis to allogeneic kidney graft rejection.

In contrast to published report (22), we provide evidences that TEMRA cells possess well-
polarized and functional mitochondria which was assessed by various means. First, we
demonstrated that the mitochondrial membrane potential was similar to the ones of naive and
EM cells using a fluorescent mitochondria specific probe. Under resting state, mitochondrial
respiration of TEMRA cells was similar to the ones of naive and EM cells. We also show that
TEMRA CD8 T cells exhibit higher amount of ATP as compared to naive CD8 T cells in
resting state. Polyclonal stimulation not only leads to a rapid rise of both mitochondrial
respiration and glycolysis in all CD8 T cell subsets but increase of both metabolic pathways
after stimulation is sustained with time specifically in TEMRA and EM CD8 T cells. These

results are in agreement with previous reports stating that the strength of the stimulation
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influences the glycolysis response of naive and memory CD8 T cells (1). Whereas both naive
and EM CD8 T cells increased their glycolysis upon anti-CD3/28 stimulation, only EM CD8
T cells were able to do so when stronger stimulation was used (i-e PMA/lonomycin
stimulation) (1). We show in this report that TEMRA CD8 T cells were able to engage a
sustained and strong glycolysis activity in response to potent stimulation. We also show that
TEMRA CD8 T cells as EM CD8 T cells rapidly engage glycolysis for a prolong period of
time upon polyclonal stimulation. Taking into account the higher ATP supply under resting
state combined with their ability to immediately upregulate and sustained both mitochondrial
respiration and glycolysis, similarly to EM CD8 T cells, TEMRA CD8 T cells are able to
provide the energy required for an immediate engagement after immunogenic activation.
TEMRA CD8 T cells are thus in a ready-to-respond state that could engage rapidly and
efficiently their bioenergetic machinery to sustain their proliferation and their effector
functions (cytotoxicity and secretion of pro-inflammatory cytokines). The presence of pre-
formed cytotoxic molecules in TEMRA CD8 T cells may represent a complementary role
with the surveillance role of EM CD8 T cells that lack the expression of these molecules in

resting state.

We also provide evidence that metabolic function is tightly linked to immune function, in
particular at the level of pro-inflammatory cytokines secretion. Glycolysis is necessary for the
secretion of the three main pro-inflammatory cytokines (IL-2, IFN-y and TNF-a) by TEMRA
CD8 T cells as well as by other CD8 subsets (naive and EM). Furthermore, this statement
stands for healthy volunteers and more importantly for patients who had undergone a modest
or a strong immune challenge. It has been shown in mice that glucose metabolism was
necessary for IFN-y transcription when naive CD8 T cells were stimulated (6, 23) whereas IL-
2 transcription was less sensitive to glucose deprivation. IFN-y production by human EBV-

specific CD8 T cells is also diminished in the presence of 2-DG (2). Little information is
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available regarding the link between glycolysis and TNF-a secretion, especially in CD8 T cell
biology. Provision of 2-DG has been shown to inhibit TNF-a secretion by monocyte (24).We
now show that in vivo primed CD8 T cells as well as CD8 T cells (EM and TEMRA cells)
from healthy controls relies primarily on glycolysis and not on mitochondrial respiration to
elicit pro-inflammatory cytokines. Targeting the glucose metabolism has been shown to
inhibit Ty17 (25), to promote Tgreg differentiation(25), to enhance memory generation (6) and
thus could be useful in the context of vaccine strategy and anti-tumor therapy (6, 26, 27). Our
data obtained from kidney transplant recipients and patients with multiple sclerosis support
the need to attempt to regulate immune function through metabolic pathway interferences. A
great technical challenge would be to target only one CD8 subset (i-e TEMRA CD8 T cells)

while preserving the naive and the EM CD8 T cells.

Freshly purified TEMRA CD8 T cells as defined in the present report are lacking the
expression of CCR7, express low levels of IL-7R and CD27, but express the hallmarks of
effector memory cells such as high amount of transcriptional factors T-bet and Eomes
associated with a high expression of cytotoxic molecules (granzyme B and Perforin) and pro-
inflammatory cytokines (IFN-y and TNF-a). In contrast, early EM CDS8 T cells are
CD28'CD27", with intermediate expression of T-bet and Eomes, pre-formed pro-
inflammatory cytokines but without cytotoxic molecules. Using freshly purified TEMRA
CD8 T cells from HV, we show that this population has the potential to respond to common y-
chain cytokine (IL-2, IL-7 and IL-15) as exemplified by the phosphorylation of STATS as
soon as 15’ of stimulation. The response to cytokine stimulation was effective as an
enhancement of cell proliferation combined with a decrease in apoptotic levels were observed
when purified TEMRA CD8 T cells were stimulated through their TCR and common y-chain
cytokine. Cytokine-based signals and not CD28-related signals seemed thus to sustain the

survival of TEMRA CD8 T cells as well as their ability to be activated. Maintenance of the
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polyclonality of naive CD8 T cells relies on alternative stimulations between IL-7 and TCR
(28) whereas IL-2 or IL-15 sustains the survival of memory CD8 T cells (29). The ability of
TEMRA CD8 T cells to efficiently respond to IL-2 and IL-15 strengthen their relationship
with EM CD8 T cells. Moreover, the ability of CD28"CD8" T cells to respond to IL-15 + TCR
stimulation has been recently identified in the context of allo-immune response (30) and
proposed to confer memory CD8 T cell resistance to blockade of CD28-CD80/86 pathway
using either CTLA-4lg-mediated costimulation blockade (31) or anti-CD28 mAb (32). Thus
targeting specific cytokine response on TEMRA CD8 T cells will constitute an innovative
mean to control this cell population that has been involved in various pathogenic processes,

including allogeneic kidney transplantation (10) and bone regeneration (11).

In conclusion, we show in this paper that TEMRA CD8 T cells are metabolically close to
CD8 EM T cells since both subsets were able to rapidly switch to aerobic glycolysis and to
sustain a high rate of glycolysis over-time. With their well-functioning mitochondria
combined with a great pool of ATP under resting state and their rapid metabolic adaptation,
TEMRA CD8 T cells are able to engage in a timely and effective manner their effector
functions through the secretion of pro-inflammatory cytokines and cytotoxic molecules to
elicit an immune response at the frontline of the antigen encounter. Our findings indicate that
drugs that can alter glycolysis could hold promise to improve the treatment of kidney

transplant recipients and of patients with multiple sclerosis.
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Figures Legends

Figure 1. Characterization of naive, TEMRA and EM CD8 T cells identified using
CD45RA and CD28. (A)Expression of CCR7, CD27, CD127, CD57, T-bet, GZM-b and
PERF by naive (CD45RA'CD28"), TEMRA (CD45RA'CD28") and EM (CD45RA CD28")
CD8 T cells was measured by multi-color flow cytometry in PBMC from 15 healthy donors.
Each dot represents one donor, and the mean and the SEM are displayed.(B) Naive, TEMRA
and EM CD8 T cells were FACS-sorted from 7 healthy donors and expression of the
mentioned transcripts was determined by qPCR. Data are shown in arbitrary unit and the
mean and the SEM are displayed. Comparison between the 3 CD8 subsets was performed

using a Kruskal-Wallis test followed by a Dunn’s Multiple Comparison Test.

Figure 2. TCR stimulation alone elicits proliferation of TEMRA CD8 T cells. CPD
eFluor450 purified CD8 T cell subsets were stimulated with 1ug/mL anti-CD3 for 5 days.
Proliferation was assessed according to the frequency of CDP'" cells and the expression of
annexin-V was used to evaluate the apoptosis level. The mean and the SEM of 7 healthy
volunteers are displayed. Comparison between the 3 CD8 subsets was performed using a

Kruskal-Wallis test followed by a Dunn’s Multiple Comparison Test.

Figure 3. TEMRA CD8 T cell are susceptible to common-y chain stimulation. (A) PBMC
were stimulated for 15 with various cytokines (IL-2, IL-7, IL-15, IL-6, II-10 and 1L-21) and
phosphorylation of STATS and STAT3 was analyzed within naive, TEMRA and EM CD8 T
cells. One representative experiment is shown and the mean and the SEM of 6 to 11
individuals are shown. Comparison between the 3 CD8 subsets was performed using a
Kruskal-Wallis test followed by a Dunn’s Multiple Comparison Test. CPD eFluor450 purified
CD8 T cell subsets were stimulated with 1ug/mL anti-CD3 for 5 days in the presence of the

indicated cytokines. Proliferation was assessed according to the frequency of CDP'" cells (B)

179



Results: Article 4

and the expression of annexin-V was used to evaluate the apoptosis level (C). The mean and

the SEM of 7 healthy volunteers are displayed.

Figure 4. Resting TEMRA CD8 T cells exhibit a greater amount of ATP that can be
efficiently and rapidly mobilized upon stimulation. ATP was quantified in freshly purified
CD8 T cell subsets (A) or after 2h and 24h of stimulation with PMA/lonomycin (B). Each dot
represents one HV and the mean and the SEM of 6-10 healthy volunteers are displayed.
Comparison between the 3 CD8 subsets in resting state was performed using a Kruskal-Wallis

test followed by a Dunn’s Multiple Comparison Test.

Figure 5. TEMRA CD8 T cells exhibit polarized and functional mitochondria. OCR of
purified CD8 T cell subsets (naive, black; TEMRA, green; EM, red) was measured before and
after sequential addition of metabolic stress drugs. OCR profile of one out of 5 HV is shown
(A) and the mean and the SEM of 5 healthy volunteers are displayed (B). Oxygen
consumption devoted to ATP production by mitochondria was assessed by comparing OCR
before and after addition of oligomycin (n=5; C). Mitochondrial Membrane Potential (D) and
mitochondrial load (E) of each CD8 T cell subsets were assessed according to the JC1 red /
JC1 green ratio (n=4; D) and the mean fluorescence intensity of Mitotracker Dye (n=19; E)
respectively. OCR of purified CD8 T cell subsets (naive, black; TEMRA, green; EM, red)
upon PMA/Iono stimulation was assessed and one of 14 HV is shown (F). OCR modification
within each CD8 subset induced by PMA/lono stimulation was assessed according to the ratio
of OCR after/before drug injection (n=14; G) and 60’ after/before drug injection (n=14; H).
Values for each HV or mean and SEM are displayed. Comparison between the 3 CD8 subsets
was performed using a Kruskal-Wallis test followed by a Dunn’s Multiple Comparison Test.
Mann-Whitney test was used to investigate the effect of oligomycin on OCR before and after

stimulation.

180



Results: Article 4

Figure 6. TEMRA CD8 T cells switch rapidly to glycolysis upon activation. ECAR of
purified CD8 T cell subsets was measured in resting state (n=14; A) or after PMA/lono
stimulation (B). ECAR profile of one out of 14 HV is shown (B; naive, black; TEMRA,
green; EM, red). ECAR modification within each CD8 subset induced by PMA/lono
stimulation was assessed according to the ratio of ECAR after/before drug injection (n=14; C)
and 60’ after/before drug injection (n=14; D). Glycolysis was inhibited by provision of 2-DG
before PMA/lono stimulation and similar readout was used (n=11-14; E and F).Values for
each HV or mean and SEM are displayed. Comparison between the 3 CD8 subsets was
performed using a Kruskal-Wallis test followed by a Dunn’s Multiple Comparison Test.
Mann-Whitney test was used to investigate the effect of 2-DG on ECAR before and after

stimulation.

Figure 7. Glycolysis and not mitochondrial respiration is necessary for pro-
inflammatory cytokine secretion by TEMRA CD8 T cells. Secretion of IL-2, IFN-y and
TNF-o by each CDS subsets purified from HV (n=7-13) was assessed 48h after stimulation
with anti-CD3 anti-CD28 in the presence of 2-DG (A) or Metformin (MET; B).Mean and

SEM are displayed.

Figure 8. TEMRA CD8 T cells from patients with low or high immune stimulation rely
on glycolysis to secrete pro-inflammatory cytokine. Mitochondrial load (A) and
Mitochondrial Membrane Potential (B) of each CD8 T cell subsets were assessed according to
the mean fluorescence intensity of Mitotracker Dye (HV, n=19; MS, n=17; TX, n=8; A) and
to the JC1 red / JC1 green ratio (HV, n=10; MS, n=7; TX, n=5; B) respectively. Secretion of
IL-2, IFN-y and TNF-a by each CDS8 subsets purified from HV (n=7-13), MS (n=4-7) and TX
(n=4-10) was assessed 48h after stimulation with anti-CD3 anti-CD28 in the presence of 2-

DG (C) or Metformin (MET; D). Values for each HV or mean and SEM are displayed.
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Supplementary Figure 1. Dose-response to IL-7 stimulation is similar between TEMRA,
Naive and EM CD8 T cells. PBMC were stimulated for 15’ with various dose of IL-7 and
phosphorylation of STATS was analyzed within naive, TEMRA and EM CD8 T cells. One of

3 representative experiments is shown.
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Mean or SD or
Number  Percentage
Recipient age (years) 48.45 9.48
Donor age (years) 53.14 14.74
Woman recipient 7 50.0%
Woman donor 10 71.4%
Incompatibility HLA-A, -B, -DR, DP >4 13 92.8%
At blood sampling
Time-post-transplantation (yr) 3.87 1.23
Creatinemia (umol/L) 132 34
Induction Therapy
Monoclonal Ab 7 50%
Polyclonal Ab 7 50%
None 0 0%
Other 0 0%
Maitenance therapy
MMF 9 64%
CSA 0 0%
AZA 3 21%
FK 12 86%
Corticotherapy 6 43%
Table 1A
Mean or SD or
Number  Percentage
Age (years) 39,40 9.83
Gender (Woman) 17 70.8%
Disease duration (years) 6.96 5.97
Disease type (RR) 24 100%
EDSS
0-1 6 25%
1-2 10 42%
2-3 3 13%
>3 4 17%
Table 1B
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Fold change aCD3 vs. unstimulated®

Transcript NAIVE TEMRA EM

T-bet 0.3+0+0 (p=0.002)

EOMES

BLIMP-1

GATA-3

PERF 0.30.1 (p=0.002)

GZMb 60.3+21+3 (p=0.001) 38.4+7.6 (p=0.001)
IFN-y 29.8+9+8 (p=0.004)  14.8+7.5 (p=0.018)  32.0+14.0 (p=0.004)
TNF-a 24.8+9.1 (p=0.001)  10.9+3.5 (p=0.011) 11.7+5.9 (p=0.001)
Bcl-2 4.4+1.2 (p=0.012) 5.9+2.2 (p=0.038)

Bcl-6 0.5+0.1 (p=0.012)

'changes in transcript expression are expressed in fold change using FACS-sorted level of
expression as reference

Table 2.
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Discussion

4.1 CD8T Cell Biomarker Research in Transplantation

Kidney transplantation is the best treatment for end-stage renal disease. The goal of biomarker
research in transplantation is to find markers that are sensitive and predictive of allograft loss,
and can help guide physicians decisions regarding patient care. The involvement of CD8 T
cells in allograft rejection is a well-researched topic in the transplant field. Therefore, it is a
logical leap to evaluate the use of CD8 cells as potential biomarkers for allograft rejection.
Betjes et al. published that an increased frequency of TEMRA CD8 cells in the periphery pre-
transplant was an indicator of graft rejection post-transplantation (Betjes et al. 2012). We
found that higher frequencies of TEMRA CD8 cells with strong cytotoxic characteristics were
associated with altered TCR VJ repertoire and an almost 2-fold higher risk of long term
allograft dysfunction in long term stable kidney transplant patients (Article 1) (Yap et al.
2014). In order to validate the usefulness of using CD8 T cells as biomarkers of long term
rejection, we decided to evaluate the value of including phenotypic data about CD8 T cells
into the KTFS. The aim of the KTFS is to use current clinical parameters to calculate a
patient’s risk of renal allograft rejection. When we included immunological parameters into
the calculations, we were able to improve the AUC of the KTFS. By including immunological
markers into the KTFS, 25% of patients were better classified into the low- and high-risk

groups, which will lead to improved care for the patients (Article 3).

TEMRA CD8 T cells, in the context of acting as an immunological component of the KTFS,
would be a potentially powerful tool for determining patient follow up care. The
TELEGRAFT study carried out by nephrologists at several transplant centers in France used
the KTFS to divide patients into low-risk and high-risk groups and includes new
videoconferencing tools to improve patient care (Foucher et al. 2015). Patients in the low-risk

group will follow a more relaxed follow-up schedule with 4 hospital visits per year as
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opposed to the 6 visits per year scheduled for the high risk group. The reason for arranging
the follow-up schedule as such is to reduce the number of hospital visits for low-risk patients,
thus reduce their overall health care cost, and to increase the number of consultations for
high-risk patients in order to minimize the risk or allograft dysfunction. A key aim of this
study is evaluating if the quality of life of low-risk patients can be improved by reducing their
hospital visits and if the increased clinical schedule of high-risk patients will reduce the
occurrence of allograft rejection. In order to thoroughly address these concerns, a secondary
objective of the TELEGRAFT study is to use a video conferencing system to replace (in the
case of low-risk patients) or supplement (in the case of high-risk patients) hospital visits.
Low-risk patients will have one hospital visit and 3 video conference consultations, while
high-risk patients will have 6 video conference consultations in addition to their 6 hospital
visits. The aim of this arm of the TELEGRAFT study, called eHealth, is to reduce the number
of hospital visits of low-risk patients without impacting their allograft health and to increase
the number of consultations for high-risk patients in hopes of preventing allograft dysfunction
without causing major disruption to the patients’ everyday life (Foucher et al. 2015). While
the study is currently ongoing, it will be interesting to see how new biomarkers and new

technology can improve patient health and allograft survival.

While the inclusion of TEMRA cells into the statistical calculation was able to improve the
KTFS, there are still logistical problems that prevent TEMRA CD8 cells from becoming a
common clinical biomarker of renal allograft dysfunction. Clinical flow cytometry currently
lacks standardization in protocol, reagents, and data analysis, and therefore it is difficult to
compare studies from different centers. Before clinical flow cytometry can be used as a
biomarker of kidney transplantation, protocol needs to be standardized. Villanova et al.
demonstrated how to use of lyophilized reagent plates as a means to address the issue faced

with sample preparation and assay reagent and how this could be translated into a flow
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cytometric platform for clinical biomarker detection. In this study, lyophilized plates for
stimulation and for antibody staining were compared to standard liquid flow cytometry
techniques to assess the expression of cytokine secretion and activation markers. They
showed that using lyophilized plates resulted in higher sensitivity for IFNy and IL10 detection
and higher antibody staining indexes compared to traditional flow cytometry techniques. This
study shows that lyophilized antibodies would solve the standardization issues of clinical flow
cytometry. Furthermore, they showed that automated computational analysis could be used to
reliably analyze the flow cytometric data and that their computational program could identify
populations that were difficult to identify using manual analysis (Villanova et al. 2013).
Currently, clinical flow cytometry is largely used in oncology. In the field of transplantation,
flow cytometers have been used for HLA typing and in hematopoietic stem cell transplants
(Jaye et al. 2012). However, with the considerable amount of effort going into biomarker
studies in the transplantation field, it is expected that soon new clinical biomarkers will be
available for medical use and it will be accompanied by new flow cytometric protocols.
Lyophilized plates have been available for ‘research use only’ and it is only a matter of time

before this technique is translated and validated for clinical use.

As our research was focused on exploring biomarkers from peripheral blood, it would also be
interesting to investigate the potential of using CD8 T cells as urinary biomarkers. Urine
cytology studies have shown that the increased presence of lymphocytes in the urine sediment
was associated with acute rejection and BK polyoma virus infection (BKV) (Roberti et al.
1995; Corey et al. 1997; Chatterjee et al. 2012; van Doesum et al. 2014; Ringsrud 2001). Van
Doesum et al. found an increase in the frequency of urinary EM and TEMRA CD8 cells in
acute rejection patients, thus furthering the argument of using TEMRA CD8 cells as
biomarker of allograft rejection (van Doesum et al. 2014). One interesting point to note is that

in the study of van Doesum et al., urinary CD8 T cells were used as a monitoring tool, where
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they observed an increase of CD8 cells correlated with an increased serum creatinine and a
graft rejection episode, and successful treatment of the rejection episode saw an associated
drop in urinary CD8 T cells. In this study, there was no noticeable increase in the absolute
number of CD8 T cells in the periphery nor was there a difference the frequency of the CD8 T
cell subsets in the rejecting patients compared to the control patients (van Doesum et al.
2014). Conversely, our work on peripheral CD8 T cell subsets as biomarkers has been more
focused on using TEMRA CD8 cells as predictive biomarkers of long-term outcomes. The
contrasting endpoints (where van Doesum et al. followed patients for 2 months after inclusion
into the study whereas we followed patients for several years after study inclusion) highlight
the utility and diverse applications that CD8 T cells can fulfill as biomarkers. Peripheral CD8
T cell subset frequencies can act as predictive biomarkers of long-term allograft survival and
urinary CD8 T cell subsets can function as diagnostic biomarkers which indicate the
immediate health of the allograft. The usefulness of CD8 T cells as biomarkers is not just
limited to CD8 subset analysis; the cytotoxic molecules secreted by CD8 T cells can also act
as biomarkers of allograft dysfunction. We have showed that including the frequencies of
CD27°CD28, GZMb'PERF" and GZMb'PERF" CD8 T cells into the calculation of KTFS
can also serve as a predictive biomarker of long term allograft dysfunction (Article 3). This is
in agreement with work from others who have shown that transcripts of perforin and
granzyme-b can be used as serum and urinary biomarkers of acute rejection (B. Li et al. 2001;
Simon et al. 2003). However, Heng et al. recently publish a meta-analysis study evaluating
the clinical value of using perforin and granzyme-b as biomarkers of acute rejection. They
included 16 studies into their analysis and found that perforin or granzyme-b as single
predictors of allograft rejection were not convincing diagnostic markers. However, using both
perforin and granzyme-b as combine markers resulted in a better predictor of acute rejection

(Heng et al. 2015). Overall, CD8 T cells and their cytotoxic molecules play an important role
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in the pathology of kidney transplant patients and they could potential be strong biomarkers of

allograft dysfunction.

The Immunknow assay is a bridge linking the fields of immunometabolics and biomarker
research. It is a T cell immune function assay which measures the amount of adenosine
triphosphate in CD4 T cells as a biomarker of the immunoreactivity in transplant recipients.
However, there appears to be a lack of consensus among transplant centers who have tested
the assay regarding which conditions, viral infection or acute rejection, would best benefit
from this assay (De Paolis et al. 2011; Quaglia et al. 2014; Cadillo-Chavez et al. 2006; Pérez-
Flores et al. 2009). This leads to the question if CD4 ATP concentration is sufficient for this
assay, or if adding the concentration of ATP in CD8 cells would improve the predictive
abilities of this assay. We have shown that EM and TEMRA have greater concentrations of
ATP in basal conditions and that when activated all CD8 subsets increase their concentration
of ATP 24 hours after stimulation (Article 4). It would be interesting to see if the ATP in CD8
cells could serve as a predictive biomarker of immunoreactivity in a similar fashion to the
Immunknow assay, and if a combined assay of CD4 and CD8 T cells would eliminate the

inter-center variability that is currently documented in the literature.

Cumulatively, this suggests that TEMRA CD8 T cells are important to renal allograft health
and survival and are a potentially powerful biomarker of cellular-mediated rejection.
Furthermore, examining the relationship between the immune response and the metabolic

pathways involved could yield new biomarkers for solid organ transplantation.
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4.2 Metabolic Pathways in CD8 Cell subsets

In the recent years, there has been a renewed interest in the immunometabolic programming
of CD8 lymphocytes and due to this resurgence of interests, our understanding of the
importance of metabolism in differentiation and function of CD8 T cell subsets has been
greatly expanded. However, most of the research has been focused in non-pathological or
oncological setting and not other immunological pathologies. The work performed in this
thesis has begun to fill this gap of knowledge, by showing that in kidney transplant recipients
and in multiple sclerosis patients, glycolysis is important for its effector functions. These
results are in accordance to what is known in other studies (Chang et al. 2013; Cham and
Gajewski 2005), suggesting that immunometablic mechanisms are highly conserved in CD8
lymphocytes and remains unchanged in different pathologies. It would be interesting to see if
the involvement of the different metabolic pathways in immune function is conserved in all
respects. We also observed that there are discrepancies in the basal levels of stored ATP in the
different CD8 subsets. Perhaps in certain CD8 subsets or in certain patient sets, such as
tolerant transplant patients, there are changes in the metabolic programming which drastically

affect the immune response of CD8 T cells.

Additionally, it would also be interesting to know if the differences observed in the
immunometabolic programming in the different CD8 subsets are also conserved in patients
with different immune pathologies. We found that activation of CD8 T cells triggers a rapid
glycolytic switch in the immunometabolic programming, resulting in a swift upregulation of
glycolysis in all CD8 subsets. However, only TEMRA and EM CD 8 T cells were able to
maintain high glycolytic activity an hour after stimulation while naive cells return to basal
levels of glycolysis. Furthermore, we found that TEMRA and EM CD8 T cells have higher
basal levels of stored ATP compared to naive CD8 cells, suggesting that the discrepancy in

the amount of ATP is due to the more energetically demanding immune functions of TEMRA
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and effector cells (Article 4). However, the reason for the upregulation of glycolysis is
support the proliferation of the stimulated CD8 T cells by providing intermediates for
biosynthesis (Vander Heiden, M. G., Cantley, L.C., Thompson 2009; Lunt and Vander
Heiden 2011). Therefore, it is possible that the increased basal levels of ATP in TEMRA and
EM cells compared to naive CD8 cells, as well as their ability to rapidly utilize and recover
these stores after stimulation, maybe a strategy to have sufficient energy to carry out both the
cytotoxic effector functions while simultaneously using the increased glycolytic activity to

proliferate.

4.2.1 Metabolic Targets for Immunomodulating CD8 T Cells

As we learn more about the importance of immunometabolics in CD8 T cells in
transplantation, it also opens the possibility of finding new targets for immunosuppression

therapy.

There are two possible approaches to manipulating the metabolic programming of CD8 cells
as a mean of immunosuppression for transplantation. The first would be to target metabolic
pathways that are involved in cytokine production and cytotoxic activity of effector and
effector memory cells, in order to shut down the ability of CD8 T cells to cause damage to
allografts (Figure 2). The other method would be to target metabolic pathways to enhance and
promote the proliferation of CD8 Tregs, which will in turn cause a suppressive effect on the
CD8 effector population, thus prolonging allograft half life and possibly favoring tolerance

induction.

4.2.1.1 Shutting down the Warburg effect in effector CD8 T cells

As previously discussed, glycolysis and glutaminolysis are two key metabolic pathways

which are imperative for proper CD8 effector function. Finding methods to interrupt these
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pathways in allograft infiltrating effector cells would be a mean stopping allograft rejection.
2-Deoxy-D-glucose (2-DG) is a glucose analog that inhibits glycolysis by blocking
hexokinase function. Many studies showed the potent effect of 2-DG in inhibiting the
cytotoxic function of effector CD8 cells (O’Sullivan and Pearce 2015; Cham and Gajewski
2005; Gubser et al. 2013; Sukumar et al. 2013). Interestingly, Cham et al. showed that 2-DG
inhibited the production of IFNy but not IL-2 in CD8 T cells, suggesting that effector cytokine
production was glucose-dependent, and that the inhibitory effect of 2-DG is at the
transcriptional level (Cham and Gajewski 2005; Cham et al. 2008). In a similar fashion,
blocking glutaminolysis with a glutamine antagonist such as 6-diazo-5-oxo-I-norleucine
(DON) inhibits lymphocyte proliferation (R. Wang et al. 2011). Additionally, blocking
glucose and glutamine transporters disrupt lymphocyte activation and affect memory
differentiation (Sinclair et al. 2013; Singer et al. 2011; Anastasiou et al. 2011; Macintyre et al.

2014).

Targeting major bioenergetic pathways seems at first glance a rather dangerous mean to
control an immune response and major side effects such as a massive toxicity to normal tissue
is expected. Animal models and ongoing therapeutic use of metabolic interferences therapies
prove that such strategy is safe and feasible. For instance, leflunomide, a molecule from which
teriflunomide is the active metabolite, prevents de novo biosynthesis of pyrimidine and
efficiently inhibit the development of experimental autoimmune encephalomyelitis (EAE)
(Korn et al. 2004). In Multiple Sclerosis patients, teriflunomide, compared to a placebo,
significantly reduces relapse rates, disability progression (at the higher dose), and MRI
evidence of disease activity (O’Connor et al. 2011). Interestingly, whereas a link with
metabolism has not been established, Leflunomide or analogues have also been shown to be
effective in prolonging graft survival and even to induce tolerance in a model of heart

allograft transplantation (Le Texier et al. 2011). Metabolic interferences have been mainly
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studied in the cancer field. Given the similarity of metabolic adaptation between cancer cells
and activated T cells, immunometabolic regulation of CD8 T cells could be used as a mean to
manipulate the CD8 T cell immune function for effective immunosuppression. However, the
doses required to eradicate all malignant cells and those required to control autoreactive or
alloreactive T cells might be radically different. Whereas, cancer therapy aims to eradicate all
cancer cells, transplant therapy aims to control alloreactive T cells. Given their effector
nature, alloreactive T cells are likely to be characterized by a higher use of glycolysis as
compared to quiescent T cells. The selective targeting of glycolysis processes will thus focus

preferentially alloreactive and not quiescent (naive or memory) T cells.

4.2.1.2 Targeting transcriptional regulators of immunometabolism

Since metabolic adaptation is required to support T cells activation and function, nutrient
availability or limitation will affect these processes. A recent publication has shown that
adenosine monophosphate-activated protein kinase (AMPK) couples T cell function to
nutrient availability (Blagih et al. 2015). AMPK is a serine-threonine kinase that is sensitive
to energy levels and is activated during cellular stress. By sensing the AMP/ATP ratio,
AMPK senses energy deficiency and favors pathways leading to ATP production while
inhibiting ATP-consuming pathway. It increases catabolic processes and inhibits anabolic
processes to increase ATP production when activated. AMPK upregulates fatty acid
oxidation by promoting the transfer of long chain fatty acids into the mitochondria via
carnitine palmitoyltransferase 1 (CPT1) (Maclver, Michalek, and Rathmell 2013). Metformin,
a drug commonly used in diabetes treatment, blocks mitochondrial complex I, which has the
downstream effect of promoting AMPK activity. Interestingly, Metformin fosters memory
CD8 T cell differentiation in mice (Pearce et al. 2009). In agreement with these results, it has
been shown that autoreactive T cells can be efficiently control by the co-administration of 2-

DG and Metformin in a mouse model of systemic lupus erythematosus (SLE) (Yin et al.
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2015). However, as Meformin also inhibits OXPHQOS, in vitro or in vivo administration is
likely to have a broader target than solely the memory compartment. As Metformin is used in
diabetes treatment, it has been shown to have a large range of effect as it is involve in
mediating blood glucose levels and can cause rare cases of lactic acidosis (Jones, Macklin,
and Alexander 2003; Squibb 2008; Eurich et al. 2007). In fact, all treatments using drugs
which intervene in the metabolic pathways should be approached with caution as they will

affect more than the targeted cells.

The PI3K/AKT pathway is another key pathway that integrates immune stimulation and
nutrient uptake (Pollizzi and Powell 2014). Blocking PI3BK/AKT pathway would therefore be
another way to suppress the effector function of CD8 cells. The core kinases of this pathway
are AKT, AMPK and mTOR. An intimate positive and negative cross-regulation of these
protein kinases has been shown this topic has been covered in-depth (Gaber et al. 2015;
Maclver, Michalek, and Rathmell 2013; Pollizzi and Powell 2014). AKT pathway is
optimally activated by the co-ligation of TCR and CD28 and leads to the increase of
glycolysis, via an increase of glucose uptake and the enhancement of rate-limiting glycolytic
enzymes hexokinase and phosphofructokinase (Frauwirth and Thompson 2004). Preventing
activation of this pathway could be accomplished by inhibiting the costimulation signaling
provided by CD28 or by directly inhibiting AKT activity. FR104, an anti-CD28 antagonist
antibody, has been shown to prevent lymphocyte activation and proliferation in a murine
model (Mary et al. 2013). Furthermore, this drug has been shown to be effective in reducing
allograft rejection in both murine and non-human primate models of transplantation (Poirier et
al. 2012; Poirier et al. 2015). Another possible strategy would be to target AKT directly
through the use of one of the AKT inhibitors currently in development (Alexander 2011). For
example, AKT inhibitor MK-2206 treatment in a murine model increased the differentiation

of naive CD8 cells into central memory CD8 cells and diminished terminal differentiation in
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the CD8 population (Abu Eid et al. 2015). While clinical research on these developmental
AKT inhibitors has been mainly focused on the field of oncology, there could be possible use

for them in the transplantation field.

4.2.1.3 Boosting Treg populations with metabolic programming

In the field of CD4 Tregs, there has been a lot of progress in finding viable ways to use them
in clinical practices. Several clinical trials are currently in progress to evaluate the safety and
efficacy of adoptive transfer of CD4 Tregs in allograft transplant recipients (Edozie et al.

2014). However, studies concerning CD8 Tregs are at more exploratory stages.

Rapamycin is an anti-fungal macrolide that is produced by bacteria discovered on Easter
Island which targets and inhibits mTOR and is already used as a part of immunosuppressive
regimens in transplantation. mTOR is a serine/threonine kinase that regulates cell survival,
growth and energy metabolism. mTOR can form two distinct complexes, mTOR complex 1
(mTORC1), which is Rapamycin sensitive, and mTOR complex 2 (mTORC2), which is
Rapamycin insensitive and much less studied compared to mTORC1 (Heitman, Movva, and
Hall 1991; Brown et al. 1994; Xu et al. 2012; Laplante and Sabatini 2009; Laplante and
Sabatini 2013). mTORCL is the master regulator of cell growth and metabolism and can be
activated through either PI3BK/AKT signaling. Upon activation, mTORC1 promotes ribosome
biogenesis and increase protein translation and synthesis (Gaber et al. 2015; Laplante and
Sabatini 2013; Laplante and Sabatini 2009). mTORC1 also promotes lipid biosynthesis and
regulates mitochondrial metabolism and biogenesis through sterol regulatory element binding
proteins (SREBP) which are involved in positively regulating lipid homeostasis
(DeBerardinis, Lum, and Thompson 2006; Porstmann et al. 2008). Rapamycin targets and
inhibits mTOR activity and has been shown to induce the preferential growth of

CD4'CD25'FOXP3" Tregs in vitro (Battaglia et al. 2006). Evidence is emerging that
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Rapamycin treatment in vitro can also induce CD8*CD28 Tregs in murine models (El Essawy
et al. 2011), indicating that adoptive transfer strategies to induce allograft tolerance that are

currently in under investigation for CD4 Tregs could potentially be adjusted for CD8 Tregs.

Another immunosuppressive drug that has been shown to be able to induce preferential
expansion of CD8 Tregs in vitro is CTLA4-1g Belatacept, a recently approved drug for
transplant immunosuppression treatment (Barbon et al. 2014). A CTLA-4 antagonist would
affect the metabolic function of effectors CD8 cells by blocking CD28 costimulation
signaling, which has the downstream effects of impeding AKT activation and downregulating
glucose and glutamine uptake. Additionally, Barbon et al. showed that by first alloanergizing
human PBMC with Belatacept then allostimulating the cells caused an increase in the
frequency of CD8'CD28 T cells. Furthermore, repeated rounds of allorestimulation after
alloanergization would continue to expand the CD8*CD28 Tregs, which were able to suppress
the proliferation of CD4 T cells in a dose-dependent manner (Barbon et al. 2014).
Additionally, Barbon et al. reported on 3 hematopoietic stem cell transplant recipients with a
marked increase in blood circulating CD8'CD28 T cells between days 20 to 40 post-
transplantation (Barbon et al. 2014). While these findings are still preliminary, it is promising

evidence indicating that CD8 Tregs could play a future role in controlling allograft rejection.
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CARACTERISATION DE LA DIFFERENCIATION DES LYMPHOCYTES T CD8" ET

DE LEUR PROFIL IMMUNOMETABOLIQUE EN TRANSPLANTATION RENALE

La transplantation rénale est le meilleur traitement pour les maladies rénales en phase
terminale, allongeant I’espérance de vie et améliorant la qualité de vie des patients (Tonelli et
al.2011). Cependant, cette solution thérapeutique est limitée par des facteurs immunologiques,
mais aussi logistiques. Ce dernier concerne principalement la pénurie d’organes. En effet, en
2012, sur 57 903 patients recenses aux Etats-Unis en attente de transplantation rénale,
seulement 17 282 en ont bénéficié, soulignant un besoin largement supérieur a la disponibilité
des organes (Department of Health and Human Services 2014). Par ailleurs, les patients
transplantés doivent malheureusement se plier a un traitement immunosuppresseur a vie pour
maitriser le risque de rejet d’allogreffe. Si ces traitements sont efficaces pour prévenir du rejet
aigu, le rejet chronique, dont les mécanismes restent mal compris, met en danger la survie a
long terme du greffon. Les biomarqueurs utilisés actuellement en clinique ne permettent de
détecter les épisodes de rejet qu’apres 1’apparition de 1ésions dans le greffon. C’est pourquoi il
est important dans le domaine de la transplantation de mieux comprendre les mécanismes du
rejet d’allogreffe et de trouver de nouveaux biomarqueurs plus fiables et permettant prédire

plus totle rejet.

Miqueu et al. ont montré que le rejet d’allogreffe rénale chronique était associé a un
répertoire TCR VP altéré en périphérie et a une augmentation du ratio T CD8"/CD4", alors
que ce répertoire ne présente pas d’accumulation de clones T sélectionnés chez les patients
tolérants. Chez les patients stables, 1’utilisation du répertoire est hétérogene allant d’une
répartition gaussienne a des accumulations de clones T. De plus, Brouard et al. ont montré
que ’altération du répertoire TCR V[ chez les patients transplantés concerne principalement

le compartiment CD8 (Brouard et al. 2005). Par ailleurs, Baeten et al. ont démontré que les

231



Appendix: Summary of Thesis in French

cellules T CD8" cytotoxiques étaient impliquées dans le rejet chronique du greffon (Baeten et

al. 2006).

Les cellules T CD8" ont été montrées comme hautement impliquées dans les lésions
d’allogreffe rénale a caractére cellulaire, induisant la dysfonction chronique du greffon malgré
I’utilisation de drogues immunosuppressives de type calcineurine pour inhiber leur réponse
allogénique. Le marqueur CD45RA combiné au marqueur de migration vers les ganglions
CCRY (aussi appelé CD197) peuvent étre utilisés pour identifier les cellules naives, effectrices
mémoires (EM), centrales mémoires (CM) et mémoire au stade de différentiation terminale
(TEMRA) parmi les cellules CD8 (Sallusto et al. 1999). L’activation des cellules naives par
un antigene induit leur différenciation en cellules T effectrices ayant un haut pouvoir
proliférant. Aprés la disparition de 1’antigeéne, seule une fraction de la population CD8

effectrice perdure sous la forme de cellules CD8" EM et CM.

Ces derniéres années, le role du métabolisme suscite de nouveau I’intérét de la
recherche. En effet, 'immunométabolisme des lymphocytes ne permettrait pas seulement la

production d’énergie mais serait aussi lié a leur différenciation et leur prolifération.

A D’état basal, les cellules T naives utilisent la phosphorylation oxydative (OXPHQOS)
pour produire I’ATP (Guppy, Greiner, and Brand 1993). Le catabolisme de dérivés
glucidiques, lipidiques et protéiques est en effet la méthode la plus efficace pour générer de
I’ATP. A T’oxydation mitochondriale du glucose s’ajoute la f-oxydation des acides gras,
particulierement utilisée par les cellules mémoires quiescentes. L’oxydation des acides gras
(FAO) est nécessaire pour le développement des cellules T mémoires, un défaut de FAO
affectant lourdement la population de cellules T CD8 mémoires (Lochner, Berod, and
Sparwasser 2015; O’Sullivan et al. 2014). Cependant, lorsque les cellules T sont activées,

elles subissent I’effet Warburg, reprogrammant leur métabolisme d’un systeme OXPHOS a
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un systéeme de glycolyse aérobique et de glutaminolyse (Maclver, Michalek, and Rathmell
2013). Ce changement glycolytique aide & la prolifération rapide des lymphocytes activés en
terme de besoins énergétiques mais aussi en terme d’intermédiaires métaboliques. Ces
derniers servent a la biosynthese de macromolécules essentielles pour la croissance et la
prolifération massive des cellules, ainsi que pour la génération de cytokines et de molécules
cytotoxiques, pour I’expansion des cellules CD8 effectrices pendant la réponse immune (Lunt

and Vander Heiden 2011).

Cette thése se compose de deux parties. La premiére partie est centrée sur la
caractérisation de la distribution des populations de cellules T CD8" en périphérie chez les
patients transplantés rénaux stables a long terme, et évalue I’intérét de 1’utilisation des cellules
T CD8" TEMRA comme marqueurs de prédiction du rejet d’allogreffe. Nous avons montré
que les patients transplantés rénaux, dont la fonction du greffon est stable un an apres la greffe
et présentant un répertoire TCR Vf altéré, ont un risque 1,96 fois plus élevé de développer un
rejet chronique comparés aux patients dont le répertoire TCR Vf3 n’est pas altéré (Publication
#1). De plus, chez ces patients, une fréquence plus élevée de cellules CD8" TEMRA corréle
avec Daltération du répertoire TCR V. Cette étude a aboutit a tester si I’inclusion de
parameétres immunologiques (en I’occurrence la fréquence des sous-populations T CD8) était
a méme d’améliorer les capacités pronostiques du KTFS (Kidney Transplant Failure Score),
score de prédiction du retour en dialyse dans les 8 années post-transplantation basé sur des
variables cliniques (Publication #2) Nous avons montré que la mesure de la fréquence des
cellules CD8'TEMRA ou de celles des cellules CD27°CD28, GZMB'PERF" et GZMB"
PERF" dans le calcul du KTFS permettait d’améliorer I’aire sous la courbe du KTFS de 0,64 a
0,76. Cette augmentation se traduit par une meilleure classification de 26,1% des patients.
Enfin, nous avons comparé trois nomenclatures différentes pour identifier les populations de

cellules T CD8" dans le but d’identifier la plus fiable pour surveiller le compartiment CD8
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chez les patients transplantés rénaux (Publication #3). Nous avons ainsi montré que
I’utilisation de la nomenclature CD45RA/CD28 permet non seulement d’identifier les sous-
populations naives et TEMRA mais permet également d’étudier les cellules CD8" EM aux
stades précoces et tardifs de différenciation. L’utilisation de cette nomenclature pourrait avoir
notamment un grand intérét pour le suivi des patients transplantés traités avec la nouvelle

génération d’anti-CD28.

La deuxieme partie de cette these est centrée sur la caractérisation du programme
immunométabolique impliqué dans la fonction des cellules T CD8" chez les volontaires sains,
les patients transplantés rénaux, et les patients atteints de sclérose en plaques. Nous avons
utilisé un analyseur de flux extracellulaire (Seahorse) pour évaluer les changements du
programme immunométabolique de différentes populations de cellules T CD8*. Nous avons
notamment étudié¢ I’importance des différentes voies métaboliques pour la fonction effectrice
des cellules T CD8. Nous avons montré que chez les volontaires sains, les cellules EM et
TEMRA ont un niveau basal d’activité glycolytique supérieur aux cellules naives, et qu’elles
peuvent maintenir un niveau élevé de glycolyse et de respiration mitochondriale apres
stimulation contrairement aux cellules naives. De plus, les cellules TEMRA et EM présentent
une concentration plus élevée en ATP stockée en condition basale comparées aux cellules
naives. Lors d’une activation, les cellules CD8 naives commencent a produire de ’ATP alors
que les cellules CD8 EM et TEMRA vident rapidement leur stock d’ATP avant d’en générer
d’autre. Par ailleurs, en utilisant le 2-DG pour bloquer la voie glycolytique, nous avons
montré que la glycolyse est essentielle aux CD8 pour la production de cytokines

proinflammatoires.

La partie annexe de la cette thése comprend un résumé de cette thése en francais, ainsi que
deux articles actuellement soumis. Le premier article intitulé “Targeting CD8 T Cell

Metabolism in Transplantation” est une revue d’articles portant sur I’immunométabolisme des
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cellules T CD8 en transplantation. Cette revue reprend dans les grandes lignes 1’introduction
de cette thése, elle a donc été placée en annexe par soucis de redondance. Le deuxiéme article
intitulé « B cell depletion therapy impact CD8 T cells in ANCA-associated vasculitis” résulte
d’un projet pour lequel j’ai participé a I’immunophénotypage, mais étant ¢éloigné du sujet

principal de ma thése, je 1’ai placé en annexe.
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6.2 Supplemental Review Article

Targeting CD8 T Cell Metabolism in Transplantation

Published in Frontiers of Immunology in 2015.
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Infiltration of effector CD8 T cells plays a major role in allograft rejection, and increases
in memory and terminally differentiated effector memory CO8 T cells are associated
with long-term allograft dysfunction. Alternatively, CD8 regulatory T cells suppress the
inflammatory responses of effector lymphocytes and induce allograft tolerance in animal
modsls, Recently, thera has been a renewed interest in the field of immunometabalics
and its important role in CD8 function and differentiation. The purpose of this review is to
highlight the key metabolic pathways involved in CD8 T cells and to discuss how manip-
ulating these metabolic pathways could lead to new immunosuppressive strategies for
the transplantation field.

*h l

dria, regulats ap

Keywords: CD8 lymphocytes, transplantation, metabolism, glycolysts, mitoch

INTRODUCTION

To efficiently protect mammalian against pathogen infection, the response of the adaptive T-cell
immune system follows a three-step process; an initial phase of T-cell priming followed by a massive
clonal expansion and differentiation, a contraction phase leading to the clearance of most effector
cells, and the generation of memory immune T cells. Numerous subsets of memory CD8 T cells
have been described with different functions and localization within the body. Seminal study by
Sallusto et al. identified that isoform CD45RA and lymph node homing marker CCR7 allow the dis-
crimination of naive and subsets of memory CD8 cells (central memory, CM; effector memory, EM;
terminally differentiated effector memory cells, TEMRA) (1). The inclusion of additional markers,
such as CD27, CD28, CD57, or TBET, can narrow down the identification of specific memory subsets
to decipher their relative function during the recall response and to identify checkpoint regulating
their differentiation and their survival (2). T-cell response to antigen stimulation and activating their
effector functions are energetically demanding processes, Over the last decade, numerous reports
have highlighted that the generation of effector and memory cells is not only regulated by the inflam-
matory milieu but also by metabolic processes,

In the 1920s, Otto Warburg observed that cancer cells consumed much higher amounts of glucose
compared with normal cells and that cancer cells mainly utilize glycolysis over mitochondrial respira-
tion, even in the presence of oxygen (3, 4). This metabolic strategy, termed the Warburg effect, has also
been observed in activated lymphocytes (5-7). Despite being less efficient albeit rapid at producing
ATP, the aerobic glycolysis enables cells to generate the biosynthetic precursors necessary to support
rapid growth and proliferation as well as to maintain the redox balance (8). The renewed interest
in the metabolic processes involved in T-cell biology has also revealed that evolutionary conserved
pathways, such as the mammalian target of rapamycin (mTOR) pathway, are common to both immune
responses and metabolism regulation (9). The goal of this review is to summarize the link between
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Metabolem and transplantaton

CD8 T-cell subsets and their metabolic adaptations and to evaluate
how targeting this metabolic programming could be a new possi-
ble therapeutic treatment, with a special focus on transplantation.

T CELL AND TRANSPLANT OUTCOME:
KNOWN TARGETS THAT REQUIRED NEW
THERAPEUTIC TOOLS

Involvement of T lymphocytes in solid organ transplant rejection
is a well-researched topic in the transplantation field; however,
most of the research focuses on the varions roles of the different
CD4 lymphocyte subpopulations. Few investigate the role of CD8
cells in transplantation with a main focus on their cytotoxic and
proinflammatory functions and how deleterious they are to long-
term allograft health (10-13). In acute allograft rejection, infiltrat-
ing CD8 T cells play a major role in tubulitis and tissue necrosis.
Cytotoxic molecules, such as perforin and granzyme-B, as well
as proinflammatory cytokines, such as IFN-y, secreted by CD8 T
cells have been shown to contribute to the rejection response (14,
15). Furthermore, memory CD8 T cells have been shown to act
as major barriers for transplant tolerance induction protocols (16,
17). Additionally, recent immunomonitoring research has shown
that an increase in certain CD8 populations in transplant patients
is associated with allograft rejection and loss, Elevated effector,
memory, and TEMRA CDS subsets in the peripheral circulation
are associated with increased occurrence of acute and chronic
allograft dysfunction (18-22). As a result, immunomodulation
of the CDS population is an important component for long-term
allograft survival and targeting their specific metabolic processes
could represent a new mean to foster graft survival.

There is budding interest into a small subpopulation of CD8
lymphocytes with regulatory and suppressive functions. While
most of the research has been focused on CD4"FOXP3*Tregs,
there is growing interest in the other types of regulatory T cells,
which include the CDS8 Tregs (23-25). There have been several
different nomenclatures proposed in the literature, which can
be used to identify this subset of cells, a few examples being
CD8$*CD28-, CD8*CD45RC™™, and CD$*FOXP3* (26-28), CD8
Treg populations have potent suppressive ability against effector
lymphocytes and promote tolerant induction in rodent transplant
maodels, thus making them an attractive target for promoting
allograft survival (23, 24, 28-30). Immunometabolic regula-
tion of CD& T cells could be used as a means to manipulate the
CD8 T-cell immune function for effective immunosuppression.
However, little is known regarding their metabolic adaptation
during the induction and the expansion phases.

CD8 T-CELL METABOLIC PROGRAMMING
CHANGES ARE SPECIFIC TO CD8
SUBSETS AND FUNCTION

Metabolic Demands in Quiescent T Cells

In resting state, naive T cells rely on oxidative phosphorylation
(OXPHOS) to produce adenosine 5'-triphosphate (ATP) (31).
This metabolic pathway is the most effective method to gener-
ate ATP by catabolizing metabolic intermediates derived from

glucose, fatty acids, and amino acids. The low rate of energy
metabolism needed by quiescent cells to maintain their house-
keeping functions is instructed by cytokine-dependent signals
and preferentially 1L-7-mediated signals, Indeed, TL-7 is a ¢crucial
cytokine to sustain the homeostasis of naive cells and their sur-
vival and is also an important regulator of the glucose transporter
GLUT-1 {32). The IL-7 receptor (IL-7R)} is largely expressed in
naive lymphocytes and downregulated when naive CD8 T cells
differentiate into the effector phenotype. 1L-7 causes activation of
JAK1 and JAK3, which in turn activates STATS and the PI3K/AKT
pathways (32-34). IL-7 allows a basal glucose metabolism, which
has been shown to be essential for quiescent T-cell survival (32),
In addition to mitochondrial glucose oxidation, resting T cells
generate energy through the f-oxidation of fatty acids and espe-
cially quiescent memory subsets (Figure 1A). Fatty acid oxidation
(FAO} is integral to the development of memory T cells, and when
FAQ is impeded, the memory CD8 T-cell population is heavily
affected (35, 36). Pearce et al, showed that mice which lack tumor
necrosis receptor-associated factor 6 (TRAF6) cannot upregulate
FAO, and while these mice were able to mount a normal effector
CD8response, they were unable to forma CD8 memory population
after bacterial infection (37), Additionally, TRAF6-deficient CD8
cells could not properly activate AMP-activated kinase (AMPK);
however, metformin, an AMPK activator, was able to rescue FAQ
in the TRAF6-deficient CD8 cells and promote the development
of the memory subset (37}, Interestingly, the fatty acids used are
not acquired from their external environment. Instead, FAQ is
supported in memory T cells by the synthesis of triacylglycerols
(TAGs) from externally acquired glucose. [1-7 has been shown to
upregulate the expression of glycerol channel aquaporin 9 (AQP9)
and increased TAG synthesis in antigen-experienced CD8 T cells.
The resulting TAGs are hydrolyzed by lysosomal acid lipase into
free fatty acids for FAQ (36, 38). The generation of potent CD8
memory T cells is also dependent on mTOR-related signaling
since rapamycin, a mTOR inhibitor, promotes memory T-cell
differentiation (39, 40). Rapamycin treatment during the CDS
expansion phase has been shown to increase the resulting quantity
of CD§ memory cells; furthermore, rapamycin given during the
contraction phase results in memory CD8 cells that are highly
functional and can mount a better memory response (39, 41, 42),

Activation of CD8 T Cells Leads to
Metabolic Reprogramming

Proliferation and potent effector functions are an energetically
demanding process that requires a metabolic adaptation in order
to fulfill the needs of T cells. Upon activation, CD8 T’ cells repro-
gram their metabolism from OXPHOS to aerobic glycolysis and
glutaminolysis (Figure 1B) (5). This glycolytic shift supports the
rapid proliferation of activated lymphocytes not only in terms of
energy requirement but also in terms of metabolic intermediates
(43). These metabolic intermediates allow the biosynthesis of mac-
romolecules essential for the massive cell growth and proliferation
required as effector CD8 cells expand during the immune response,
For example, these intermediates generated from the glycolytic
pathway are used to generate nucleotides, amino acids, and lipids,
which in turn will be used to synthesize nucleic acids, lipids, and
proteins needed in order to duplicate the cellular biomass (8, 43),
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FIGURE 1| Metabolic pathways used by CD8 T calls in quiescent and active states. (A} Whan in a quiescent 18%e, nanve COE T cadls Uil ther energy
needs mainly through asmbic ghealyss and mirachondrial respidation. Fatty ackd oxidation piays an impornant rale during the restriction phase when etlacter C0E
caly diferentiate nlo memary COB celis and the immuna System reburns 10 a quisscent state. Mamory T cals symihaszed fatty tnacigyeerals 1 supply lalty acids
for fatty acd axidatan. (B) Whan strmuiated, efector COE T oels rapidly upregulate glycolyss and glutarminolsis because the activated cels require mary of the
metabolic ntermediates for macromokcue biosynthess. The metabotc adaptations sustain the rapid expansion of affector CD8 T cals and support the secretion of
cytolinas and Gytoloxc mokacues,
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T-cellactivation requires two signals: one from the T-cell receptor
(TCR) and the other from costimulatory receptors, TCR signaling
alone is not sufficient for inducing major changes to the metabolic
programming {44). The increased glucose metabolism seen in
activated lymphocytes is due to CD28 costimulation signaling,
which in turn activates the PI3K/AKT pathway (Figure 2) (44-46),
leading to an increase of nutriment uptake, cell-surface expression,
and function of glucose transporter. However, it is becoming appar-
ent that there are specific metabolic adaptations dependent on the
Tocell subset. Gubser et al. showed that the effector memory CDS
T cells are able to switch to glycolysis more rapidly as compared to
naive CD8 T cells (47). Furthermore, effector memory CD8 T cells
are able to sustain this higher glycolytic rate. Glycolysis has also
been implicated in posttransesiptional control of cytokine secretion
in activated lymphocytes. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) is an enzyme involved in the glycolytic process
and has been shown to act as an mRNA-binding protein. Chang
et al. demonstrated that interferon-y (IFNy) secretion was sup-
pressed in activated lymphocytes which were cultured in galactose
and thus could not utilize the glycolytic pathway. The depression
in the IFNy secretion is due to the binding of GAPDH to IFNy
transcripts, Therefore, glycolysis in lymphocytes has a secondary
role as a regulator of GAPDH binding of [FNy (48). The drastic
diversion of energy generation from OXPHOS to aerobic glycolysis
induced by T-cell activation may be oversimplified as a higher
mitochondrial mass of memory CD8 T cells compared to naive
CD8 T cells has been reported and linked to a higher enhancement
of both OXPHOS and glycolysis in memory CDS T cells (49).

In addition to increased glycolytic activity, activated T cells also
upregulate glutamine metabolism (glutaminolysis). Glutamine,
a common amino acid found in human plasma, can serve as
an alternative source of energy. Activated lymphocytes require
glutamine for cell proliferation and cytokine secretion, and CD28
costimulation enhances glutamine uptake and increases glutamine
transporter expression {50, 51). Several metabolic TCA cycle
intermediates, such as citrate, a-ketoglutarate, and oxaloacetate,
are crucial for proliferation as precursor for lipid and amino acids
synthesis. Glutamine undergoes anaplerotic reaction to produce
oxaloacetate and a-ketoglutarate metabolism through glutamate,
Glutaminolysis also replenishes NADPH pool, which is also
needed by proliferating lymphocytes to support lipid and nucleo-
tide biosynthesis as well as maintaining the redox balance (51, 52},

METABOLIC TARGETS FOR
IMMUNOMODULATING CD8 T CELLS

There are two possible approaches to manipulating the metabolic
programming of CD3 cells as a means of immunosuppression for
transplantation. The first would be to target metabolic pathways
that are involved in cytokine production and cytotoxic activity of
effector and effector memory cells in order to shut down CD8 T
cells” ability to cause damage to allografts (Figure 2). The other
method would be to target metabolic pathways to enhance and
promote the proliferation of CD8 Tregs, which will in turn cause
asuppressive effect on the CDS effector population, thus prolong-
ing allograft half-life and possibly favoring tolerance induction.

of therppout: motecukes on the vanous mmunomatabolc pathways,

FIGURE 2 | Immunometabolic targets. The tgure depicts the differem metabobc and transcriptionsl pathwiys involved in the mmunomessbolic functions of CO8
T cads. Black anows ae used to show the transpon of glucosa and glutaming into the calls where they are matabolized. The yalow arow ragresents the combined
signaiing of the TCR and COZ38 which activates CO8 effector cefis and triggers the mesabolic adaptations in the eflactor calls. The blue arows show the
transcrptional usad by activated COS T cells 10 upreguiate mTOR, which controls celular metanolsm and growths. Red araws show the promotion o Supnession
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Shutting Down the Warburg Effect in

Effector CD8 T Cells
As previously discussed, glycolysis and glutaminolysis are two
key metabolic pathways that are imperative for proper CD8
effector function. Finding methods to interrupt these pathways
in allograft infiltrating effector cells would be a mean stopping
allograft rejection. 2-Deoxy-p-glucose (2-DG) is a glucose
analog that inhibits glycolysis by blocking hexokinase function.
Many studices showed the potent effect of 2-DG in inhibiting the
cytotoxic function of effector CD8 cells (47, 53-55), In a similar
fashion, blocking glutaminolysis with a glutamine antagonist
such as 6-diazo-5-oxo-L-notleucine (DON) inhibits lymphocyte
proliferation (56). Additionally, blocking glucose and glutamine
transporters disrupt lymphocyte activation and affect memory
differentiation (57-60).

Targeting major bioenergetic pathways seems at first glance
a rather dangerous means to control an immune response and
major side effects such as a massive toxicity to normal tissue
is expected. Animal models and ongoing therapeutic use of
metabolic interferences therapies prove that such strategy is safe
and feasible. For instance, leflunomide and its active metabolite
teriflunomide prevent de nove biosynthesis of pyrimidine and
cfficiently inhibit the development of EAE (61). In multiple scle-
rosis patients, teriflunomide, compared to placebo, significantly
reduces relapse rates, disability progression (at the higher dose),
and MRI evidence of disease activity (62), Interestingly, whereas
a link with metabolism has not been established, leflunomide
or analogs have also been shown to be effective in prolonging
graft survival and even to induce tolerance in a model of heart
allograft transplantation (63). Metabolic interferences have
been mainly studied in the cancer field. Given the similarity of
metabolic adaptation between cancer cells and activated T cells,
immunometabolic regulation of CD8 T cells could be used as
a means to manipulate the CD8 T-cell immune function for
effective immunosuppression. However, the doses required to
eradicate all malignant cells and those required to control auto-or
alloreactive T cells might be radically different. Cancer therapy
aims to eradicate all cancer cells, whereas transplant therapy
aims to control alloreactive ' cells. Given their effector nature,
alloreactive T cells are likely to be characterized by a higher use of
glycolysis as compared to quiescent T cells. The selective targeting
of glycolysis processes will thus focus preferentially alloreactive
and not quiescent (naive or memory) T cells.

Targeting Transcriptional Regulators

of Immunometabolism

Since metabolic adaptation is required to support T-cell activa-
tion and function, nutrient availability or limitation will affect
these processes. A recent publication has shown that adenosine
monophosphate-activated protein kinase (AMPK) couples T-cell
function to nutrient availability (64). AMPK is a serine-threonine
kinase that is sensitive to energy levels and is activated during
cellular stress. By sensing the AMP/ATP ratio, AMPK senses
energy deficiency and favors pathways leading to ATP produc-
tion while inhibiting ATP-consuming pathway. It increases
catabolic processes and inhibits anabolic processes to increase

ATP production when activated. AMPK upregulates fatty acid
fi-oxidation by promoting the transfer of long-chain fatty acids
into the mitochondria via carnitine palmitoyltransferase 1 (CPT1)
(5). Metformin, a drug commonly used in diabetes treatment,
blocks mitochondrial complex 1, which has the downstream effect
of promoting AMPK activity. Interestingly, metformin fosters
memory CD8 T-cell differentiation in mice (37). In agreement
with these results, it has been shown that autoreactive T cells can
be efficiently controlled by the coadministration of 2-DG and
metformin in a mouse model of systemic lupus erythematosus
(SLE) (65). However, as meformin also inhibits OXPHOS, in vitro
or in vivo administration is likely to have a broader target than
solely the memory compartment.

The PI3K/AKT pathway is another key pathway that integrates
immune stimulation and nutrient uptake (9). Blocking PI3K/
AKT pathway would therefore be another way to suppress the
effector function of CD3 cells. The core kinases of this pathway
are AKT, AMPK, and mTOR. An intimate positive and negative
cross-regulation of these protein kinases has been shown and this
topic has been covered in-depth in several publications (5, 6, 9).
AKT pathway is optimally activated by the coligation of TCR and
CD28 and leads to the increase of glycolysis, via an increase of
glucose uptake and the enhancement of rate-limiting glycolytic
enzymes hexokinase and phosphofructokinase (66). Preventing
activation of this pathway could be accomplished by inhibiting the
costimulation signaling provided by CD28 or by directly inhibit-
ing AKT activity. FRI04, an anti-CD28 antagonist antibody, has
been shown to prevent lymphocyte activation and proliferation
in a murine model (67). Furthermore, this drug has been shown
to be effective in reducing allograft rejection in both murine and
non-human primate models of transplantation (68, 69), Another
possible strategy would be to target AKT directly through the use
of one of the AKT inhibitors currently in development (70). For
example, AKT inhibitor MK-2206 treatment in a murine model
increased the differentiation of naive CD8 cells into central
memory CD& cells and diminished terminal differentiation in
the CD8 population (71). Additionally, AKT can be modulated
upstream by inhibiting focal adhesion kinase (FAK), a well-
established regulator of the PI3K/AKT pathway. Inhibiting FAK
in Ewing sarcoma cells results in downregulation of both AKT
and mTOR and impaired cell growth and colony formation (72,
73). Donor lymphocyte infusions following allogeneic stem cell
transplantation are performed to enhance the graft-versus-tumor
(GVT) effect, and minor histocompatibility antigen (MiHA)-
specific CD8 T cells play an important role in this GVT response.
It has been hypothesized that adoptive MiHA-specific CD8 T-cell
transfer would lead to a more efficacious GV'T response while also
minimized graft-versus-host disease (GVHD), a harmful effect
which is also observed in allogeneic stem cell transplant patients,
AKT signal inhibition during ex vivo priming of naive precursor
cells resuited in the generation of stem cell-like MiHA-specific
CDS T cells. Additionally, these cells have a superior proliferation
capacity and antitumor effects in a murine model (74), While
clinical research on these developmental AKT inhibitors has been
mainly focused on the field of oncology and allogeneic stem cell
transplantation, there could be possible use for them in the solid
organ transplantation field.
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Boosting Treg Populations with Metabolic
Programming

In the field of CD4 Tregs, there has been a lot of progress in
finding viable ways to use them in clinical practices. Several
clinical trials are currently in progress to evaluate the safety and
efficacy of adoptive transfer of CD4 Tregs in allograft transplant
recipients (75). However, studies concerning CD8 Tregs are at
more exploratory stages,

Rapamycin is an antifungal macrolide that is produced by
bacteria discovered on Easter Island which targets and inhibits
mTOR and is already used as a part of immunosuppressive regi-
mens in transplantation, mTOR is a serine/threonine kinase that
regulates cell survival, growth, and energy metabolism. mTOR
can form two distinct complexes, mTOR complex 1 (mTORC1),
which is rapamycin sensitive, and mTOR complex 2 (mTORC2),
which is rapamycin insensitive and much less studied compared
to mTORC1 (41, 76-79). mTORC] is the master regulator of cell
growth and metabolism and can be activated through either PI3K
or AKT signaling. Upon activation, mT'ORCI promotes ribosome
biogenesis and increases protein translation and synthesis (6,
78, 79). mTORC] also promotes lipid biosynthesis and regulates
mitochondrial metabolism and biogenesis through sterol regula-
tory clement-binding proteins (SREBP) which are involved in
positively regulating lipid homeostasis (30, 81). Rapamycin targets
and inhibits mTOR activity, thus interfering with G1 phase cell
cycle activity and inhibits interleukin-2 (IL-2)-driven proliferation
in T lymphocytes. This leads to a potent immunosuppressive effect.
Consequently, mTOR inhibitors have been adopted into use as a
part of immunosuppressive regimens in solid organ transplanta-
tion {32, 83). In addition to the immunosuppressive effects of rapa-
mycin, it has also been shown to induce the preferential growth of
CD4'CD25'FOXP3' Tregs in vitro (84). Evidence is emerging that
rapamycin treatment in vitro can also induce CDS*CD28 Tregs in
murine models (85}, indicating that adoptive transfer strategies to
induce allograft tolerance that are currently under investigation
for CD4 Tregs could potentially be adjusted for CD8 Tregs.

Another immunosuppressive drug that has been shown to
be able to induce preferential expansion of CD8 Tregs in vitro is
CTLA-4-lIg belatacept, a recently approved drug for transplant
immunosuppression treatment (86), A CTLA-4 antagonist would
affect the metabolic function of effector CDS cells by blocking
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CONCLUSION

When CD8 T cells go from a quiescent to an activated state,
there are also major alterations to their metabolic programming.
Upregulation of glycolysis and glutaminolysis has been shown to
be important not only to fulfill the energy requirements of the
activated effector CD8 cells but also to provide the biosynthetic
materials needed for this rapidly expanding population. Research
into the immunometabolics of CD8 cells not only expands our
understanding about CD8 T cells but also provides new phar-
maceutical targets that could help to reduce the negative effect of
these cells in an allograft immune response.
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Abstract

In anti-neutrophil cytoplasmic antibodies associated vasculitis (AAV), several clues
suggest that the efficacy of B cell depletion therapy lies beyond the suppression of
ANCA-producing cells and may involve B-T cell crosstalk. However, scarce data are
available regarding the impact of rituximab on CD4, regulatory and CD8 T cells in this
setting. Using polychromatic flow cytometry we performed a thorough
immunophenotypic analysis of CD4, regulatory T and CD8 cells of 53 patients with
AAV in order to compare the effects of conventional immunosuppressants (CIS) and
rituximab (RTX). Cytokine/chemokine production of in vifro stimulated CD8 cells was
assessed using a multiplex immuncassay. Among CD4 cells, we found that
frequency of naive and memory subsets and the expression of CCR5, CCR4 and
CD161 were not influenced by maintenance treatment type. Similarly, Treg frequency
and subsets including CD161", Helios®, resting (CD45RA") and memory (CD45RA"
FoxP3") Tregs were comparable among RTX and CIS treated patients. By contrast,
the type of maintenance treatment markedly influenced the CD8 T cell compartment.
Indeed, RTX inhibited late differentiated effector memory (CD45RA'CCR7’) CD8 cell
expansion whereas CIS had the opposite effect. Furthermore, we found that unlike
CIS, B cell depletion therapy effectively inhibited pro-inflammatory
cytokine/chemokine production by CD8 cells. In conclusion, B cell depletion therapy
has a profound impact on the CD8 compartment. This observation raises the
question whether the disruption of B cell help to CD8 cells could contribute to the
dramatic efficacy of RTX. Whether B cell depletion therapy promotes CD8 cell

exhaustion and/or inhibits immunosenescence deserves further investigations.
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Introduction

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) are a group
of systemic auto-immune diseases characterized by necrotizing small/medium-vessel
vasculitis and/or extravascular inflammation of the respiratory tract and the presence
of ANCA targeting Proteinase 3 (PR3) or Myeloperoxydase (MPO). Microscopic
polyangiitis (MPA) and Granulomatosis with polyangiitis (GPA) are the 2 most
frequent AAV subtypes, which predominantly associates with anti-MPO and anti-PR3

ANCA, respectively (1).

These life-threatening diseases usually affect middle-aged or older adults to the
elderly. Until very recently, treatment relied on the use of corticosteroids and
conventional immunosuppressants (CIS) such as Cyclophosphamide (CYC),
Azathioprine (AZA), Methotrexate (MTX) or Mycophenolate (MMF). These agents
contributed to improve patients' survival in the past decades. Unfortunately, relapses
remained a frequent issue, Furthermore, patients with AAV have an increased risk of
cardiovascular diseases, infection and cancer resulting from therapeutic
immunosuppression and chronic inflammation (2). In the past few years, rituximab
(RTX) has emerged as a dramatically effective agent in AAV. In 2010, the RAVE trial
found that RTX was as effective as CYC for remission induction (3). More recently,
the MAINRITSAN trial demonstrated that long term B cell depletion therapy was even

superior to CIS for remission maintenance (4).

The efficacy of RTX demonstrates that CD20 B cells play a critical role in the
pathophysiology of the disease. Several clinical clues and immunological data from
other autoimmune diseases suggest that the efficacy of B cell depletion therapy lies
beyond the suppression of auto-antibodies producing cells, Indeed, B cells exhibit

antibody-independent functions (cytokine production, antigen presentation) that can
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impact many effector cells, including T cells (5). However, there is little data on
comparing the immunological effect of RTX with that of CIS, and even less regarding

the impact of RTX on T cells in AAV (6).

The primary goal of this cross-sectional study was to compare the impact of RTX and
CIS on the T cell compartment in AAV. We found that patients receiving a CIS or
RTX maintenance treatment exhibited similar CD4 and regulatory T cell subsets,
including CD1617, Helios", resting and memory Tregs. By contrast, RTX treated
patients were comparable to patients in long term remission off therapy and had a
decreased proportion of terminally differentiated effector memory CD8 T cells
(CD45RA'CCRT, i.e TEMRA cells) as compared to those receiving a CIS, which was
not explained by age or CMV status. Furthermore, longitudinal analysis confirmed
that the proportion of CD8 TEMRA cells increased under CIS and decreased with
RTX. Finally, in vitro cytokines/chemokines production of CD8+ T cells from patients
in remission with RTX was lower than those from patients with active disease and/or

in remission under CIS.

Overall, our results demonstrate that as opposed to CIS, B cell depletion therapy
inhibits CD8 TEMRA expansion and CD8 T cell cytokines/chemokines production. In
view of the recent reappraisal of the role of CD8 T cells in auto-immunity, our results
suggest that disrupting B and CD8 T cell interactions could contribute to the dramatic
efficacy of RTX in AAV, Furthermore, since CD8 TEMRA cells expansion have been
linked to immunosenescence and cardiovascular risk, our findings also raise the
question whether the benefit of B cell depletion therapy could extend to a reduction of

cardiovascular comorbidities of AAV patients.

John Wiley & Sons 4

250



Appendix: Supplemental Article

Page 5 of 34 Arthritis & Rheumatology

Material and Methods
Inclusion criteria

Inclusion criteria were a diagnosis of MPA or GPA according to 2012 Chapel Hill
criteria (1). Patients with active disease (at diagnosis or relapse) received no
treatment (including steroids). Patients in remission received either no treatment
(n=9), maintenance Rituximab (RTX) (500mg every 6 months; n=18) or oral
immunosuppressant (IS; n=14), namely azathioprine (AZA), methotrexate (MTX) or
mycophenolate mofetil (MMF), +/- low dose corticosteroids (<10mg/d) for >3 months.
Cases were categorized as GPA or MPA according to the EMEA algorithm (7).
EGPA patients and those that received renal replacement therapy were excluded.
Disease activity was assessed using the Birmingham Vasculitis Activity Score
(BVAS) (8). Active disease was defined by BVAS>3 that required therapeutic
intervention. Remission was defined by a BVAS=0 for 3 months with no evidence of
systemic inflammation, that allowed stable or tapered maintenance treatment.
Clinical data of remission patients are reported in Table 1. Clinical data of patient
with active disease are reported in supplementary Table 1. The study was
performed in accordance with Helsinki declaration and with Nantes University
Hospital Ethics Committee approval. Written informed consent was obtained from

each subject.

Blood Sample and CMV status

PBMCs were separated on a Ficoll gradient layer and frozen in 10% DMSO
autologous serum. The presence of anti-CMV IgG, ie latent CMV infection, was

determined by chemiluminescent immunoassay (DiaSorin) on frozen sera.
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Polychromatic Flow Cytometry

Cells were analyzed with an LSRII flow cytometer (BD Immunocytometry Systems);
frozen PBMCs were surface-stained with 4 different antibodies panels. CD4 T cell
immunophenotyping panel included CD3 (OKT3; Brilliant Violet 605), CD4 (L200;
PerCP-Cy5.5), CD45RA (T6D11; APC-Vio770), CCR7 (3D12; PE-Cy7), CCR4 (1G1;
PE), CCR5 (2D7/CCRS; FITC) and CD161 (191B8; PE-Vio770). Regulatory T cell
immunophenotyping panel included CD3 (OKT3; Brilliant Violet 605), CD4 (RPA-T4;
Pacific Blue), CD25 (BC96; Brilliant Violet 421), CD127 (A019D5; PE), FoxP3
(236A/ET; Alexa Fluor 647), Helios (22F6; Alexa Fluor 488), CD45RA (T6D11; APC-
Vio770) and CD161 (191B8; PE-Vio770). For CD8 T cell analysis, 2 panels were
used, which included CD3 (BW264/56; VioBlue), CD8 (BW135/80; VioGreen),
CD45RA (T6D11; APC-Vio770), CCR7 (3D12; PE-Cy7), CD27 (L128; Brilliant Violet
605), CD28 (CD28.2; PE-CF594) and either CD57 (TB03; FITC) and T-bet (04-46;
PE) or GZM-B (GB11; Alexa Fluor 700) and PERF (B-D48; PE). Yellow LIVE/DEAD
Fixable Dead Cell Stain Kit (Invitrogen) was used to exclude dead cells from
analysis. BD CompBeads stained separately with individual mAbs were used to
define the compensation matrix. Data were analyzed using FlowJo Version 9.0.1
(TreeStar). All the antibodies were purchased from BD Biosciences, except for anti-
CD3, -CD8, -CD45RA, -CD161 and -CD57 mAbs (Miltenyi), anti-Helios, Brilliant
violet anti-CD3 and -CD25 (BioLegend), anti-FoxP3 (eBioscience) and anti-PERF
mAb (Diaclone).

FACS sorting, cell culture and multiplex cytokine production measurement

PBMCs were thawed and rested overnight in TexMacs medium (Miltenyi). PBMCs
were then stained with anti-CD3 (UCHT1; FITC), -CD4 (RPA-T4, APC), -CD8 (RPA-

T8 ; PE) mAbs (BD Biosciences). CD3'CD8" were FACS-sorted using a FACSAria
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(BD Biosciences; purity greater than 95%) and then stimulated for 4 hours with
100ng/ml_Phorbol myristate acetate (PMA; Sigma-Aldrich) and 1pg/ml lonomycine
(Sigma-Aldrich) in 96-well round bottom plates (concentration: 5x10°cells/ml ;
volume : 100yl) at 37°C in 5% CO,. The production of 34 cytokines and chemokines
was measured in culture supernatant using a multiplex Luminex immunoassay

(ProcartaPlex Human Cytokine & Chemokine Panel 1A; Affymetrix).
Statistical Analysis

Univariate analysis involved »x  or Fischer exact test as appropriate to compare
categorical variables and the nonparametric Mann-Whitney test to compare
continuous variables. One-way analysis of variance was carried out using non-

parametric Kruskal-Wallis test and Dunn's post-test for multiple comparisons.

Results

Cohort characteristics

A total of 53 patients were included. During this 2011-2013 period, the decision to
recourse to RTX or IS as maintenance treatment was not standardized but depended
upon available evidence as well as physician preferences. There were 26 men and
27 women. Mean age was 67 years (IQR: 61-79). Mean estimated CKD-EPI
glomerular filtration rate (eGFR) was 58 ml/min (IQR: 26-88). Thirty-one patients
(58%) had GPA and 22 (42%) MPA, 27 (51%) anti-PR3 ANCA and 25 (47%) anti-
MPO ANCA. One patient had ANCA negative biopsy-proven GPA. Among 60
samples, 20 were obtained from patients with untreated active disease (at diagnosis
in 18 cases) and 40 from patients in remission under maintenance treatment with

either RTX (n=17) or CIS (n=14, AZA in 10, MTX in 2 and MMF in 2), or during drug
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free remission (n=9). Seven patients were analyzed at 2 time points, first while
untreated (during active disease in 6) and then in remission under RTX or CIS. All
RTX-treated patients had received a 500mg infusion the past 6 months and had
undetectable B cells (<5/mm3). All other remission patients had never received

rituximab.

Most key clinical data were comparable among patients treated with RTX vs CIS,
including demographics, disease and ANCA type, past exposure to
cyclophosphamide and renal function (Table 1). Patients treated with RTX tended to
have suffered more relapses as compared to patients receiving CIS (Table 1),
despite this difference was not statistically significant (Supplementary Figure 1). By
contrast, drug free patients had more prolonged remission duration as compared to
CIS or RTX treated patients (median: 46 vs 10 and 7 months, respectively, p=0.01
and 0.001). Furthermore, most of these Long Term Remission Off Therapy (LTROT)
patients had suffered a unique disease flare before entering remission, whereas
patients treated with CIS or RTX had a more frequent history of relapse (70%, for
RTX, 12% for LTROT, p=0.01).

Patients in remission with conventional Immunosuppressant or rituximab

exhibit similar CD4 T cells subsets distributions.

We first assess whether the disease activity and/or the maintenance therapy impact
the distribution of the different CD4+ T cell subsets. CCR7 and CD45RA expression
were used to identify naive (CD45RACCR7"; Tn), central memory (CD45RA'CCRT";
Tem), effector memory (CD45RA'CCR7; Tem) and late differentiated effector
memory (CD45RA'CCR7’; TEMRA) cells (9). Patients in remission had a decreased

proportion of naive CD4 T cell (Figure 1A; p=0.002) and an increase in effector
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memory cells (Figure 1A; p=0.001) as compared to patients with active disease.
When the analysis was narrowed to remission patients, we found that RTX, CIS and

LTROT patients had comparable distributions of CD4+ T cell subsets (Figure 1B).

The expression of CCR5, CCR4 and CD161 was then monitored as surrogate
markers for Th1(10), Th2 (10) and Th17(11) cells respectively. As expected, CCRS,
CCR4 and CD161 were mainly expressed on effector memory cells (Figure 1C;
upper panel). Their level of expression was analyzed on total CD4+ cells as well as
on Tn, Tcm, Tem and TEMRA subsets. No difference was observed between CIS,
RTX and LTROT patients (Fig 1C; lower panel). In conclusion, RTX had no marked

effect on the CD4+ T cell phenotype when compared to conventional treatments.

Rituximab has no significant impact on regulatory T cells subsets

distributions.

Several groups have reported on quantitative and/or functional Treg deficiency in
AAV (12-15). Several studies have also reported an increase in Treg frequency
and/or suppressive function following Rituximab treatment in autoimmune diseases
(6,16—19), albeit conflicting results have also been reported (20-23). A recent study
suggested that RTX increased Treg frequency in patients with GPA (6). In our cohort,
the frequency of CD25"CD127"°FoxP3+ Tregs was not significantly different in CIS,

RTX and LTROT patients (Figure 2, p=0.195).

Several Treg cell subsets have been identified in the recent years. According to the
expression of CD45RA and Foxp3, 3 populations of FoxP3 expressing CD4 T cells
have been described, which exhibit distinct functional properties as well as Foxp3

locus methylation level (24). CD45RA’ cells and CD45RAFoxP3™ cells are
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considered as bona-fide Treg cells (naive and memory, respectively) whereas the
CD45RAFoxP3"” population consists of non-suppressor cells with pro-inflammatory
cytokines secretion potential. The expression of CD161 has also been reported to
identify a subset of Treg cell capable of producing pro-inflammatory cytokines,
including IL-17 (25,26). Similarly, cytokine-producing Tregs have been reported to
lack the expression of Helios. The latter marker has been controversially claimed to
identify thymus-derived as opposed to peripheral-derived Treg, despite controversy
remains (27-29). The frequencies of the aforementioned subsets of Treg were
similar between patients with active disease and patients in remission as well
between RTX, CIS and LTROT patients (Figure 2, p>0.05). Furthermore, Treg cell
frequency did not increase following treatment with RTX. Overall, RTX had no
distinctive impact on the frequency of Treg cells and their subsets as compared to

ClIs.

CD8 T cell subsets variations according to maintenance treatment group

We then analyzed the frequency of CD8 T cell subsets according to disease activity
and maintenance treatment. Unlike for CD4 T cells, the distribution of CD8 T cell
subsets (Tn, Tcm, Tem, TEMRA) was similar in patients with active disease as
compared to those in remission (Supplementary Figure 2). However, when focusing
on remission patients, we observed significant variations in CD8 T cell subsets
frequencies in CIS, RTX and LTROT patients (Figure 3A, p<0.05). LTROT patients
had a higher proportion of naive T cells as compared to patients receiving
maintenance treatment. Interestingly, even though they had more relapsing diseases,
patients receiving RTX had a CD8 memory T cell compartment that more closely

resembled to the one of LTROT as opposed to that of CIS patients. Indeed, RTX and
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LTROT patients had less TEMRA and more Tem cells than CIS patients. The
profound imbalance between CD8 TEMRA and Tem was further highlighted by the
monitoring of TEMRA/Tem ratio (Figure 3A). LTROT and RTX patients had a
strikingly lower TEMRA/Tem ratio as compared to CIS patients (0.72 and 0.69 vs
2.98 respectively; p<0.05; Figure 3A). We then assessed whether the phenotypic
features of TEMRA CD8 T cells were similar across the 3 groups of patients in
remission. As expected (10,30,31), TEMRA CD8 cells were predominantly CD28"
CD27 with a high expression of perforin, granzyme B, CD57, and Tbet as compared
to CD45RA™ effector memory cells (Figure 3B). No significant differences among
treatment groups were seen for the expression of prototypic markers of TEMRA CD8

T cells (Figure 3B, p>0.05).

Hence, LTROT patients and those receiving with RTX exhibited a lower proportion of
TEMRA CDS8 cells as compared to CIS treated patients, with no significant change of

TEMRA phenotype.

B cell depletion therapy and conventional immunosuppressant have opposite

effect on the CD8 TEMRA pool, irrespective of CMV status.

Previous studies performed in older adults have demonstrated that both age and
latent CMV infection concur to TEMRA expansion in healthy individuals, both of
which being interrelated (32,33). Two recent studies have also revealed that CD4
and CD8 TEMRA frequency is critically influenced by latent CMV infection in AAV
(34,35). Accordingly, we found that latent CMV infection had a major impact on CD8
T cell subsets in our patients and was associated with an increased proportion of
TEMRA cells (Figure 4A). Indeed, among the entire cohort, the frequency of TEMRA

CD8 cells was 20.5% and 48.5% in CMV" and CMV"* patients respectively (p<0.001;
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Figure 4A). A weak positive correlation was also observed between the TEMRA
frequency and age, regardless the CMV status. Given the heterogeneous frequency
of TEMRA in patients in remission according to the maintenance therapy, we
investigate whether the increase of TEMRA CD8 T cells observed in CIS group was
related to a higher prevalence of CMV infection or the age of patients. In the CIS,
RTX and LTROT groups, the frequency of latent CMV infection was similar (8/14
(57%), 6/17 (35%) and 2/8 (25%), respectively) as well as patients' age (Table 1).
Hence, neither age nor CMV status could explain the difference of TEMRA cell

frequency observed across treatment groups.

Unlike previous reports (36,37), we found no correlation between disease duration
and TEMRA frequency in our cohort (Figure 4B, p=0.35). Furthermore, disease
phenotype, ANCA type, past exposure to cyclophosphamide, number of previous
relapses, or renal function did not correlate with TEMRA frequency (Figure 4B). We
then analyzed the frequency of TEMRA CD8 T cells according to the CMV status in
the 3 groups of patients in remission. We found that CMV" individuals receiving RTX
had lower TEMRA cell frequency as compared to those receiving a CIS (median:
47.2 vs 69.5 %, respectively, p=0.035; Figure 4C). On the other hand, there were not
significant differences in the CMV negative individuals. In order to better understand
the respective impact of RTX and CIS on TEMRA expansion and the role of CMV
infection, we performed a longitudinal analysis of 7 patients before and after
introduction of the 2 types of maintenance therapeutic regimen (CIS or RTX). All
patients receiving RTX as maintenance therapy exhibit a decrease in the frequency
of TEMRA CD8 T cells irrespectively to their CMV status. In contrast, an increase of
TEMRA CD8 T cell was observed after initiation of CIS (Figure 4C), despite these
patients were CMV negative. Collectively, these results demonstrate that irrespective
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of CMV status, RTX inhibits TEMRA expansion in AAV patients, whereas CIS have
the opposite effect. Further, CIS and CMV infection have synergistic effects on

TEMRA expansion.

B cell depletion therapy decreases CD8 T cell cytokine production as opposed

to conventional immunosuppressants.

In order to determine whether the opposite effect of RTX and CIS on the CD8 T cells
compartment had functional consequences, we assessed the in vitro cytokine and
chemokine production of purified CD8 T cells stimulated with PMA and ionomycin,
using a 34plex immunoassay. We found that CD8 T cells from patients receiving RTX
produced lower levels of pro-inflammatory cytokine IFN-y and chemokines (MIP-
1a/CCL3, MIP-1B/CCL4, RANTES/CCLS, IP-10/CXCL10, SDF-1a/CXCL12a,
Eotaxine) compared to patients with active disease an/or those receiving a CIS
(Figure 5A). Importantly, CD8 cells from patients in remission under CIS produced
similar levels of cytokine/chemokine when compared with those of patients with

untreated active disease.

IFN-y expression strongly correlated with different cytokine and chemokine
expression (Figure 5B). IFN-y production could thus be used as a prototypic marker
of inflammatory response and the correlation between its levels and the CMV status,
age or renal function was tested. Of interest, none of these factors correlated with the
level of pro-inflammatory cytokine IFN-y, Finally, the frequency of TEMRA CD8 T
celis did not correlate with the production of IFN-y, suggesting that the effect of RTX
on the CD8 T cell compartment lies beyond the limitation of TEMRA expansion (Fig
5B). These finding demonstrate that, unlike CIS, B cell depletion therapy effectively

inhibits the pro-inflammatory potential of CD8 T cells in AAV patients.
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Discussion

Herein we report the result of a cross sectional study of the T cell compartment
phenotype in patients with AAV. The main objective of our study was to compare the

impact of RTX and CIS on CD4 T cells, regulatory T cells and CD8 T cells.

The first finding of our study was that patients receiving RTX or CIS had similar CD4
and regulatory T cells subsets. Several investigators have reported that AAV
patients’ regulatory T cells had a decreased suppressive function (12-15), even in
remission and in the absence of any immunosuppressant (13). As for B cell depletion
therapy effects on Treg cells, contradictory data have been reported in studies
performed in various seftings such as cryoglobulinemic vasculitis (16), rheumatoid
arthritis  (20,23), systemic lupus (18,19), autoimmune thrombocytopenia (17).
Importantly, most of the mentioned studies were based on uncontrolled longitudinal
studies using simple staining strategies for Treg cell identification. Furthermore,
functional assay have been rarely performed (17,18). Herein, we report the result of
an in-depth phenotypic analysis of Treg cells of AAV patients including Helios',
CD161", resting and memory subsets. We found no clear impact of B cell depletion
therapy as compared to CIS. Recently, Zhao et al. compared the frequency of Treg
cells and CD45RA/CD25 expression defined subsets in GPA patients under various
conditions (active vs inactive, CIS vs RTX). They found that the frequency of Tregs in
GPA patients following RTX was similar to that of healthy controls, while GPA
patients receiving CIS had a reduced frequency of Treg cells (6). They also found a
trend for Treg frequencies to increase following RTX. By contrast, we found no
significant difference in Treg cell frequency in patients receiving RTX or CIS, and
RTX did not increase following RTX in our patients. Of note, the increase in Treg

celis (CD4'CD25°CD127° T cells) noticed by Zhao et al. was mainly driven by
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CD45RA'CD25" cells, which are probably not bona fide Tregs (24). Interestingly, a
recent study demonstrated that in tumor bearing mice, RTX could even dampen Treg
expansion (38). Overall, further studies are needed to determine whether RTX impact

the Treg cell compartment in patients with autoimmune diseases.

The main finding of our study was that RTX and CIS had opposite effects on the CD8
T cell compartment. TEMRA cells were expanded by CIS but decreased under RTX.
These cells had a typical TEMRA phenotype with a high cytotoxic potential as
reflected by the strong expression of Perforin and Granzyme B, which may be
implicated in tissue damage. Indeed, both anti-CD8 and anti-perforin antibody
therapies have been shown to reduce glomerular lesions in @ murine model pauci-
immune glomerulonephritis (39,40). In AAV patients, CD8 T cells are present in
granulomatous (41), glomerular (42,43) and muscle vasculitic lesions (personal
observation) but until recently, little data were available regarding the role of CD8 T
cells in AAV. In 2008, McKinney et al. analyzed the prognostic value of the
transcriptional profiling of neutrophils, monocytes, CD8 T cells, CD4 T cells and B
cells in AAV (44). Unexpectedly, they found that the CD8 T cell transcriptome
identified two subject groups and predicted relapse risk. Recently, they demonstrated
that the good prognosis CD8 T cell signature reflected T cell exhaustion and
predicted a favorable outcome in a wide range of autoimmune disease but reduced
viral clearance in chronic viral infection (45). These findings suggest that CD8 T cell
effector functions have a deleterious role in AAV and other autoimmune diseases.
Interestingly, we found that B cell depletion therapy reduced AAV patients' CD8 T cell
cytokine production, whereas CIS did not. In other words, a B cell targeted therapy
had more impact on CD8 T cells cytokine production than an immunosuppressant

that directly impact T cell biology. This paradoxical finding suggest that B cells play a
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key role in the CD8 T cell response, which may contribute to the high efficacy of RTX
in AAV. Further studies are needed to determine how B cell impact the CD8 T cell

response and whether B cell depletion therapy could promote CD8 T cell exhaustion.

Additionally, we found that latent CMV infection had a major impact on CD4 and CD8
T cell compartment in AAV, by promoting TEMRA expansion, which is consistent with
two recent studies (34,35). Whether this phenomenon impact patients’ outcome
remains to be determined. In RA, where CMV aiso drives TEMRA expansion, a
cross-sectional study suggested that latent CMV infection was associated with more
severe joint destruction (46). However, since CMV seroprevalence increases with
age, disease duration can be an important source of bias in a cross-sectional
analysis (47). A subsequent prospective study found that a profile of PBMC cytokine
production in response to CMV/EBV lysates correlated with response to therapy,
whereas latent CMV infection itself did not (48) but the impact of anti-CMV response
on chronic inflammation/autoimmunity and vice-versa remains to be fully established.
As for AAV, the impact of latent CMV infection and/or anti-CMV response on disease

presentation and relapse risk is unknown.

TEMRA expansion is one of the hallmarks of human immunosenescence, in which
latent CMV infection plays a key role. This phenomenon has been linked to an
increased risk of mortality, infection susceptibility and decreased efficacy of vaccines
in the very elderly (49). More recently, latent CMV infection has been linked to an
increased cardiovascular mortality in healthy older adults (>65y) (50). In HIV
infection, which is also characterized by a state of chronic immune activation and T
cell senescence, CMV infection is an independent risk factor for cardiovascular
diseases (50,51). Furthermore, HIV patients with higher frequencies of CD4 or CD8

CD28CD57" T cells exhibit increased carotid artery stiffness (53). In AAV patients,
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Morgan et al. found that a higher frequency of CD4'CD28 cells at presentation
increased the risk of infection and mortality, whereas latent CMV infection itself did
not (35). Of note, CD4°CD28 cells expanded under conventional
immunosuppressant’s, consistently with our findings. Our observation that B cell
depletion therapy has the opposite effect raises the question whether its benefit could
extend beyond disease control, and include reduced cardio-vascular risk, which is an
increasing matter of concern in patients with AAV (2,54). Only long-term observation

of RTX versus CIS treated patient could answer this question.

In conclusion, we found that B cell depletion therapy had a profound impact on the
CD8 T cell compartment. Unlike conventional immunosuppressant, B cell depletion
therapy dampens TEMRA expansion and reduces CD8 T cell cytokine production.
Along with recent data regarding the role of CD8 T cell in auto-immunity, our result
raises the question whether the disruption of B cell help to CD8 T cell could
contribute to the dramatic efficacy of RTX. Further studies are needed to clarify the
impact of long term B cell depletion therapy on immunosenescence and

cardiovascular risk in AAV patients.
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Figure 1 : During remission, maintenance treatment type has no impact on
CD4+ T cell subsets or on CD4+ helper T cell markers.
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Figure 2, Frequency of Treg cell and Treg cell subsets is not influenced by
maintenance treatment type.
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Figure 4. TEMRA CD8 T cell frequency is influenced by maintenance treatment

type and CMV status.
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Figure 5. B cell depletion therapy efficiently inhibits cytokine and chemokine
production by in vitro stimulated CD8 T cells, whereas conventional

immunosuppressants do not.
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Figure Legends

Figure 1. During remission, maintenance treatment type has no impact on
CD4+ T cell subsets or on CD4+ helper T cell markers. CCR7 and CD45RA
expression were used to identify naive (CD45RACCR7"; Tn), central memory
(CD45RA'CCR7"; Tcm), effector memory (CD45RACCR7; Tem) and late
differentiated effector memory (CD45RACCR7; TEMRA) CD4 cells. T cells subsets
frequencies were analyzed according to (A) disease activity and (B) maintenance
treatment. (C) The expression of CCR5, CCR4 and CD161 were measured at the cell
surface of CD4 T cells and used as surrogates for Th1, Th2 and Th17 response,
respectively. The expression of these markers was compared between Tn and Tem
(C, upper panel) and across the 3 groups of patients in remission (C, lower panel).
CIS: conventional immunosuppressant, RTX: Rituximab, LTROT: Long term
remission off therapy. Horizontal bar within dot plots represent the median. Boxplot
were done using the Tukey method. 1A; **p<0.01, Mann-Whitney test, B and C:
p>0.05, Kruskal-Wallis.

Figure 2. Frequency of Treg cell and Treg cell subsets is not influenced by
maintenance treatment type. (A) Gating strategy for the identification of Tregs
(CD3'CD4"CD25"CD127"°FoxP3") and Tregs subsets. (B) Total Treg cells frequency
was assessed according to maintenance treatment type (left panel) and measured
prospectively in 7 patients started on CIS or RTX (right panel): no differential effect of
RTX vs CIS was found. (A and C) Resting and activated Treg cells were defined as
CD45RA" and CD45RAFoxP3" Tregs, respectively. The frequency of CD161",
helios®, resting, memory Tregs and CD45RAFoxP3" cells were not significantly
different among CIS, RTX and LTROT patients (All p>0.05, Kruskal-Wallis), CIS:
conventional immunosuppressant, RTX: rituximab, LTROT: Long term remission off
therapy. Horizontal bars indicate median.
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Figure 3. Variation of TEMRA/Tem CD8 balance according to maintenance
treatment type and confirmation of the prototypic TEMRA phenotype of
CD45RA’CCRT7" cells. (A) CCR7 and CD45RA expression were used to identify
naive (CD45RACCR7"; Tn), central memory (CD45RA'CCR7”; Tem), effector
memory (CD45RA'CCR7; Tem) and late differentiated effector memory
(CD45RA'CCR7; TEMRA) CD8 cells. CD8 T cells subsets frequencies were
analyzed according to maintenance treatment regimen. (B) Gating strategy and
representative flow cytometry plots for the phenotypic characterization of TEMRA
cells. (C) TEMRA phenotype was compared across remission patients and no
relationship with maintenance freatment type was found. CIS: conventional
immunosuppressant, RTX: Rituximab, LTROT: Long term remission off therapy.
Horizontal bar within dot plots represent the median. Boxplot were done using the
Tukey method. *p<0.05, Kruskal-Wallis with Dunn's post test.

Figure 4. TEMRA CD8 T cell frequency is influenced by maintenance treatment
type and CMV status. (A) Upper panel: Impact of CMV infection on naive, central
memory, effector memory and TEMRA CD8 T cells frequency among the entire
cohort. Lower panel: correlation between age and frequency of naive and TEMRA
CD8 T cells according to CMV status. (B) Lack of correlation between TEMRA CD8 T
cells frequency and disease characteristics including disease duration, number of
previous flare, renal function, clinical phenotype and ANCA specificity. (C) TEMRA
frequency according to CMV status and maintenance treatment type; left panel:
cross-sectional analysis of remission patients; right panel: longitudinal analysis of 7
patients started on CIS or RTX showing their opposite effects on TEMRA frequency.
CIS: conventional immunosuppressant, RTX: Rituximab, LTROT: Long term
remission off therapy, eGFR: estimated glomerular filtration rate. Horizontal bar
within dot plots represent the median. Boxplot were done using the Tukey method. (A
and C) *p<0.05, **p<0.01, ***p<0.001, Mann-Whitney. (A and B) Lines within dot
plots represent linear regression, Statistical significance was tested using
Spearman's rank correlation.
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Figure 5. B cell depletion therapy efficiently inhibits cytokine and chemokine
production by in vitro stimulated CD8 T cells, whereas conventional
immunosuppressants do not. (A) FACS-sorted CD8 T cells were stimulated with
PMA ionomycin for 4 hours and cytokines/chemokines production was assessed
using a 34plex immunoassay. CD8 T cells from RTX treated patients produced lower
levels of pro-inflammatory cytokines/chemokines than CIS treated patients and/or
those with active untreated disease (*p<0.05,"*p<0.01, Kruskal-Wallis with Dunn's
post test [Active vs CIS vs RTX]). Differentially expressed cytokines/chemokines
included IFN-y, MIP-1a/CCL3, MIP-1B/CCL4, RANTES/CCLS, IP-10/CXCL10, SDF-
1a/CXCL12a and Eotaxine. A similar trend was observed with TNF-a and GM-CSF.
Low amounts of IL4, IL5, IL8, IL10, IL12p70, IL13, IL18, IL21, IL22, IL27, MCP1 and
GROa were also detectable, without any difference across groups. Levels of IL1-q,
IL1-B, IL1Ra, IL6, IL7, IL9, IL15, IL17A, IL23, IL31, IFN-a and TNF-8 were below the
detection threshold, whereas IL2 production was to high to confidently quantify. (B)
IFN-y production correlate with other differentially expressed cytokines, but neither
with age, estimated glomerular filtration rate (eGFR), TEMRA frequency nor CMV
status. Lines within dot plot represent linear regression. Statistical significance was
tested using Spearman’s rank correlation. CIS: conventional immunosuppressant,
RTX: Rituximab, LTROT: Long term remission off therapy. Horizontal bars represent
medians.

John Wiley & Sons 30

276



Page 31 of 34

Appendix: Supplemental Article

Arthritis & Rheumatology

Table 1: Comparison of clinico-biological characteristics of patients in

remission according to maintenance treatment.

B Cell Depletion Conventional Remission
Therapy Immunosuppressant | Off Therapy
(RTX, N=17) (CIS, N=14) (LTROT, N=9)
Male 12 (70%) 5(36%) 2 (22%)
Age 66 (56-75) 68 (59-82) 63 (62-73)
GPA 12 (70%) 7 (50%) 6 (66%)
Anti-MPO 6 (35%) 7 (50%) 4 (44%)
eGFR
| (miimin,73my) | >4 (2689) sy i)
Disease duration 34 (11-119) 19 (13-53) 58 (13-86)
Past CYC exposure 15 (88%) 11 (79%) 7 (78%)
‘ Remission duration 7 (4-9) 10 (6-17) 46 (20-73)"
Single flare 5 (30%) 8 (57%) 8 (88%)°
Previous flares (n) 2 (1-4.5)° 1(1-2) 1(1-1)

Figures indicate ratios (percentage) or median (interquartile range). eGFR : estimated

glomerular filtration rate; CYC: cyclophosphamide ; LTROT: Long Term Remission Off

Therapy. * p=0.0019 vs RTX, ® p=0.01 vs RTX; ©p=0.0056 vs LTROT, Mann-Whitney test.
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Supplementary data

Supplementary Table 1. Clinical characteristics of patients with active disease

Active disease

(N=20)
Male 13 (65%)
Age 66 (55-78)
GPA 11 (55%)
Anti-MPO 11 (55%)
eGFR
(mi/min/1,73m?) 53.5 (16.5-92.5)
First flare 18 (90%)
BVAS 14 (10.5-16.5)
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Supplementary Figure 1. Clinical characteristics of patients in remission according
to maintenance treatment. CIS: conventional immunosuppressant, RTX: Rituximab,
LTROT: Long term remission off therapy. Horizontal bars represent medians and
interquartile range. **p<0.01, Kruskal-Wallis with Dunn’s post test.
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Supplementary Figure 2. Naive and memory CD8 T cells subsets frequencies
are not influenced by disease activity. CCR7 and CD45RA expression were used
to identify naive (CD45RA'CCR7'; Tn), central memory (CD45RA'CCR7'; Tcm),
effector memory (CD45RA'CCR7; Tem) and late differentiated effector memory
(CD45RA'CCR7; TEMRA) CD4 cells. T cells subsets frequencies were analyzed
according to disease activity. All p=0.05, Mann-Withney.
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The characterization of CD8 T lymphocyte subset differentiation and
their immunometabolic programming in kidney transplantation

Caractérisation de la différentiation des sous populations des lymphocytes T CD8
et de leur profiles immunométaboliques en transplantation rénales

Résumé

Malgré Tlefficacité des immunosuppresseurs, les
patients transplantés rénaux sont confrontés a une
perte tardive de leur greffon. Comprendre les
mécanismes aboutissant au rejet et identifier des
biomarqueurs prognostiques sont deux enjeux clefs
pour améliorer la survie des greffons. En étudiant des
patients transplantés recrutés plus de 5 années aprés
greffe, nous avons montré que I'accumulation de
cellules T CD8 de type TEMRA constituait un facteur de
sur-risque de dysfonction chronique (Article 1). Le suivi
de la fréquence des LT CD8 (12 mois post-
transplantation) combiné & des marqueurs cliniques
simples permet de définir un score composite de perte
du greffon dans les 6 années suivant la greffe (Article
2). Aprés avoir établi une combinaison optimale de
marqueurs de différenciation pour I'étude des cellules T
CD8 (Article 3) et étant donné le role des LT CD8 dans
le rejet chronique, nous avons comparé le métabolisme
des CD8 TEMRA avec celui des cellules naives et
effectrices mémoires (EM) (Article 4). Chez les
volontaires sains, le métabolisme des cellules T CD8 de
type TEMRA présentent de grande similitude avec celui
des cellules EM avec notamment un niveau basal élevé
de glycolyse et de fortes quantités d’ATP par rapport a
ceux des cellules naives. L’activité de glycolyse et de
respiration mitochondriale est maintenue dans le temps
apres activation. Enfin, la glycolyse et la glutaminolyse
sont essentielles pour la production de cytokines
inflammatoires. Ces résultats viennent remettre en
cause le caractére sénescent des cellules TEMRA et
nous amenent a définir les propriétés immuno-
métaboliques des LT CD8 chez les patients
transplantés selon leur devenir clinique.

Mots clés
Transplantation, Lymphocyte T CD8,
Immunométaboliques, Biomarquers

Abstract

Despite the advancements in immunosuppresssion
therapy, long term allograft dysfunction is still a main
barrier to successful kidney transplantation. Therefore,
biomarkers that can guide patient care are important to
extending the life of a kidney allograft. The aim of this
thesis was to investigate the role of CD8 T cells in
kidney transplant patients, evaluate the use of these
cells as possible biomarkers, and to examine the
metabolic programming and machinery used by these
cells in healthy volunteers and transplant patients.
Kidney transplant patients who have stable graft
function one year post-transplantation and have an
increased frequency of late-differentiated TEMRA CD8
T cells were more at risk of late graft dysfunction
compared to stable kidney transplant recipients with
lower levels of these cells. Furthermore, using CD8 cells
as biomarkers and additional parameters in a revised
Kidney Transplant Failure Score (KTFS) resulted in
better classification of at-risk patients.

We also compared the metabolic machinery used by
TEMRA CD8 cells to those of naive and effector
memory (EM) CD8 subsets. In healthy volunteers, EM
and TEMRA cells have higher basal glycolytic activity
compared to naive cells, and after activation, EM and
TEMRA can sustain higher levels of glycolysis and
mitochondrial respiration compared to naive cells.
Additionally, TEMRA and EM cells have a higher basal
concentration of stored ATP. Furthermore, glycolysis
and glutaminolysis are essential for CD8 production of
proinflammatory cytokines. Overall, these results show
that the immunometabolic properties of CD8 T cells
have a promising role in future clinical therapies of
transplant patients.

Key Words
Transplantation, CD8 T Lymphocytes,
Immunometabolics, Biomarkers
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