DIGITALCOMMONS

— @WAYNESTATE— Wayne State University

Wayne State University Dissertations

1-1-2010

Raman Spectroscopic Modehng Of T-
Lymphocyte Activation And Detection Of Acute
Renal Allograft Rejection

Kristian L. Brown
Wayne State University,

Follow this and additional works at: http://digitalcommons.wayne.edu/oa_dissertations

0 Part of the Biomedical Engineering and Bioengineering Commons, Medical Biophysics

Commons, and the Medical Immunology Commons

Recommended Citation

Brown, Kristian L., "Raman Spectroscopic Modeling Of T- Lymphocyte Activation And Detection Of Acute Renal Allograft
Rejection” (2010). Wayne State University Dissertations. Paper 43.

This Open Access Dissertation is brought to you for free and open access by Digital Commons@WayneState. It has been accepted for inclusion in
‘Wayne State University Dissertations by an authorized administrator of Digital Commons@WayneState.

www.manharaa.com



http://digitalcommons.wayne.edu/?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F43&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F43&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/oa_dissertations?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F43&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/oa_dissertations?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F43&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/229?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F43&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/668?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F43&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/668?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F43&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/671?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F43&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/oa_dissertations/43?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F43&utm_medium=PDF&utm_campaign=PDFCoverPages

RAMAN SPECTROSCOPIC MODELING OF T- LYMPHOCYTE ACTIVATION
AND DETECTION OF ACUTE RENAL ALLOGRAFT REJECTION

by
KRISTIAN L. BROWN
DISSERTATION
Submitted to the Graduate School
of Wayne State University,
Detroit, Michigan
in partial fulfilment of the requirements
for the degree of
DOCTOR OF PHILOSOPHY
2010
MAJOR: BIOMEDICAL ENGINEERING

Approved by:

Advisor: Date

www.manharaa.com




© COPYRIGHT BY
KRISTIAN L. BROWN
2010

All Rights Reserved

o AJLb

www.manharaa.com




DEDICATION

This dissertation and my overall doctoral body of work is dedicated to the twes ladny life;

my wife and my daughter

www.manharaa.com




ACKNOWLEDGEMENTS

Without the continued unconditional support and encouragement
that my family and the department of surgery have provided me, this accomplistoodoht
never have been possible. A very long time ago | decided that the goal of obtaiMilyand a
PhD was worth it. However, it has only been through witnessing the actualcsacréde by my

family that | have arrived at a working understanding of its true value.

| also would like to thank the department of biomedical engineering and the entgecoll
of engineering for its embrace of a simple surgeon. My intellectualtiyrasva direct result of
working alongside brilliant engineers cannot be captured in words. There is sonttedhican

be said about those who transform thoughts into palpable products through their genius.

www.manaraa.com



TABLE OF CONTENTS

DEDICATION e e e e e e e e Ii
ACKNOWLEDGEMENTS ... e e e i
LIST OF TABLES ... o e e e iX

CHAPTERS
CHAPTER 1- Introduction and Brief Historical Note...............cooiiiiiin i, 1
RETEIENCES. ..o 4
CHAPTER 2- Clinical and Immunological Background ................c.ccoiiiiiiiininnnnn. 7
Chapter 2.1- ImmunologiC OVEIVIEW .........ccoviiiiiiiiiiieiee e e 7

Chapter 2.2- The Immunologic Basis of Renal
Allograft ReJection ..........c.ccoeviiiiiiiiiiiiie e e, 16
Chapter 2.3- Clinical Implications of Allograft Rejection ................... 17

REfEIENCES ... e e .20

CHAPTER 3- Review of Proposed Noninvasive Methods for Detecting
Acute REJECHION ......ciiei it e 2D

REfEIENCES .. ol 20
CHAPTER 4- Raman Spectroscopy As A Diagnostic TOOl............ccooeiiiiiiiiiiinns 28

Chapter 4.1- Historical Background of Raman
Spectroscopic Technology ..........coviiiiiiiiiiiiiiiieenns 28

www.manaraa.com



Chapter 4.2- Biologic Applications of Raman Spectroscopy.............. 33

RETEIENCES ... e e e e e e e e e e e e e e 36

CHAPTER 5- Raman Spectroscopic Differentiation of Activated Versus
Non-activated T Lymphocytes: amvitro study of an acute

allograft rejection model ..., 39
Chapter 5.1- INtroduCtion....... ..ot e 39
Chapter 5.2- Materials and Methods...............coovciiiiiiiiiien, 39

Chapter 5.2.1- Cell Preparation ................coovvennennnnn. 39

Chapter 5.2.2- Peripheral Blood T Lymphocyte
Samples .......cooiiiiiiii 40

Chapter 5.2.3- Independent Verification of
Activation/Inactivation via Antibody

StaiNING....ccvie e 40
Chapter 5.2.4- Raman Spectroscopic Analysis ............... 41
Chapter 5.2.5- Statistical Analysis .............oeoviiienenes 42
Chapter 5.3- RESUIES ...ov i e e e e, 42

Chapter 5.3.1- Raman Spectroscopic Results:

Green (514.5 nm) Laser ..................... 42
Chapter 5.3.2- Raman Spectroscopic Results:
Red (785 nm) Laser ...........c.ccoevvvennnnnn. 46
Chapter 5.4- DISCUSSION ......ovviiiieiiieiiieieie e e e eennennenennn .49
REIEIENCES. .. i 51

CHAPTER 6- Differentiation of Alloreactive versus CD3/CD28 Stimulated
T Lymphocytes Using Raman Spectroscopy: a greater specificity
for noninvasive acute renal allograft rejection detection .................. 52

www.manaraa.com



Chapter 6.1- INtroduCtion.........ccoviii e e 52

Chapter 6.2- Materials and Methods...........coeiiiiiiiii i 52

Chapter 6.2.1- Alloantigeaetivated T Lymphocyte
Preparation ...............cooveiviiiiiiinnnnn. 52

Chapter 6.2.2- Non-specific Antigen Model
of Activation .........coccveiiiiiiii i, 53

Chapter 6.2.3- Independent Verification of
Activation/Inactivation ....................... 53

Chapter 6.2.4- Raman Spectroscopic Analysis ............. 54

Chapter 6.2.5- Statistical Analysis ............................54

Chapter 6.3- RESUILS ........oouiiiii e 55

Chapter 6.3.1- CD3/CD28-activated versus

Inactivated T Lymphocytes .................. 55
Chapter 6.3.2- CD3/CD28-activated versus Alloantigen-
activated T lymphocytes ..................... 58
Chapter 6.4- DISCUSSION .....uiuiitie e e e e e v ee e 63
REIEIENCES. ... e 64

CHAPTER 7- Biomolecular Modeling of T Lymphocyte Activation

Using Raman SPeCrOSCOPY ...vnuriiii v i et e e eerenee e 65
Chapter 7.1- INntroducCtion..........ccvirie it i e e 65
Chapter 7.2- Materials and Methods.............coooi i, 67

Chapter 7.2.1- Cell Preparation and Mitogen

INdUCHiON......ooiii 67
Chapter 7.2.2- Monoclonal Antibody Staining .............. 68
Chapter 7.2.3- Raman Spectroscopic Analysis ............. 69

Vi

www.manaraa.com



Chapter 7.2.4- Statistical Analysis ...............cooeeveennns 69

Chapter 7.3- RESUILS ..ot 70
Chapter 7.4- DISCUSSION ... ...ttt ittt e e e e e e 74
REIEIENCES. ...t e 75

CHAPTER 8- Conclusions and Future DIrections.........c.c...coviiieiiiiiiinniennnns 77
Chapter 8.1- CONCIUSIONS .....oiiii i e e e 77
Chapter 8.2- Future DireCliONS e v vvve e e, 83
REfEIENCES. ... e 86

APPENDICES
Appendix A -Banff 97 Criteria and Histologic Phenotypes ..............ccocevveenennns 88
Appendix B- Raman Spectroscopic Peak Assignments...........c.oov v viicmmeeeenns 89

Appendix C — Flow Cytometry Directed Verification of T lymphocyte

ACHIVALION STAtUS......ce e e 91
Appendix D- Raw Data Images From Cellular Preparations ...................cceue.. 93
Appendix E- Reference and Control Raman Spectra .......cc...oovviiiiiiiiiiniann. 95
Appendix F- Human Investigation Committee Approval .............cccvvve v vevaen.. 97

Appendix G- List of Key Abbreviations............cccceviie i i e wen 98

AB S T R A T o e e e 100

Vi

www.manaraa.com



AUTOBIOGRAPHICAL STATEMENT ...t e 103

viii

www.manharaa.com




LIST OF TABLES

Table I- Comparative summary of relevant Raman shifts of CD3/CD28-
activated, inactivated, alloreactive, and resting T lymphocytes........................ 61

www.manharaa.com




LIST OF FIGURES

Figure 1. Organizational scheme of the adaptive and innate cells of the imrateme sy...... 8
Figure 2. Binding of TCR- MHC complex (signal 1) and CD28-CD80 complex (signal 2)
leading to T cell activation or in the absence of signal 2, anergy ......................... 11
Figure 3. T lymphocyte intracellular activation pathway .............cccoiii s 13.
Figure 4. Dimerization of CD3 complex and TCR necessary for T lymphocyeatamt ...... 14

Figure 5. Conformational change in the TCR-MHC union .............cccooiiiiiiiii i 15

Figure 6. Gross specimen of kidney illustrating hyperacute rejection wahdogas of

1] = o £ o PP 1 o
Figure 7. Energy levels and light scatterings involved in Raman spectyoscop............. 30
Figure 8. General schematic for Raman spectroscopic analyzer .............coooveieiiiiie e, 31
Figure 9. Image of Renishaw Raman Spectroscopic analyzer .............c.ccoviiiiiiiiiiiineanns 32
Figure 10. Portable Raman SpectroSCOPIC UEVICES .......cvuieiieieie e e et ee e e 32
Figure 11. Raman spectroscopic analysis of T lymphocytes using 514.5 nm laser ................ 44

Figure 12. Raman spectroscopic analysis of 1182 anad 1195 cil peaks for activated T

lymphocytes at the 514.5 nm wavelength............cooooii i, 45
Figure 13. Discriminant function analysis of T lymphocytes at 514.5 nm wavelength ........... 45
Figure 14. Raman spectroscopic analysis of T lymphocytes using 785 nm laser ................... 47

Figure 15. Raman spectroscopic analysis of 1182 anad 1195 cil peaks for activated T

lymphocytes for the 785 nm wavelength. ... 48
Figure 16. Discriminant function analysis of T lymphocytes at 785 nm wavelength .............. 48
X

www.manaraa.com



Figure 17. Superimposed mean Raman spectra from inactivated and CD3/CD28eattivate
[YMPROCYLIES ... e e e e e 56

Figure 18.Raman spectra of inactivated and CD3/CD28-activated T lymphocytes
demonstrating differences in peak magnitudes and comparable peaks at
VIabIlity MarKerS. .. ... e e 57

Figure 19. Raman spectra of inactivated (red) and CD3/CD28-activataeadphdgytes
demonstrating differences in 1182 tand 1195 cii peaks...........c..cvvvveeeennn.. 58

Figure 20. Superimposed mean Raman spectra from CD3/CD28-activated ard@iore
lymphocytes annotated with foci of significant differences and markers of

cellular VIability ... ....c.ooe e 59
Figure 21. Discriminate function analysis of alloreactive versus CD3/Gib@8ated T

[YMPROCYLIES ... e e e e 60
Figure 22. Kinetics of antigen eXPreSSION. .. ... ittt e e e e aens 67

Figure 23. Representative 48 hour and 72 hour antibody stained mitogen activated T
[YMPROCYLIES ... e e e e e e e 71

Figure 24. Mean Raman spectral changes at 48 hours with accompanyingyestiiiudg

results for 48 hours and 72 NOUIS ... e e e e e e e (2

Figure 25. Mean Raman spectral changes at 72 hours with accompanyingdyasit#daing
results for 48 hours and 72 NOUIS.......c.uie it e e

Figure 26. Differences in 3D confirmation and receptor structure dictate T@Rdpi.......... 78

Figure 27. Proposed structural etiology for observed Raman shifts and subsequent

activation signature differenCes..........cooovi i e 79
Figure 28. Laser sampling area of T lymphocyte surface and subsurfacelindés multiple
receptor groups, proteins, and lipids ..........coooie i 82
Xi

www.manaraa.com



CHAPTER 1- INTRODUCTION AND BRIEF HISTORICAL NOTE

The evolution of care concerning end-stage renal disease (E&&Dpeen a multi-
layered, multi-faceted one. Thomas Graham, the nineteenth certitisls scientist who was
best known for his pioneering work in the area of colloid chemistripetieto establish
principles of gas exchange (Graham’s law) that were laterpocated into Willem Kolff's 1944
dialysis machine which was touted as the “first artificialni@y” [1, 2]. Despite the tremendous
early success of hemodialysis, it would soon be supplanted as teequd¢reatment for ESRD
by a modality that had begun its quiet parallel developmenustria at the turn of the twentieth
century. This modality was renal transplantation. Renal transp@amtaegan in 1902 with the
first successful animal-to-animal kidney transfer [3]. By 19GBe first human
xenotransplantation had been conducted in France and despite thetfaairtlyafunctioned for
one hour, it represented a huge clinical leap [4R49 proved to be a milestone year in the
growth of the fledgling discipline of renal transplantation, miginwhich Sir Peter Medawar, a
British zoologist, described acquired immune tolerance and the immynolaygan rejection
for which he was later awarded the Nobel Prize [5, 6]. Onhtwes of this immunologic
understanding, Joseph E. Murray performed the first truly suctdssiney transplantation
between identical twins in 1954 followed shortly by the first swfaéscadaveric kidney
transplantation in 1962 performed by Samuel Kountz and Roy Cohn abr@tahfiversity. For
their contributions these men were held in high regard and like Medaaay years prior,
Murray was awarded the Nobel Prize in 1990 for his contributionsabsfantation medicine
[7]. The next three decades would be embossed by advances in immuessivpptherapy,
with the inclusion of steroids (1963), azathioprine (1963), cyclosporine )19%2d

mycophenolate mofetil (1995). This period would also mark the passéige Bhd Stage Renal
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Disease Act (1972), which assured medical coverage for all patveht&SRD and would later
be extended to cover transplantation expenses as well [8]. Thetbafdhe aforementioned
advances would soon translate into improved patient survival. In 1973, an article pliolighe
Journal of the American Medical Associatiogported on outcomes of 10,357 of the 12,389
transplants that were performed from 1951 to 1970. In this artiody, noted that patient
survival was 47.6% [9]. However, just 10 years later in 1983 theméade 1 year patient and
graft survival had improved to 95% and 88%, respectively [10, 11]. Wgmew outcome data
demonstrating the efficacy and potential promise of renal trangptamtit officially replaced
hemodialysis as the preferred treatment for ESRD. Over the demade (1990-2000), the
growth of renal transplantation was substantial, increasing &ppnoximately 7000 kidneys
transplanted per year to 12,000 in the US. [12]. In addition, the emalgiigal innovations in
immunosuppressive therapy, multidisciplinary treatment protocols, argical management
helped to redefine the selection criteria for both renal allbdgmafors and recipients. Recipients
who were once considered to be too high risk were now represensimpble part of annual
totals at many transplant centers [13, 1¥Yith more patients now being considered for renal
transplantation, the disparity between the supply of availablésgaad the demand has been
exacerbated [15]. Organ Procurement and Transplantation Netatarkcollected from January
to August 2009 reported that there were 105,127 individuals on the waitiniprligidney
transplants. For this same period, there were only 19,114 combined decaasdive-donor
grafts available [15]. In the face of this growing organ shortage, many efforts have bee
launched to mitigate this disparity. Some of these have includeghnOProcurement
Organization and United Network for Organ Sharing campaigns to tedtiea public about

minimally invasive (laparoscopic) live-donor options as well aseds license-based organ
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donation programs [16, 17]. Despite these notable efforts, the orgdg supply has not kept

pace with the demand. This is especially true when considdratghte incidence of the major
causes of ESRD (i.e. hypertension and diabetes) are on thid8is&9]. Based upon these
observations, preservation of existing graft function and graft slirinuat be of paramount
importance.

The research contained within this document is aimed at addressitegrejection (AR)
and the persistent threat that it poses to graft function and surviva@ccomplishes this by
presenting a foundational study regarding the development of a noninwastived of detecting
acute renal allograft rejection based upon the laser-based technologicahtoah Bpectroscopy

(RS).

The organizational structure of chapters 2 through 4 is designemvae a working
knowledge of transplant immunology and RS as well as familiatiee reader with a
comprehensive review of the major non-Raman-based, noninvasive methesi®odetect AR
that have been proposed to date. In addition, these chapters servenmotbetiscope of the AR
problem by highlighting the limitations of the current screening nityd&hapters 5 through 7
describe the experimental design, results, and conclusions for tioeisvatudies that were
conducted to support our hypothesis that RS can effectively modelphbgyte activation and
serve as an eventual tool to noninvasively diagnose AR with high accurapyeGHathrough 7
are each organized to present data that pertain to a particu&stigational question. As a
group, chapters 5 through 7 provide a three-pronged research approach to sg@port
aforementioned hypothesis. This organizational theme allows improseddi content and
affords an intellectual structure for chapter 8 which comprehdpsiliecusses the results of

chapters 5 through 7 and draws all concepts contained herein to a global conclusion.
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CHAPTER 2- CLINICAL AND IMMUNOLOGICAL BACKGROUND

2.1-Immunologic Overview

In order to gain a better understanding of the mechanisms drivyam oejection and
how RS can be used in its detection, a brief review of the immaysiem is in order. The
immune system is comprised of several cellular and non-cellofapanents and is organized
with respect to function in response to a foreign antigen or pathéigean be divided into the

innate and adaptive immune systems [1].

The innate immune system is the initial responder to foreigneanstigirhe role of this
system is to contain, mitigate, and if possible, eliminate tHeogah/antigen within the first 2-3
days following infection/pathogen introduction [1]. The innate immusygstem can be
subdivided into barrier, neutralization, and elimination components. Therbeomponents
consist of the skin and mucous, which are crucial to maintainingfectie¢ partition to the
external environment. The neutralization and elimination of foremjigens is carried out by
polymorphonuclear cells (PMN; also known as neutrophils), natural kiglés (NKC), dendritic
cells, macrophages, eosinophils, mast cells, and to a lesser, &gsmphils. In addition, innate
immunity utilizes the complement system. This system obfacand enzymes is involved in
coating the surface of pathogens thus making them more suscepfiblagcytosis, cell lysis,

and elimination [1].

The adaptive immune response is tailored according to the partigp&of pathogen
that is present. Unlike the innate immune system which is gdtiahmediately, the adaptive
immune system requires 5-10 days to mount a full response pamnery infection or

introduction to foreign antigen. This response is carried out thrdwgtadtions of B and T
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lymphocytes. A summary of how the two aforementioned divisions ointhaine system are

organized is depicted iigure 1.

Cells of the Immune System

Stermn Cell

ThCadl

Memony

Cell

Flasmio

Cell

Lymphoid Stem Cell Myeloid Progenitor
(o)
E_'-,'FI"".JI"‘IIOC"\""GE ronul Ic:c'-,-'h:s
[
3 Cel Frogenior  atural™
Frogenitor Killer Cell

c Cell

Dendritic Cell

Macrophage

SYSTEM

ADAPTIVE INMUNE

INNATE IMMUNE SYTEM

* Note: Natural killer cells and the complement system (not shovm) are

part of the innate immume system.

Figure 1. Organizational scheme of the adaptive and incelte of the immune system [1].
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B lymphocytes are primed and activated by T lymphocytes. These activatesdidbB
lymphocytes are called plasma cells which are capable of producing easimglantibodies or
immunoglobulins (lgs). There are five classes of Igs; I1gG, IgA, IgM, &0, IgE [1]. These Igs
possess a conserved Fc region and a variable Fab domain. This variable Fab ktnasagaeh
lg to take on over 1@ different structural forms [2]. These Igs aid in the neutralization psoces
by coating and tagging the foreign antigen for elimination. Igs can alslirectly on infected
cells using a complement directed membrane attack complex that resultssimiolg placed in

the membrane leading to cell lysis [2].

The T lymphocyte makes up about 80% of the total circulating lynypé®c[1].
Structurally, the T cell receptor (TCR) has a similar strudintbe Fab portion of the Ig [2]. The
heterodimeric receptor has both an alptpand betaf) subunit which is composed of N-
terminal Ig variable domain, one Ig-constant domain, a transmemtedmeémbrane-spanning
region, and a short cytoplasmic tail at the C-terminal endTf8. N-terminal variable domains
of both the TCRu-chain and3-chain have three complementarity determining regions (CDRS),
CDR1, CDR2, and CDR3. These CDRs are hyper-variable regibish vaellow myriads of
possible antigen binding combinations. There is an additional varialitenrefy the p-chain
(HV4) which also has a hyper-variability region. However, thisdAH¥gion does not normally
contact major histocompatibility complex (MHC)-bound peptide antigensshegsential in the
binding of non-specific and superantigens (i.e. CD3/CD28-coated activa#@nls and mitogens,
respectively) [3]. These residues are situated at the iogedfthea- andp-chains and in thg-
chain framework which is thought to be involved in binding the CD3 complexCD#R that is
responsible for the majority of antigen recognition is the CDR3. LbBiRhea chain interacts

with the N- terminus of the antigen peptide whereas the CDRhedd chain is involved in
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binding the C- terminus of the antigen peptide. CDR2 is thought tgmexe the MHC [3].
T lymphocytes express either CD4 or CD8. These cell surfadecular subtypes are
derived from a differentiation process that occurs in the thymady in immunologic
development. This process designates CD4+ cells as T helpphdgytes and CD8+ cells as
cytotoxic T lymphocytes. T lymphocytes work intimately withigeh presenting cells (APCs)
of the innate immune system, which are specialized cells capélgbagocytosis of foreign
antigens. These antigens are processed and presented to thephibdyta via the highly
conserved cell surface molecule, the MHC. There are two sla§$¢HC molecules, designated
| and Il. Class | MHCs are found on all nucleated cells, wheoedg cells that possess
phagocytotic properties (i.e. dendritic cells, macrophages, PMNgmpBhocytes) co-express
MHC class Il molecules. MHC class | and Il molecule interath the TCR of CD4+ and
CD8+, respectively. This interaction is termed signal 1. Signdéads to T lymphocyte
activation and clonal expansion only in the presence of the calatory feedback, signal 2.
This involves the T cell's CD28 binding to the APC’s CD8O0. In the mdxsef signal 2 the T

lymphocyte undergoes anergy and is prevented from activ&tiggré 2) [4].
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T Cell Anergy

T cell activation

Figure 2. The binding ofTCR- MHC complex (signal 1) and CD28-CD80 complsigial 2) leading to T cell

activation or in the absence of signal 2, anergdy [4

o AJLb
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In the presence of a proper signal 1 and 2 the T lymphaewetivated. For this research
investigation, T lymphocyte activation was definedassincrease in immune-specific DNA
transcription/translation, dimerization of CD3 with the TCR, and the charestic up-

regulation of cell surface receptors, notably CD69, CD25, and d,/3-7].

The mechanisms of these activation events begin with the bindmdigdnd (MHC) to
the TCR which is followed by CD3, CD4, and TCR clustering. Thisfdcilitated by
phosphorylation of tyrosine residues on the cytosolic face of thenglasembrane [8]. This
initial tyrosine kinase-driven step is common to all forms ofivatbon regardless of the
particular ligand or stimulus. Initial receptor clusteringaoived by phosphorylation of zeta
chain-associated protein kinase 70 (Zap-70) which in turn phosphorgladspholipase Cy
(PLC). PLC leads to three important activation pathways. Theifivelves the activation of
guanine-nucleotide exchange factor which results in the activatioritogen activated protein
(MAP) kinase and ultimately the activator protein-1 (AP-1hdraiption factor. The second
pathway activated by PLC leads to the cleavage of phosphatididinbsiphosphate (PHp to
yield diacylglycerol (DAG). DAG and G4 activate protein kinase C culminating in the
activation of the transcription factor, NF kappa B. The third pathvegynks with PLC cleaving
PIP, into inositol triphoshate (Hp. IP; increases cytosolic calcium levels activating calcineurin
which works directly to increase the activity of nucleardacif activated T cells (NFAT). The
main transcription factors from all three pathways (AP-1, NppkaB, and NFAT) lead to an
increase in immune-related gene transcription, cell proli@raand differentiation [8]Figure 3

summarizes these activation events.
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Figure 3. T lymphocyte intracellular activation pathway [9].
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A key step in the aforementioned early activation process is the clustadrsybsequent

CD3 subunits [10,11].

14

binding of CD3 with the TCRHKigure 4). CD3 is present at low levels on the surface of non-
activated T lymphocytes [1]. The binding of the MHC to the TCR triggers intudanedctivation

of LcK and Zap-70 which phosphorylates the cytoplasmic tails of @Balting in assembly of
its subunits. This CD3 complex then binds the TCR leading to a confonalathange in the 3
dimensional (3D) structure of the TCR-MHC unidfigure 5). It is important to note that even
when the MHC is released from the TCR-CD3 complex, the TCR-GiD3lex remains at a

different conformational state and 3D structure than the un-stisdulBER and non-clustered

In resting state, CD3 is
present on surface at
low levels and is not
bound to TCR

CD3 complex
must bind TCR to
activate T cell

A conformational
change occwrs in
CD3-TCR receptor

Unstimulated

Activated

T Lvinphocvte

Figure 4. Dimerization of CD3 complex and TCR is necessarylftymphocyte activation [10].
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Figure 5. Conformational change in the TCR-MHC union befdkg dnd after (B) CD3 binding. There is
significant alteration in 3D structure of the TCBted in the superior aspect of the diagram. Antigeptide shown

in pink; anchor protein (MHC Il) and stabilizinggtein (CD3) are shown in red [11].

This conformational change is not only essential to the initiatioth@fintracellular
activation cascade, but also significantly alters the exposedcutaderesidues on the T cell
surface transforming the topographic profile involved in light sdaty. These surface changes
are amplified by the addition of the up-regulated CD25, CD69, and C&#&ptors. In fact,
there are over 18 structurally different receptors on the surface of activatédriphocytes, as

compared to its non-activated counterparts [12]. It is this spssdalip-regulation of cell surface
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receptors and subsequent change in molecular topography that providey tioeidentifying

activated T lymphocytes using RS.

2.2- The Immunologic Basis of Renal Allograft Rejection

Allograft rejection can be divided into three main categoriggeracute, acute, and
chronic rejection. This classification is based on the timing and natureapdtisologic changes
in the transplanted organ as well as the particular biologic compohtrg immune system that
drives the process. It is important to note that these rejecthmegses are not discretely separate
events. Instead, they exist on a continuum of immunologic response to foreignfiaiiotigens.

Hyperacute rejection is caused by preformed antibodies in theergcdirected toward
the endothelium of the donor graft [13]. These antibodies bind to the wascwalathelium
activating the complement and clotting cascades which result inuctieh of graft vessels,
parenchymal congestion, and death of the graft within minktgaré 6) [13]. Fortunately, this
irreversible process is rare due to the routine use of prospegtMexic crossmatching which

screens for the preformed antibodies [14].

Figure 6. Gross specimen of kidney illustrating hyperacujeation with focal areas of infarction (arrow) [12]
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Chronic rejection remains a poorly understood inflammatory processh#samany
immunologic and non-immunologic causes including, but not limited to, ischemécfusion
injury, cytomegalovirus (CMV) infection, multiple episodes of AR, andlcioeurin
inhibitor/sirolimus toxicity [15]. The pathohistologic findings candbaracterized by concentric
atherosclerosis of vessels coupled with glomerulo-tubular fibeosisatrophy [16, 17]. The
predominant cell found within graft vessels and tissues late ionichrrejection is the
macrophage [1]. These cells are attracted by chemokines tisat ttee maturation of monocytes
(the immature blood-dwelling form of macrophages) and their @fidin into tissues via
endothelial adhesion molecules. Once in the tissues, macrophagse begir levels of IL-1 and
TNF-a which lead to further macrophage recruitment [1]. The resuthisf inflammatory
activity is progressive nephron fibrosis often termed chronic allografroeatiny (CAN) [17].

The activated T lymphocyte is both necessary and sufficienttace AR [1]. Whether it
is the recognition of non-self via foreign MHC class | molesule the periphery by CD8+
cytotoxic T cells or the interrogation of graft-derived foreige@s in host lymph nodes by
CD4+ helper T cells, the activated T lymphocyte is centréheoinitiation of a immunological
cascade culminating in renal allograft destruction in theeasetting [1]. The histopathologic
findings of AR range from foci of moderate tubulitis to severe@mal arteritis with focal
infarction, depending on the severity or grade. The particular gdd®R are described by the

Banff 97 criteria and are illustrated Appendix A [18].

2.3- Clinical Implications of Allograft Rejection

AR can cause graft dysfunction and on occasions, complete gsafi®s20]. AR most
commonly occurs within the first 6 months following transplantatiome inhcidence of AR

ranges from 3% to 22% and is dependent upon the individual transplant seateg of graft
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(deceased vs. live donor), panel reactive antibody levels, amulerd risk factors [21, 22].
Moreover, it has been well documented that African Americans, pedianhd retransplant
patients have a higher incidence of AR when compared with theicaSin, adult, primary
transplant counterparts [22]. The negative clinical impact ofoARyraft outcomes has also
been well described. In a study looking at deceased-donor renabk#logansplanted over a 7
year period, it was reported that the half-life of the grafteased from 7.0 to 17.9 years in the
absence of current or previously reported AR episodes. On the otheghaifitglthat had one or
more reported episodes showed only a marginal increase infedhelm 7.0 to 8.8 years over
the same time period [23]. This data suggests that althougls AdRersible in most cases, its
occurrence, severity, and timing negatively affect graftvigal. Clearly, the earlier that
adjustments to the immunosuppressive regiment aimed at revérsiegisode can be made, the
better the subsequent functional result. However, this early diggisosifficult with current
modalities. Reliable screening for AR has proven problematic due its dechptibenign
presentation as an asymptomatic elevation in serum creatirireealihormal increase in serum
creatinine of 25% or greater compared with a post-transplantimselised by most centers as
a marker for AR [24]. Despite its routine usage, serum aigatielevation is a late finding
which manifests only after rejection has been present long enoeghde significant histologic
damage to nephrons leading to disruption in renal function and a subsequeasee
clearance. In addition to being a late finding of AR, elevatiorsemm creatinine have a low
sensitivity, since subclinical AR (SCAR) can occur with no datde change in serum
creatinine [25]. SCAR has prompted a greater implementation obgmlotenal transplant
biopsies in response to concerns over the accelerated developmeniNoif @& condition

remains undetected and untreated [26, 27]. Moreover, serum credtioks specificity as a
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marker, largely due to the observation that urinary tractiioies, abnormal blood glucose
levels, and dehydration can cause false positives [28]. Even immunessigprmedications,
mainly tacrolimus and cyclosporine, can lead to nephrotoxicity whichcally presents as
elevations in serum creatinine [14]. This late, non-sensitive, pecifc modality of detecting
AR has also prompted many patients to undergo unnecessary hidpgiss biopsies come with
the risks of pain, bleeding, infection, creation of artereriovenousdes and in rare cases loss of
graft [29, 30]. Coupled with the risks posed to patients, biopsiesibecsto sampling errors
and represent a significant financial burden on the health catensy31]. Based upon the
limitations of the current screening modality for AR, a rapid, meesive screening tool that

provides both a high sensitivity and specificity is highly desirable.
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CHAPTER 3- REVIEW OF PROPOSED NONINVASIVE METHODS FOR
DETECTING ACUTE REJECTION

In response to the aforementioned fundamental problems with using@eatmine as a
marker for AR, many proposed biomedical technologies to detediave been explored. Some
require disruption of cellular biology and immunological integrity levhothers that are
successful in studying the immune system in its confluent faenlimited by the need to
analyze byproducts of an up-regulated immune system. These byisr@deooften subject to
influence by both endogenous and exogenous factors which makes direlettioornsith the
presence of AR difficult. Li and colleagues [1] have proposed usingneoase chain reaction
(PCR)-based methodologies in the measurement of urinary mRNAisgecigranzyme B and
perforin, two proteins that are increased in the inflammation/iofegrocess. Limitations of
this proposed AR screening modality are based on the observationedatiRNASs are non-
specific and may be up-regulated in cases of inflammation tioe@s well as T cell mediated
allograft rejection, and thus fail to address the issue of sggcifin addition, PCR technology,
though a more prevalent part of clinical laboratory tests,retjlires significant expertise and
labor, making it a less than desirable screening tool. Samvdatalleagues [2] have proposed
using biopsy samples to identify characteristic gene expressibith are associated with
clinical AR. Though a promising concept, this Genethigchnology still relies on obtaining
invasive biopsy samples which are not without risk and are stilesulbp sampling error.
Moreover, the patient selection process (who is chosen for bitggpsi@pendent on less than
accurate selection criteria (serum creatinine) thus leatimgssues of unwarranted referral and
burden to the health care system unresolved. Even when considddalyéiand colleagues [3]
proposed use of RNA microarrays that are carried out from pegipldood-derived T

lymphocytes, the infrastructure, costs, and labor intensive processing oimcdisgaalify it as a
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practical screening tool. Wishart and colleagues [4] have siggigasing metabolomics as an
AR detection modality. This mass spectrometry-based techndlogyses on identifying
increased levels of key metabolites that are produced in thengsedf AR, mainly
trimethylamine-N-oxide (TMAO) and dimethylamine (DMA). Atugh it adequately addresses
the specificity question, there are still two major limitatiemshis screening modality. First, the
clearance of the aforementioned metabolites can be stronglgncd by medications such as,
cyclosporine or tacrolimus that may compete at the level of icepatsporters (i.e. cytochrome
P450) [5]. This is of concern in the transplant patient populationodile tmany comorbidities
that require medicinal management. Secondly, many of thesentpatave impaired liver
function due to previous alcohol use, and/or hepatitis disease, whiglalter liver metabolism
and elimination kinetics and drastically affect the sensitiaityl specificity of this method.
Finally, the analysis of Metabolomics-derived data requires aoftwvhich utilizes intricate

numerical methods thus increasing cost and requiring specialized knowledgetiamuifay [4].

One possible solution to the many limitations of the noninvasive metigidsl stated
above is tairectly study the principal immune effector cell, the T lymphocytehedonfluence
of its actions within the intact immunological landscape in a n@sive manner with a system
that does not require labor-intensive preparation, processing, osian&@ych a methodology
would thereby avoid byproducts, invasive biopsies, varying patient mglcakinetics,

unjustifiable costs, and delays in diagnosis. We propose that RS represents suidalagst.
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CHAPTER 4- RAMAN SPECTROSCOPY AS A DIAGNOSTIC TOOL

Chapter 4.1- Historical Background of Raman Spectroscopic Technology

The original concept of quantitative scattered light was prapdse the Austrian
theoretical physicist, Adolf Smekal (1895-1959) in 1923 [IHowever, the phenomenon was
not actually observed until 1928 when young Indian physicist Chandragaekbakata Raman
(1888-1970) along with K S Krishnan (1898-1961) demonstrated that lidgdtesl back from
an object was not merely light reflecting back unchangedd(iastic fraction of scattered light)
[2]. Instead, there was also a fraction of scattered light réflected back with a different
wavelength (i.e. inelastic fraction of scattered light). @ilizing sunlight passed through a
narrow-band photographic filter to create monochromatic light androased filter to
differentially subtract out this monochromatic light, Raman afle to recreate and observe
what was only theorized by Smekal [2]. In 1930, Sir Ramanamasded the Nobel Prize in
physics for his contributions to the technologic tool that now bemsrsname. His original
experimental design would be further refined through the yedPddoyek, Bethe, Teller, Frisch,

and many other prominent physicists [3].

Modern-day RS has proved invaluable in the fields of material siand chemical
engineering due to its ability to characterize substancesl hgma their vibrational, rotational
and other low energy modes [4]. The scattered fraction of liglgerserated when light
interacting with the molecule being studied polarizes electran®unding the nuclei. This
polarization reflects a transient or virtual state of the photon.nWhis interaction leads to
electron distortion alone, the resultant frequency change is anththe scattered light is of the

elastic type often referred to as Rayleigh scattering [5]. As @ehicFigure 7, this light returns

www.manaraa.com



29

to the source unchanged. However, if nuclear motion occurs as aaketht light interacting
with the molecule, then measurable energy will be transferragiebe incident photon and
molecule generating an inelastic fraction of scattered lighdcc&aman scattering [SRaman
scattering can be further divided into stokes and anti-stoke®rawgs$t Figure 7). When the
final ground state of the molecule has more energy than the stdial the photon emitted will
be at a lower frequency. This is known as Stokes Raman stgttelowever, when the final
state has less energy than the initial state, the emittedrpivt have higher frequency than the
excitation frequency and is considered anti-Stokes Raman suwati@igure 7) [5]. The

aforementioned scattering process can be represented by the follopiagséans [2]:
hvs = hvg + hvi. Q)

Here,his the Planck’s constantrepresents frequenclyy, is the incident photon enerdgyys is
the scattered photon energy, dnw is the difference between the lowest and the first excited
energy levels. In studies involving RS, Raman shift is usually the métiahws given by the

equation:

AV:VO_VS (2)

However, this is most often expressed in wavenumbet)cm

v=clA (3)

Herec represents the speed of light. Combining expressions 1-3 yields the Rafhgivahias:

(4)
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Both stokes and anti-stokes are forms of inelastattering and despite the fact that the
most dominant form of scattered light is of thest&tafraction, the inelastic fraction, which
comprises only one out of every®00® photons, yields the wealth of information concegni
the molecules being studied [5]. This informatican doe translated into a spectral signature

unique to the particular material [6].
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Figure 7. Energy levels and light scatterings involved in Rarspectroscopy [5].
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As the technology regarding RS has improved andvedp the analyzing power and
breadth of substances analyzed has increased thieilsystem'’s profile and physical footprint
have decreased which has been demonstrated by e afigortable handheld RS devices that
have entered the market. Representative RS sclegrtratiitional, and portable device images

are depicted ifrigures 8, 9, and 10respectively.

SPECTRUM

Figure 8. General schematic for Raman spectroscopic analyZeser; 2-detector; 3-charge-coupled
device; 4-diffraction grating; 5-slit; 6-Raman seatd light; 7-Rayleigh filters;

8-scattered light; 9-sample with lymphocyte culture
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RENISHAW <

inVia Raman Microsc: ope

i

Figure 9. Image of Renishaw Raman Spectroscopic analyzérapien (left) and closed (right) microscope hood.

Figure 10.Portable Raman spectroscopic devices. (Left) ManiRR(center)

MiniRam Il (B&W Tec), and (right) InPhotote (InPluotics)
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Chapter 4.2- Biologic Applications of Raman Spectroscopy

The RS guantitative analysis of biologic materialsg more specifically, the individual
components of these materials that could repres#attive biomarkers, is complicated by
several factors that are indissoluble from thedgi nature of these materials. First, nearly all
biologic/biochemical material from pure water twidig cells emit fluorescence at certain
wavelengths. This fluorescence, which is usualljnath greater intensity than peaks of interest,
makes component analysis difficult. In generaljdent photon wavelengths that yield higher
resolution also demonstrate a greater tendencyrtb¥i@orescence. This spectral interference
can be partially avoided by choosing the propehibgt media and by utilizing multi-spectral
analysis and wavelengths that cause less fluoresaggmission. In certain circumstances, peaks
of interest may be located in regions of the spectthat have negligible fluorescence, but this
must be assessed on a case-by-case basis. Segedita ©f proteins and macromolecules are
the sum total of the amino acid (AA) and subunimponents. These elements exist on a
continuum with extensive overlap of AA residues ethresults in, analytically, an averaged
rather than discrete contribution. This challenge be partially addressed by computer models
[5] that can use spectral information derived frpuarified protein/subunit samples analyzed in
isolation to deconstruct Raman peaks. However,apmoach is limited and does not take into
account the contribution of inter-protein interaatiand its affect on the tertiary structure of
proteins. To expand this example further, one aamsider the living cell, which represents a
biologic symphony containing countless carbohydxdipids, nuclear material, and proteins that
scatter light at different intensities. The pregentthese variable intensities makes it extremely
difficult to isolate the contribution of one commn and truly gauge its significance to the

overall structure of the material being studiedisTatter notion of structural significance can be

www.manaraa.com



34

illustrated more simplistically if one were to cafes a bottle made of a polymer which contains
sulfur [5]. Polymers are weak Raman scatterersemuillfur is a strong scatterer. If the bottle
was analyzed using RS, the spectrum would be ddednby sulfur peaks. However, the
abundance of these peaks does not imply that thempo is made predominately of sulfur
molecules. The principles of this example can bieaeted and applied to the study of living
cells. If the structural significance of only twaeganic molecules contained in a matrix, the
bottle, can be misinterpreted, then one can imatjiaepotential pitfalls that a cell, which has
myriad of molecules in a multifaceted matrix, caegent. Care should be taken when drawing
conclusions about the global structure of a biaagibiochemical sample. Lastly, the living cell
is susceptibility to heat, fungal/bacterial contaation, and damage due to excessive handling.
These perturbations can significantly change theetsal signatures and make reproducibility of
results problematic. For the most part, these ssaa be addressed through proper experimental
design and although quantitative analysis of thepmments in a biological system has posed
unique challenges, the proper experimental desageijllary resources (i.e. peak assignment
databases for purified sample and analyzing soffjyand careful interpretation, has allowed RS
to be developed into a valuable tool for the idesgtion of biomarkers important to disease
conditions. This can be illustrated by the succ#d98S in the areas of cellular biology, pathogen
detection, and oncological identification [7-13].ei@aine to these studies has been the
observation that RS is effective at quantifyingfetiénces and characteristics of individualized
cells and their components. These Raman shiftarosply specific information concerning the
cellular composition, cell surface biologic topagng, and underlying biomolecular processes.
The breadth of potential analysis carried out byda® be further appreciated when considering

that Takai and colleagues [14] were able to dennatesthe use of RS in characterizing cytotoxic
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granuleswithin cells while Notingher and others [15] demonstrated ififityl in identifying
specific peaks, 788 ¢mand 1000.43 cihy which reliably differentiated viable from nonviab
whole cells These observations were made possible by canglahe molecular-based
signatures with the biological processes of DNA/RNz#arbohydrates, lipids, and protein

alteration which occur on a cellular level [16, .17]

For this specific investigation of AR detectiohethigh resolution of RS was utilized to
guantify the aforementioned cell surface recepiffergnces (se&ection 2.1The Immunologic
Basis of Renal Allograft Rejection) between activated and non-activated T lymphocyies
addition to its high resolution, RS offers many eloattributes that make it a potentially effective
diagnostic tool. One of these attributes is tha& $iystem can be completely automated and
contained in a device small enough to fit on theetdop in the clinical setting. This eliminates
the need for specially-trained staff or large isfractures/laboratories for processing of samples,
two requirements that hampered previously-propasexinvasive methods. In addition, RS
affords rapid analysis (measurements can be coetplet less than 10 minutes) and requires
minute amounts of sample (blood or urine) to predspecific signatures. Unlike infrared
spectroscopy, RS does not require the operatoratohrthe frequency of the incident photon to
that of the vibration of the particular moleculeorder to promote that molecule to a vibrational
excitation state and unlike flow cytometry, RS doesrequire expensive antibodies to carry out
analysis. The implication of these observationghiat there is less processing and pretest
manipulation of samples using a RS system [5]. dfllthese attributes suggest that this
technologic platform can be developed into a highdgurate, noninvasive diagnostic tool for

AR.
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CHAPTER 5- RAMAN SPECTROSCOPIC DIFFERENTIATION OF ACTIV ATED
VERSUS NON-ACTIVATED T LYMPHOCYTES: AN IN VITRO STUDY OF AN
ACUTE ALLOGRAFT REJECTION MODEL [1]

Chapter 5.1- Introduction

As mentioned previously, we hypothesize that tHtedintiation of activated and non-
activated (resting and inactivated) T lymphocytas be accomplished by using RS analysis of
cell surface receptors. The goal of the study pteskin this chapter was to investigate initial
spectral signature differences between activatbor€active) and non-activated T lymphocytes
and to assess the effectiveness oiaritro cellular model that will allow the necessary asay

on a RS platform.

Chapter 5.2- Materials and Methods
5.2.1- Cellular Preparation

Following approval from the Wayne State Univerdityman Investigation Committee
(HIC; Appendix F), mononuclear cells were obtained using freshiwair (within 3 hours of
experimentation) sodium-heparinized venous bloodected from healthy individuals and
separated according to density via high moleculaight sucrose polymer (ficoll) as described
by Boyum [2]. The resultant cells were washedehmmes using Hank’s balanced salt solution
(HBSS, Invitrogen, Carlsbad, CA) and suspended &CWM’s solution/5% fetal calf serum
(Biofluids, Rockville, MD) prior to T lymphocyte @dation. B lymphocytes were subsequently
removed by negative selection using FluoroBeadsuBunomagnetic beads and magnetic sorter
(One Lambda, Canoga Park, CA). This process wasateg twice with chilled phosphate
buffered saline (PBS; Invitrogen, Carlsbad, CA) kwags used to suspend cells between

magnetic separations. Cell viability was >98% asc&led by vital dye exclusion. T lymphocyte
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enriched samples were suspended in complete medinth aliquoted for subsequent

experimentation.

5.2.2- Peripheral Blood T Lymphocyte Samples

Three distinct T lymphocyte sample groups were tecedor the study, consisting of
activated, inactivated, and resting T lymphocylds activated T lymphocyte samples were the
product of a two-way mixed lymphocyte culture (ML&) described by Dupont and colleagues
[3]. The inactivated group was created using mgkocyte/stimulator samples from two
unrelated individuals that were pretreated for 2dwutes with Mitomycin C (0.025 mg of
Mitomycin C (0.5 mg/ml) to each 1 ml of cell suspem) at 37°C and washed twice using
HBSS prior to start of MLCs. Efficacy of Mitomyci@ was verified using double inactivation
control cultures which were run in parallel. Figallhe resting T lymphocyte sample group was
defined as T lymphocytes obtained by methods desdripreviously, which were neither
stimulated via MLC nor inhibited by Mitomycin C &tment. Following MLC but prior to RS
analysis, B cells were removed by negative selectising FluoroBeads-B immunomagnetic
beads and magnetic sorter (One Lambda, Canoga ®@Ajkyhile monocytes/macrophages were
removed via steel wool columns to ensure that tsegeatures were not obtained erroneously.
All cultures were incubated at 37°C in 5% CO2 imglal over a 7-day period with RS testing,

antibody analysis, and viability assays carrieddaily.

5.2.3- Independent Verification of Activation/Inactivation via Antibody Staining

Activation and inactivation of representative abtgi were verified using Fastimmune
anti-Hu-1I-2 FITC/CD69 PE/CD4 Per CP- Cy5.5/CD3 APBecton Dickinson, San Jose, CA),

with 94% of MLC (activated) and 100% of Mitomycintt@ated (inactivated) T lymphocytes
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staining positive and negative, respectively, usprgtocols described elsewhere [4]. In
addition, there was no detected activation duelysdte physical handling of lymphocytes.
Stained cells were viewed using a Nikon EclipseZDB0-U inverted microscope with images

being captured and processed using Metavue 6.8ase (Downingtown, PA).
5.2.4- Raman Spectroscopic Analysis

Prior to analysis, all samples were washed with PB&trogen, Carlsbad, CA). Cells
were allowed to settle within the analysis resempbiiced on a leveled microscope stage. Only
rounded, non-adhered, isolated and individualizdgniphocytes were selected for study. Each
sample was analyzed using identical protocol amgttspscopic parameters. Using an enhanced
video imaging system, T cells were aligned in theel target area so that the focus point was
centered on the lymphocyte. Images were capturéatéband after each measurement with no
noted cell shifting or destruction observed. Wiredltware (Renishaw plc, Old Town, United
Kingdom) was utilized in conjunction with the Ramaystem for quantitative measurement.
Raman spectroscopic measurements were conductagl aigkenishaw InVia 2000 microscope-
spectrometer with a Leica 63X water immersion diojedNA= 1.20). Due to the complexity of
biological structures which can embody numerousafibnal modes, two different excitation
wavelengths were used in this study. T lymphocytese analyzed using both 785 nm (red)
diode and 514.5 nm (green)Aexcitation wavelengths. Laser power was set at @%2 mW)
for a 2-4um laser spot size. Spectra were collected in tlekdzattering geometry with a 10
second integration time over a range of 500 to 16, The theoretical spectral resolution was

~ 4 cni*. A schematic of the Raman spectroscopic systatapited inFigure 8.
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5.2.5- Statistical Analysis

Prior to statistical analysis, all data was chediked/arious types of noise. There was no
significant fluorescence observed for the 785 nnaedength excitation. However, with the
514.5 nm excitation, Raman spectral data showeatdficence uniformly increasing over the
entire range of Raman shift. This fluorescence swdracted out using a modified cubic-spline
algorithm that required na priori knowledge of the spectra. In addition, a mediaterfilvas
applied to raw data to eliminate any cosmic ragpkes in the data. The Raman spectra from all
data contained 1184 data points. To determinertthependent variations in the intensity which
basically represents different pathological stateshe sample, we used principal component
analysis (PCA) to reduce dimensionality in the ddfe found that seven eigenvectors were able
to capture more than 97% of total variance in ta&adStudent’s t-test was utilized to further
quantify differences in peak ratios. The data wieréher analyzed for the presence of various
independent groups using discriminant function ysial (DFA) with the aforementioned
eigenvectors as input variables. Graphical and tifatiwe analysis of data was accomplished
using SPSS version 15 software (Statistical So#w@hicago, IL).

Chapter 5.3- Results

5.3.1- Raman Spectroscopic Results - Green (514.5 nm) Laser

A total of 23 activated, 12 inactivated, and 2QirngsT lymphocytes were examined. A
representative mean Raman spectrum of resting PpHgaeytes is depicted iRigure 11 with
proposed peak assignments for 1182'@nd 1195 cr positions shown iAppendix B. There
was no observed cellular disruption during measerdgs) and after comparison of activated and
non-activated (resting and inactivated) spectrenfE®0-1700 cr, qualitative differences were

seen at the 1182 ¢hand 1195 ci positions.
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Representative activated and inactivated T lympteospectra are depicted gures
12A and 12B, respectively. Ratios of the 1182 ¢rand 1195 ci peaks were determined by
comparison of amplitudes with respect to a deseghaiseline depicted by a dashed line in the
figures. The average peak ratios for the 1182 @nd 1195 cm positions for the activated,
inactivated, and resting T lymphocyte groups we88& 0.04, 1.13 £+ 0.10, and 1.10 £ 0.05,
respectively. Significant differences in peak ratexisted between activated and resting as well
as between activated and inactivated T lymphocytmugs (p = 0.001 and p = 0.0001,
respectively). There was a trend observed in tfferdnhces between inactivated and resting T
lymphocytes (p = 0.07).

A summary of all RS data collected with 514.5 nngition for activated, inactivated,
and resting T lymphocytes is shownhkigure 13. Based upon the distribution of raw data, 3
distinct sectors were assigned for grouping purgoSector |, inactivated T cells; Sector I,
activated T cells; Sector lll, resting T cells. B%. of activated T lymphocytes clustered in Sector
Il, with the remaining 4.3% clustering in Sector One hundred percent of inactivated T
lymphocyte samples clustered in Sector I, while Gff%e resting T lymphocytes were found in
Sector 1ll, and 40% in Sector I. This data suppar&6% Sensitivity (defined here as the ability
to detect T cell activation) and a 100% Specifi¢tgfined here as the ability to detect non-

activated T cells or rule out T cell activation).
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Figure 11.Raman spectroscopic analysis of T lymphocytes usig5 nm laser over a range of 500-1700'cm
Representative T cell (inset a) demonstrating tzellntegrity following analysis.

(*) Indicates area of focus containing the 1182 afiblcnm' peaks.
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Figure 12.(A) Raman spectroscopic analysis of 1182'dt) and 1195 ci (*) peaks for activated T lymphocytes
at the 514.5 nm wavelength. Inset a shows independeification of activation via anti-IL-2/CD69/GICD3
antibody staining. (B) Spectroscopic analysis atiivated T lymphocyte, with inset b showing notivetion.

Ratios determined by amplitude with respect toglestied baseline (dashed line).
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Figure 13. Discriminant function analysis of T lymphocytessa®.5 nm wavelength plotted without (A) and with

(B) assigned sectors. Sectors |, I, and Il cqrogsl to inactivated, activated, and resting sampéspectively.
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5.3.2- Raman Spectroscopic Results - Red (785 nm) Laser

A total of 28 activated, 16 inactivated, and 13ingesT lymphocytes were examined. A
representative mean Raman spectrum of resting pHweytes is depicted iRigure 14. There
was no observed cellular disruption following lasgposure.

The average peak ratios for the 1182'camd 1195 cil positions for the activated,
inactivated, and resting T lymphocyte groups we83& 0.05, 1.15 + 0.10, and 1.09 + 0.09,
respectively. Representative activated and inaetd/a lymphocyte spectra are depicted in
Figures 15A and 15B, respectively. Significant differences in peak ratiexisted between
activated and inactivated as well as between aetivand resting T lymphocytes (p = 0.001 and
p = 0.006, respectively). In contrast, there wa$y an trend seen in differences between
inactivated and resting T lymphocytes (p = 0.0dpure 16 demonstrates the DFA plot for
activated, resting, and inactivated T lymphocytenBa spectral data collected using the 785 nm
wavelength. 89.3% of the activated T lymphocytesiged into Sector Il, with 3.6% falling into
Sector | and 7.1% clustering into Sector Ill. 93.8f4he inactivated T lymphocytes were found
in Sector |, while 6.2% marginalized into Sectdr 86.6% of the resting T lymphocytes were
found in Sector Il with 13.4% clustering into Sexct. This data supports an 89.3% Sensitivity

and a 93.8% Specificity.
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Figure 14. Raman spectroscopic analysis of T lymphocytesgusB5 nm laser with range of 500-1700
cm’. Representative T cell (Inset a) demonstratinkzelintegrity following analysis.

(*) Indicates area of focus containing the 1182 afiblcn' peaks.
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Figure 15.(A) Raman spectroscopic analysis of 1182'dt) and 1195 ci (*) peaks for activated T lymphocytes

for the 785 nm wavelength. Inset a shows independsification of activation via anti-IL-2/CD69/C@D3

antibody staining. (B) Spectroscopic analysis atiivated T lymphocyte with inset b demonstrating+activation.

Ratios determined by amplitude with respect togtestied baseline (dashed line).
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Chapter 5.4- Discussion

The process of T lymphocyte activation spans froitiaition of the genetic apparatus via
immunospecific transcription factors to the up-fegan of glycoproteins and lipid turnover on
the T lymphocyte surface. In general, Raman pealg@asients can be categorized as nucleic
acid, carbohydrate, lipid, or protein in naturedded, this process of activation encompasses all
peak assignment categories and importantly, cajubstified by our RS system.

The purpose of this study was to utilize RS to ldith spectral differences between
activated and non-activated T lymphocytes. Inijaalitative comparison of activated and non-
activated T lymphocytes yielded notable foci aefunistinct positions in the Raman spectrum:
628 cni, 788 cm'; 1000.43 crit; 1182 cni'; and 1195 ci. Peaks at 628 ¢ 788 cni, and
1000.43 crit have been previously identified and described askens for cellular viability [5].
However, a novel and distinct spectral differentgéak positions was observed at 1182'cm
and 1195 cm. These differences, and more importantly theiorat one another, have not been
previously described.

Thein vivoimmunologic landscape concerning the activatiol dfmphocytes exists on
a continuum, with the breadth of the spectrum magdrom anergy to full activation [6]. The
observation that a small subset of activated T lyoggtes in both the 514.5 nm and 785 nm
cohorts were found in Sectors | and lll, or thecthaated and resting T lymphocyte sectors,
respectively, can be explained by the concept ef@nor the inability to up-regulate receptors
of activation due to the absence of the co-stinowafeedback, signal 2 (se®ection 2.1
Immunologic Overview andFigure 2) [6]. In vivo, this process ideally prevents a T lymphocyte
from reacting and clonally expanding in responseteelf antigen without confirmation. To

further address this issue and verify this phenamenve conducted a study to circumvent
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anergy through a method of non-specific activatiwat is independent of MHC restriction (see
Chapter 6). No inactivated T lymphocytes were found in Sed¢toThis important observation
verifies the notion that although we would expectsmall percentage of alloreactive T
lymphocytes to fail to activate due to anergy, wauld not expect a Mitomycin C-treated T
lymphocyte to activate and thus falsely group vatitivated samples in Sector Il. This also
suggests that an eventual high specificity of R% lma achieved. This notion was tested and is
addressed i€hapter 6.

Although the difference in average peak ratios ketwresting and inactivated T
lymphocyte groups of both green and red lasersnditdquite reach statistical significance, the
trend toward difference depicted in the DFA ploterev graphically apparent, allowing for
discrimination. The exchangeability found betweeet8rs | and Il that did not exist for Sector
Il suggests that there is a threshold of activatexuired to populate the T lymphocyte surface
with a density of receptors necessary to creatstanck activation signature.

Based upon Raman spectra from excitation wavelsngtd.5 nm and 785 nm, average
peak ratios, and DFA plots, there was a significhfierence observed between the activated T
lymphocyte group and the non-activated (resting iaadtivated) T lymphocyte groups. When
considering both wavelengths, the green laser detraied a higher resolution and tighter
association of T lymphocytes to their designatettase with 96% of activated T lymphocytes
aggregating into Sector Il (sensitivity) and 100% ioactivated T lymphocyte samples
aggregating into Sector | (specificity). We utilizthis observation in the planning of subsequent

experiments in which we employed the 514.5 nm (gréseser exclusively.
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CHAPTER 6- DIFFERENTIATION OF ALLOREACTIVE VERSUS CD3/CD28
STIMULATED T LYMPHOCYTES USING RAMAN SPECTROSCOPY: A GREA TER
SPECIFICITY FOR NONINVASIVE ACUTE RENAL ALLOGRAFT REJECTI ON
DETECTION [1]

Chapter 6.1- Introduction

In the preceding chapterCli. 5 the notion of sensitivity (the ability to distinigh
activated from non-activated T lymphocytes) waslerqnl. Despite the establishment of RS as a
methodology to identify T lymphocyte activationetbpecificity of this system, defined here as
the ability to distinguish signatures of two setsTdymphocytes that are activated by different
stimuli, still required examination. This study focuses spectral signature differences of
alloantigen-activated and CD3/CD28-activated T limgytes. We hypothesize that the RS

signatures of T cells activated via these two mahagies will differ significantly.

Chapter 6.2- Materials and Methods

6.2.1- Alloantigen-activated T Lymphocyte Preparation

Prior approval for the study was obtained from tMayne State University HIC.
Mononuclear cells were obtained from healthy vadens using protocol described previously

(seesection5.2.2.

Three distinct T cell sample groups were createdte alloantigen-activated T cells: 1.
activated; 2. inactivated; and 3. resting T lymphes. The activated T lymphocyte samples
were created via a two-way MLC as described presho(seesection5.2.2. T cell activation
was confirmed by CD69 directed flow cytometdppendix C) [2, 3]. The inactivated group
was created by utilizing T lymphocyte/stimulatomgdes from two non-related individuals

which were pretreated with Mitomycin C as previguséscribed (segection5.2.9. Finally, the
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resting T lymphocyte group consisted of lymphocyted were neither stimulated via MLC nor
inhibited by Mitomycin C treatment. These cells svéine product of CD69 negative sorting via
flow cytometry [2, 3]. All cultures were incubatedl 37 degrees Celsius in 5% £i@ parallel

over a 7-day period, with RS, antibody, and vi&p#inalysis carried out daily.
6.2.2- Non-specific Antigen Model of Activation

T lymphocytes were isolated directly from periphdifmod and urine using a Dynal T
cell negative isolation kit (Invitrogen, Canoga IBaCA). In order to model a nonspecific
process of activation, a CD3/CD28-coated Dynal b&gmtem (Invitrogen, Canoga Park, CA)
was utilized to cross-link cell membrane moleculdsis consisted of T lymphocytes incubated
with beads (bead volume titrated to correspondheais for every T cell at a concentration of 1
x 10’ cells per volume) in complete media containingprebinant interleukin 2 (50U/ml). The
CD3/CD28 beads were removed from T lymphocytediga efficiency magnetic sorter prior to

Raman analysis.
6.2.3- Independent Verification of Activation/Inactivation

Independent of RS analysis, the activation statw@sl sgamples was verified by antibody
staining and flow cytometryAppendix C). For the alloreactive and CD3/CD28 stimulated
samples, activation status was assessed using actooal antibody, CD69 (Fastimmune,
Becton Dickinson, San Jose, CA), as described élsmn4]. Stained cells were viewed using a
Nikon Eclipse TE 2000-U inverted microscope, withages captured and processed with

Metavue 6.2r5 software (Downingtown, PA).
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6.2.4- Raman Spectroscopic Analysis

Lymphocyte selection, Raman measurement parametans, cellular integrity
verification was carried out as previously desatib@see section 5.2.4. To provide for
reference/control spectral peaks, both pure CD3EbB2ads and T lymphocytes that were not
subjected to magnetic sorter (T cells still bounithvibeads), were analyzed. Wire 2 software
(Renishaw plc, Old Town, United Kingdom) was utlizin conjunction with the RS system for

guantitative measurement.

RS measurements were conducted using a Renishavia 12300 microscope-
spectrometer with a Leica 63 X water immersion cibje (NA = 1.20). T lymphocytes were
analyzed using the 514.5 nm (greenJ Axcitation wavelength. Laser power was set at $8%
12 mW) for a 2-4um laser spot size. Spectra were collected in tlckdzattering geometry with
a 10 second integration time over a range of 60Q7@0 cni with a spectral resolution of

4 cmt,

6.2.5- Statistical Analysis

Prior to statistical analysis, all data were chédke various types of noise. Spectral data
demonstrated uniformly increasing fluorescence olverentire range of Raman shift. This was
subtracted out using a modified cubic-spline akbomi requiring noa priori knowledge of the
spectra. In addition, a median filter was appliedhie raw data which eliminated cosmic ray and
spikes. PCA was used to reduce dimensionality endéita. Chi square @tudent’sT test was
utilized as appropriate to further quantify diffeces in peak ratios and peak magnitudes with
additional quantitative differences determined biyAD Graphical and quantitative analysis of

data were accomplished using SPSS version 15 geft{@satistical Software, Chicago, IL).
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Chapter 6.3- Results
6.3.1- CD3/CD28-activated versus Inactivated T Lymphocytes

A total of 75 CD3/CD28-activated and 75 inactivateaells were analyzed using the
514.5 nm excitation wavelength. Systematic revidvgamples revealed no cellular disruption
following laser exposure. Qualitative comparisonk axtivated and inactivated spectra
demonstrated differences at 903'£m031 cni, 1069 crif, 1093 cni, 1155 cnf, 1326 cnf,
and 1449 cnl peak positionsFigure 17). Quantitative analysis of these shifts demoistra
differences in peak magnitudes at all positionsepkdor 628crit, 788 cnt, and 1002 cm
(Table I, Figure 18A-E), which have been shown in previous studies toetate with cellular
viability [5]. Moreover, the CD3/CD28-activated amdactivated groups showed significant

differences in peak ratios at the 1182:1195' gsition [Table I, Figure 19)
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Figure 17. Superimposed mean Raman spectra from inactivagell &nd CD3/CD28-activated T lymphocytes

annotated with (*) foci of significant differencaad (*) markers of cellular viability [5].
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Figure 18. Raman spectra of inactivated (red) and CD3/CD2R-eid (blue) T lymphocytes demonstrating
differences in peak magnitudes (insets A, D, andrit) comparable peaks at viability markers (InBeasid C).
Annotations within insets: Inset A- (*) 903 &minset B- () 788 cif; Inset C- (¥) 1002 cif;
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Note: These focused spectral regions are from phouytes representedfiigure 17.
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Figure 19.Raman spectra of inactivated (red) and CD3/CD2R+atetd T lymphocytes demonstrating differences in

(*) 1182 cm* and () 1195 cnit peaks.

6.3.2- CD3/CD28-activated versus Alloantigen-activated T Lymphocytes

A total of 46 CD3/CD28-activated and 40 alloantigexivated T cells were analyzed
with summary comparison spectra shownFigure 20. When comparing these groups, they
differed significantly at the 903 ¢ 1031 cn, 1093 cnit, 1155 cni, 1326 cnit, and 1449 cim
positions. However, there was no difference whealyaing the peak ratio at the 1182:1195cm
position (Figure 20, Table 1) DFA of the Raman spectral data for CD3/CD28-actigtadand
alloantigen-activated T cell groups is summarizeBigure 21 There was 100% accuracy when

using the activation signature to separate thesepgt
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Figure 20.Superimposed mean Raman spectra from CD3/CD28aéeti(red) and alloreactive T

lymphocytes annotated with (*) foci of significadtifferences and) markers of cellular viability [5].
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Table I. Comparative summary of relevant Raman shifts of -LID@28-activated, inactivated,
alloreactive, and resting T lymphocytes. (See Ablten key below Table)

i PM of NSA (75) | PM of NSA (75) | PM of NSA (46) | PM of Allo (40) | PM of Allo (40) | PM of Rest (75)
(cm™) vs. Inact (75);%A;| vs. Rest (75); Y%4,; |vs. Allo (40); %A;| vs. Inact (75); |[vs. Rest (75); %4;| vs. Inact (75);
P Value P Value P Value %A; P Value P Value %A; P Value
1663.24 vs. 1663.24 vs. 1663.24 vs. 1602.52 vs. 1602.52 vs. 1652.33 vs.
628 1684.01; 1652.33; 1602.52; 1684.01; 1652.33; 1684.01;
NA; 0.7 NA; 0.9 NA; 0.3 NA; 0.12 NA; 0.6 NA; 0.89
805.86 vs. 818.9%;805.86 vs. 807.50; 805.86 vs. 809.2[808.1 vs. 818.95808.12 vs. 807.5(807.50 vs. 818.9%;
788
NA; 0.91 NA; 0.72 NA; 0.62 NA; 0.75 NA; 0.9 NA; 0.88
736.7 vs. 828.92} 736.7 vs. 819.62] 736.7 vs. 814.89/814.89 vs. 828.9814.89 vs. 819.6p819.62 vs. 828.92;
903
1 12.5%; 0.004 1 11%; 0.007 1 10%; 0.01 NA; 0.4 NA; 0.09 NA; 0.09
5279.08 vs. 5279.08 vs. 5279.08 vs. 5490.2 vs. 5490.24 vs. 5520.1 vs.
1002 5438.8; 5520.1; 5490.2; 5438.8; 5520.1; 5438.8;
NA; 0.82 NA; 0.8 NA; 0.78 NA; 0.91 NA; 0.8 NA; 0.76
1390.8 vs. 1390.8 vs. 1390.8 vs. 1805.5 vs. 1805.5 vs. 1815.92 vs.
1031 1837.18; 1815.92; 1805.56; 1837.1; 1815.92; 1837.1;
1 32%; 0.002 1 31%; 0.005 1 29.8%; 0.003 NA; 0.62 NA; 0.09 NA; 0.4
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Table I (cont). Comparative summary of relevant Raman shifts of {CID@28-activated,
inactivated, alloreactive, and resting T lymphosyte

= PM of NSA (75)| PM of NSA (75) | PM of NSA (46)| PM of Allo (40)| PM of Allo (40) | PM of Rest (75)
(cmh) vs. Inact(75); |vs. Rest (75); %;| vs. Allo (40); | vs. Inact (75); | vs. Rest (75); | vs. Inact (75);
%A; P Value P Value %A; P Value %A; P Value %A; P Value %A; P Value
980.32 vs. 980.32 vs. 980.32 vs. 1021.7 vs. 1021.73 vs. 1012.83 vs.
1069 1024.0; 1012.8; 1021.7; 1024.0; 1012.8; 1024.0;
1 4.3%; 0.02 1 3.3%; 0.05 NA; 0.4 NA; 0.1 NA; 0.1 NA; 0.65
947.52 vs. 947.52 vs. 947.52 vs. 1145.0 vs. 1145.08 vs. 1199.85 vs.
1093 1245.08; 1199.85; 1145.08; 1245.0; 1199.8; 1245.0;
1 32%; 0.006 1 27%; 0.004 1 31%; 0.04 NA; 0.09 NA; 0.08 NA; 0.09
1463.5 vs. 1463.5 vs. 1463.5 vs. 1924.4 vs. 1924.4 vs. 1938.60 vs.
1155 1914.44; 1938.60; 1924.44; 1914.4; 1938.60; 1914.4;
1 31%; 0.005 1 32%; 0.009 1 31%; 0.03 NA; 0.8 NA; 0.3 NA; 0.1
1182 Ratio: 0.91 vs.| Ratio: 0.91 vs. | Ratio: 0.97 vs.| Ratio: 0.86 vs.| Ratio: 0.86 vs.| Ratio: 1.05 vs.
! 1.2; 1.05 0.86; 1.2; 1.05; 1.2;
11954 _ _ _ _ _ _
p = 0.006 p = 0.009 p=0.8 p = 0.007 p = 0.002 p=0.09
1301.2 vs. 1301.20 vs. 1301.2 vs. 1608.3 vs. 1608.3 vs. 1572.34 vs.
1326 1600.26; 1572.34; 1608.3; 1600.2; 1572.34; 1600.2;
1 23%; 0.03 1 21%; 0.02 1 22.9%; 0.04 NA; 0.21 NA; 0.12 NA; 0.77
1542.33 vs. 1542.33 vs. 1542.3 vs. 1832.9 vs. 1832.92 vs. 1833.0 vs.
1449 1834.9; 1833.02; 1832.92; 1834.9; 1833.0; 1834.94;
119 %; 0.001 1 18.9; 0.002 1 19%; 0.001 NA; 0.08 NA; 0.09 NA; 0.08

Data forTable | derived from averaged peak values of CD3/CD28&;tinated, Alloreactive,
and resting T cell samples at specified peak assgih Values noted in () correspond to
number of T cells evaluated in each comparigdobreviations: PA- peak assignment; NSA-
nonspecific antigen (CD3/CD28); Inact- inactivaiedells; Rest- resting T cells; Allo-
alloreactive T cells; PM- peak magnitudeA%percent change in peak magnitude; NA- peak
magnitude change not significant; * Data correspgaidatio of 1182 to 1195 peaks.
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Chapter 6.4- Discussion

Raman shifts occurring at 903 ¢m1031 crt, 1093 cnit, 1155 cnt, 1326 cnl, and
1449 cnt* were observed in the CD3/CD28-activated but nahialloantigen-activated T cell
samples. These foci of peak differences likely éspnt a specific conformational change in cell
surface molecules reflecting a response to theicpd@at CD3/CD28 (non-MHC restricted)
stimulus. The greater number of foci of peak dédferes is related to the non-specific binding of
the beads to the TCR which results in maximum datran free of anergy. When cross
referencing these foci with established peak assggn data, they represent changes in nucleic
acids (903 cm, 1093 cnit, and 1449 ci), amino acids (1031 ¢ and 1155 c), or both
(1326 cnt)- changes which are consistent with molecular gsses responsible for the
transcription, translation, and expression of salfface receptors [20-23pppendix B). When
further analyzing these peak differences that warigue to the CD3/CD28-activated T cells,
there was a reduction in peak magnitudes obsemedllisix of the aforementioned peak
positions. This is most likely represents a redmgffrather than an absolute down-regulation of
cell surface biomolecular material resulting froonformational changes in receptors, a concept

that will be further explored i€hapter 8.
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CHAPTER 7- BIOMOLECULAR MODELING OF T LYMPHOCYTE ACTIVATIO N
USING RAMAN SPECTROSCOPY

Chapter 7.1- Introduction

Based on data presentedcimapters 5and6, which dealt with sensitivity and specificity,
respectively, RS can detect key signature diffezenigsetween activated and non-activated T
lymphocytes and T lymphocytes that have been aetivarough different processes. However,
one of the challenges of using RS in the largelogioal narrative is linking spectral changes
with biological processes that are known to be ooy and that have been verified through
other independent methodologies. One of these emtmt methodologies involves using
monoclonal antibodies (mAbs) to analyze the kirsetit cell surface receptor expression. This
concept of kinetics suggests that T lymphocytevattin is defined not only by the characteristic
up-regulation and conformational changes in spec#il surface receptors, but activation is also

dependent on the differenti@mning of receptor expression.

There are certain specific receptors that aretef@st when quantifying T cell activation.
CD69 is a transient activation marker that is esped as early as 2 hours after activation and is
subsequently down-regulated by 55 hours post-aaiivgl-4]. Unlike CD69, receptors CD25
and CD71, and the Human Leukocyte Antigen DR (HLAR)Dreceptor follow a delayed
expression pattern, appearing at 13, 25, and 48sHolowing activation, respectively. These
receptors remain at high levels throughout thevattin/clonal expansion process. A summary
of receptor expression kinetics is depictedFigure 22. CD69 is a type |l transmembrane
homodimeric glycoprotein that is 22.5 kD in sizé. [52D25 is a 55 kD type | transmembrane
glycoprotein also known as the low affinity IL-2ceptora chain [6]. CD71, also known as the

human transferrin receptor 1, is a homodimeric tfpaembrane glycoprotein responsible for
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cellular iron uptake via receptor-mediated endasigtavhile HLA DR is a heterodimer which
serves as a ligand for the TCR [7]. Theandp subunits of the HLA DR receptor have two
extracellular domains, a membrane spanning domaaith,a cytoplasmic tail. HLA DR is central
to the donor-recipient crossmatching process thiainmezes the likelihood of organ rejection [8].

The study outlined in this chapter will focus o thinetics of CD69, CD25, and CD71.

The goal of this study was to set up a paralleestigation of T lymphocyte activation
using both differential mAb staining and RS. We tiyyesized that during the course of
activation, changes in the specific receptors esqa@ on the cell surface with subsequent
changes in mAb staining patterns would be signitic#/e further hypothesize that by analyzing
unstained representative lymphocytes at the same pioints as the mAb staining, we will be
able to correlate the biomolecular process of gpHeding a cell surface receptor in response to a

stimulus with Raman shifts detected by RS.
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Figure 22.Kinetics of antigen expression [9].

Chapter 7.2- Materials and Methods

7.2.1 Cell Preparation and Mitogen Induction

Prior approval for the study was obtained from\ii@yne State University HIC. Sodium-
heparinized venous blood was collected from hegtyicipants and incubated with 40 uL of a
1:1 mixture of Concanavalin AC@anavalia ensiformiosgarose; Sigma, St. Louis, MO) and
pokeweed Rhytolacca Americangectin; Sigma, St. Louis, MO). Following a 24-hauitogen
incubation period, T lymphocytes were isolated alyefrom the peripheral blood using a Dynal
T cell negative isolation kit (Invitrogen, Canogark, CA) and resuspended in complete media.

Activated T lymphocytes were confirmed and isolaisohg flow cytometryAppendix C). This
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purely activated (and antibody free) T cell popolatwas then cultured at 37°C in 5% €@
multi-well plates in complete media containing nedmnant interleukin 2 (50U/ml; Becton
Dickinson, San Jose, CA). Negative control samplee cultured in parallel and consisted of T
lymphocytes pretreated with Mitomycin C (Sigma, Stuis, MO; 0.025 mg of Mitomycin C
(0.5 mg/ml) to each 1 ml of cell suspension) for Ahutes. T lymphocyte cultures were
continued for 72 hours with daily viability testindaily RS analysis, and mAb staining at 48 and
72 hours.

7.2.2- Monoclonal Antibody Staining

Representative aliquots of mitogen-activated Tgdkiotytes were collected at 48 and 72
hours following initial stimulus and washed thréads using PBS. All cells collected at each
time period were stained with a 4’,6-diaminidingenylindole (DAPI; Thermo Fisher
Scientific, Rockford, IL) nuclear stain that washtained in an anti-fade solution. In addition,
cells were divided into two groups at each timeenval. The first group was treated with
paraformaldehyde (Sigma, St. Louis, MO) and incetatvernight with the transient cell surface
mAb, CD69 (Becton Dickinson, San Jose, CA). Theosdc group was treated with
permeabilizing solution (Becton Dickson, San JdSd) and incubated overnight with the
intracellular antibody cocktail containing a CD2BTl (Becton Dickson, San Jose, CA)
mixture with subsequent fixing with paraformaldeby@ells were viewed using a Nikon Eclipse
TE 2000-U inverted microscope with images beingwagol and processed using Metavue 6.2r5

software (Downingtown, PA).
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7.2.3 Raman Spectroscopic Analysis

Raman spectroscopic analysis was carried out dailyon-antibody bound lymphocytes.
Spectra from the 48 and 72 hour time points werapayed to mAb staining data derived from
methods described previously. Prior to analysissahples were washed with PBS. Cells were
allowed to settle within the analysis reservoircpld on a leveled microscope stage. Only
rounded, non-adhered, isolated and individualizdgniphocytes were selected for study. Each
sample was analyzed using an identical protocol spectroscopic parameters. Using an
enhanced video imaging system, T lymphocytes wiggaed in the laser target area so that the
focus point was centered on the lymphocyte. Imagese captured before and after each
measurement with no noted cell shifting or destomcbbserved. Wire 2 software (Renishaw plc,
Old Town, United Kingdom) was utilized in conjurartiwith the Raman system for quantitative
measurements. RS measurements were conducted aigRamishaw InVia 2000 microscope-
spectrometer with a Leica 63X water immersion dibjec(NA= 1.20). T lymphocytes were
analyzed using a 514.5 nm (greeny Akcitation wavelength. Laser power was set at f%2
mW) for a 2-4um laser spot size. Spectra were collected in tlokduzattering geometry with a
10 second integration time over a range of 5007@01cn'. The spectral resolution was ~ 4
cm™.
7.2.4- Statistical Analysis

Prior to statistical analysis, all data were checka various types of noise as described
in section5.2.5 Student’s t-test was utilized to further quantififferences in peaks. The data
were analyzed for the presence of various independeoups using DFA. Graphical and
guantitative analysis of data was accomplished uS8RPSS version 15 software (Statistical

Software, Chicago, IL).
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Chapter 7.3- Results

Forty-eight hours following mitogen stimulation,presentative T lymphocytes were
stained for activation markers according to thecpdures stated above. In addition, 50 T
lymphocytes at this same time point were analyzsdguRS. All lymphocytes included in this
analysis were verified to be intact and non-apaptdh addition, DAPI staining revealed that

cells analyzed were nucleus containing and vidbilgufe 23, Panel AandD).

High expression of the transient CD69 cell surfeaxseptor was evident when assessing
gualitative antigen expression at 48 hours via nsfdining Figure 23, Panel B. However, T
lymphocytes at the 72 hour time point showed norepable binding of the fluorescent tag
(Figure 23, Panel E). Moreover, 48 hour RS- analyzed T lymphocytesnalestrated a
significant peak difference at the 1585 tmosition Figure 24). The 48 hour samples had a
mean peak magnitude of 2899.23 + 165.38 comparéu 2864.39 + 229.62 for the 72 hour
samples. For the 48 hour samples, this represen®2d6 (p = 0.01) increase in peak magnitude

at this position.

There was a precipitous increase in the expressfid®D25/CD71 from 48 to 72 hours
(Figure 23, Panels Cand F). In addition, the corresponding RS-analysis destrated two
significant peak differences at the 903tand 1449 cr positions Figure 25). There was an
18% (p = 0.04) and 11% (p = 0.001) increase in peagnitudes at the 903 chand 1449 cm,

respectively.
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Figure 23. Representative 48 hour (Panels A-C) and 72 hcamgR D-F) antibody stained mitogen activated T
lymphocytes. Panels A and D- DAPI stain. Panelsi@® B CD69 stain (FITC).

Panels C and F- CD25/CD71 stain (PE).
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Figure 24.Mean (n = 50) Raman spectral changes at 48 hdthisasscompanying antibody staining results for 48
hours and 72 hours- (insets A and B, respectivelyyow indicates significant peak difference athtfirs. Note:

for additional peaks associated with activatioraptese€&igure 12A and 15A
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Figure 25. Mean (n = 50) Raman spectral changes at 72 ljed}¥ with accompanying antibody staining resuits f
48 hours and 72 hours- (insets A and B, respegivairows indicate significant peak changes ah@ars. Note:

for additional peaks associated with activatioraptese&igure 12A and 15A
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Chapter 7.4- Discussion

The goal of this study was to link RS spectral gesnwith a direct method of measuring
the biomolecular process of cell surface recepperagulation and expression. At 48 hours, the
T lymphocyte is considered to be in the “early” ghaf activation [10]. This early activation
resulted in transient CD69 expression detected Bp staining panels. This was coupled with
RS signature changes at the 1585 cmosition, consistent with carbohydrate (C-O-C
deformation) and nucleic acid (Guanine, Adeninehauer [11] Appendix B). Conversely,
“late” T lymphocyte activation was dominated by tine-regulation of CD25 and CD71 [10].
The expression of CD25 and CD71 was marked by aifgignt qualitative increase in the
intensity of the fluorescent tag which was matchg®RS signature changes at the 903'@nd
1449 cn* peak positions. These Raman shifts were consistithtconformational changes in
protein (C-C backbone stretching,helix changes), carbohydrate (CH deformation), Epid
(CH; bending) molecular events [11Agpendix B). The specific ramifications of the C-O-C
deformation at 48 hours and the C-C backbone &irgjcand alpha helix changes at 72 hours

will be further discussed ddhapter 8.

This foundational study looked at the moleculamgsdollowing activation by a mitogen
(i.e. super-antigen). By tracking the up- and doegulation of receptors through mAb binding
which is dictated by Fab domain specificity, we &able to mark conformational changes in the
cell surface topography. We were then able to eothigse conformational changes with Raman
shifts that occur within the same time frame. Thgtrchapter will explore how alterations in 3D

structure can affect Raman scattering.
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CHAPTER 8- CONCLUSION AND FUTURE DIRECTIONS
Chapter 8.1- Conclusion

The immune system reflects a duality of requirematittated by the need to remain
relatively conserved in many of its activation pedlys, while maintaining a high level of
specificity for a particular antigen. This notiorash been thoroughly demonstrated through
studies involving the MHC, TCR, and other cell sgg receptors involved in the activation
process [1]. Our series of studies suggest thanveéxamining the array of receptors expressed
during varying methods of activation using the R&tam, a duality of conservation and
specificity is articulated via uniqgue Raman spesttopic shifts. When analyzing the ratios of the
1182:1195 cni peaks, we found a similar shift in the alloreagti€D3/CD28-activated, and
mitogen-activated samples. However, these shifte wet present in the inactivated or resting T
lymphocyte populations. This shift likely represeatchange in light scattering that is a result of
a conformational change in the CD3-TCR 3D structame/or adjacent membrane, which is
necessary for all forms of activation regardlesghefinitial stimulus. To further explore the link
between conformational changes in 3D structureciradacteristic Raman shifts observed in our
study, let us consider the structural immunologykaearried out by Lee and colleagues [2] who
reported on the specific TCR residue changes resiplerfor driving alterations in 3D structure.
The authors compared the contributions of residoaslved in the binding of the TCR to self-
versus allo-MHC molecules. They found that the-satfd allo-MHC binding residues differed at
25 of the 41 positions within the CDR2 and CDR3arg of the variable andf3 domains. Of
these two regions, the CDR3 had the greatest mflieon binding differences which was
attributed to the increased mobility of the CDR8&taining loop [2]. These residues were further

categorized based on whether they were signifigantitermediately, or non-significantly

www.manaraa.com



78

involved in binding Eigure 26). This study illustrates the key principle that evedividual
residue differences in the binding domain of theRT€an convey significant changes in binding

specificity, which is ultimately manifested as chas in receptor form.

TCR Bound to Self-MHC TCR Bound to Allo-MHC

Domain ; Variable Alpha
Yl % Domain .

Variable Beta
Domain

Domam

Figure 26. Differences in 3D confirmation and receptor stuue dictate whether the TCR will bind to
self- versus allo-MHC molecules. Residues in retidate those with the greatest effect on bindiRigk residues
have intermediate effect on binding; Yellow resislbave negligible effect of binding. Blue linesnegent the
binding orientation of antigen peptide (curved Jinad two domains of the MHC (coiled lines). Ndte differences

in distribution and number assignments of the esidues [2].
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In addition to factors influencing TCR form, thetlaors dealt with function. They
showed that T lymphocyte activity was reduced bwangs to 90% when single site mutations
were introduced at eight amino acid residues in waeable alpha and beta domains. This
observation aptly demonstrates that subtle chaimga®ino acid residues in the exposed portion
of the TCR can dramatically affect function. Wheege aforementioned concepts of form and
function are juxtaposed and placed in the contektoor study which analyzed the
conformational changes in, and variations of, tBesBucture of the TCR using RS, we find a
link between the structural Immunobiology and clemgn Raman scatteringrigure 27).
Published peak assignments [3-6] for the 1182:1di98 position, which were shared by all
activated T lymphocytes, suggests that the obsesits represent changes in tyrosine and
phenylalanine, two amino acids that are importarthe dimerization of the TCR- CD3 complex
via phosphorylation by Zap-70. They may also regmesesidues within the prominent binding
domain of the TCR that were exposed by conformatichanges in the aforementioned CDRs

of thea andp chains [7] .

T Cell Change in Conformation Change in T cell

activation |:> binding |:> al change in :> Raman :> activation
via binding domain

scattering

3D structure signatures

to the TCR residues

Figure 27. Proposed structural etiology for observed Ramiftssdnd subsequent

activation signature differences.

www.manaraa.com



80

The Raman shift at the 1182:1195 tposition, which was shared by all activated T
lymphocytes, can be contrasted with shifts occgran903 crit, 1093 cnit, and 1449 ci, that
were specific to CD3/CD28 and mitogen-activated pginmrcytes, but not the alloreactive T
lymphocyte population. Moreover, signature differes at positions 1031 ¢ém1155 crit, and
1326 cni were specific only to CD3/CD28-activated lymphasytwhile position 1585 ¢
was unique only to the mitogen-activated samplé®sé& differences can be explained by the
scattering changes that occur as a result of de npwegulation of CD25, CD69, and CD71.
These structures dramatically change the topograptie cell surface and thus significantly
alter the way that light scattering occurs and bseahe specific 3D structure of the particular
receptor expressed is unique to that receptagadd to a unique spectral shift that contributes to
the entire activation signature. By coupling puldd peak assignment data [3-6] with shifts
noted in each of the activated T lymphocyte grougs,observed that CD3/CD28 and mitogen
activated T lymphocytes underwent C-C backbonéyaahelix, and C-H deformation changes in
protein structures. Due to the mixed contributibattthe CD25 and CD71 receptors provide to
light scattering and their similar expression patie(i.e. timing and type of stimulus triggering
their expression), separating and assigning indalided proteinaceous changes is difficult.
However, in the case of the CD69 receptor, our&sgion kinetics dat&Chapter 7) provides a
method for this individualized assignment. The $iant nature of CD69 expression also leads to
a transient state of its Raman scattering coniohuBased on this observation, we can conclude
that the CD69 receptor demonstrated a unique ahift585 crit that resulted from C-double

bond-C phenylalanine and tyrosine residue changis protein structure.

When the observed Raman shifts for all T lymphogytaips are taken as a collective we

find that there were significant changes in ligdrbohydrate, protein, and nucleic acid groups
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that defined differences between activated and awtivated T lymphocytes. The presence of
this array of biomolecular materials involved inetlprocess of activation can be clearly
accounted for by the requirements and results oA @dnscription, translation, processing of
cell surface receptors in the rough endoplasmiculetn and Golgi apparatus, delivery and
membrane docking of lipid-lined vesicles containnefjned receptors, and expression of these
carbohydrate-covered receptors on the cell surfelmevever, from a spectroscopic point of
view, it would be expected that if our RS analys&s confined solely to the external surface of
the cell, there would be shifts that encompasseadatégories except nucleic acids, for this
content does not exist outside of the intracellulacleus/ribosome context. The presence of
these shifts involving nuclear material seen atetght positions in all forms of activated T
lymphocytes can be attributed to the resolution pedetration depth of the laser used in our
analysis. The diameter of a T lymphocyte is ~ 10:f? while the laser spot size used in our
experiments was ~ 3m. Although this spot size allowed for accurate lgsia of the T
lymphocyte, the shape and proportional dimensidriaser diameter to cell diameter yielded a
resulting spectrum that was a composite of Ramdits dhom receptor groups (carbohydrates
and proteins), adjacent membrane (lipids), andmsabibranous regions (nucleic acidsiglre

28). This mixed contribution is the basis of our aation signatures.
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Figure 28.Laser sampling area of T lymphocyte surface ahdwwidace that includes multiple receptor groups,

proteins, and lipids.

RS-based activation signatures reflect the bionutdecdiversity resulting from the
particular form of stimulation and are the basishofv a RS system could detect activated
lymphocytes with high sensitivity and specificitfhe value of this high sensitivity and
specificity is two-fold. First, it provides an awento transition away from the paradigm of using
invasive biopsies to confirm the diagnosis of ARl aiso provides an alternative to protocol
biopsies to detect SCAR. Second, RS detection obA&s a modality that could significantly
reduce the delay in AR diagnosis. Under the cur@aygnostic algorithm, delays in treatment are

created due to the need to eliminate other potecdiases of serum creatinine elevations, thus
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potentially allowing further histologic damage tbet nephrons of transplanted grafts that

continue to be in limited supply.

The overall conclusion of this dissertation is twéh further refinement, RS can serve as
a technological tool capable of detecting activafdgmphocytes (sensitivity) in urine or blood
while offering additional information as to the pewlar method of nonspecific or MHC-
restricted activation (specificity) based on thenmolecular and structural modeling of cell

surface receptors.

Chapter 8.2- Future Directions

To gain further information concerning the biomaillee process that occurs during all
stages of T lymphocyte activation, multi-spectr& €bould be utilized in conjunction with a live
cell imager, a device designed to allow for endliosell culturing and continuous RS analysis.
This experimental design could effectively trackrRa shifts from the very early steps of DNA
transcription to the maturation of cell surfaceeq@ors and clonal expansion. This system could
be enhanced with use of atomic force microscopyMAFR device that passes an ultrasensitive
lever (cantilever) over a measured substance. @&helever is designed to deflect according to
surface patterning of the measured substance arsdpttovide precise topographic data. AFM
has a resolution of < 1nm and can directly quantfg conformational change in a single
receptor thereby allowing data collection regardithg evolution of individual receptors in
response to an activation stimulus [8-10]. Thishhigsolution can provide an alternative
approach to the comprehensive analysis (receptijacent membrane, and sub-membranous

region) that a 4 um laser spot size currently plesi
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The potential applications of RS-based T lympho@&rtalysis in the medical arena are
vast. One such application could be the developroéra comprehensive panel of clinically
relevant signatures based upon viral (CMV and BKig), fungal (Candida), and bacterial (E.
coli) stimuli. These pathogens have a particulaldyastating effect on graft survival in the
transplant population. A rapid, accurate, noninvasest for these pathogens (and others) would

prove invaluable in the treatment of infectiousedises.

Another application involves using RS as a funcilom cell assay. Based upon the
notion that the true metric of adequate immunoseggive therapy is thfenctional suppression
of T lymphocyte activation measured at the levethef T cell, the RS system could be used to
titrate immunosuppressant levels in an individweizvay. Currently, dosing of powerful and
sometimes toxic immunosuppressant medication i®das semi-standardized drug target
levels, which often are limited by inter- and inpatient variability and side-effect tolerance. RS
could be used to rapidly assess the real-time inohogic temperament of T cells based on their
activation state within the guise of the individymdtient’'s current medication regimen. This
would allow clinicians to decrease dosages to fevkat are functionally adequate for each
particular patient and thus avoid unwanted dosstedlside effects while substantially reducing
costs.

In addition to transplant immunology and infecBodisease, T lymphocyte activation
plays a pivotal role in oncology. Whether it is ar@ma, hematologic cancers, or the various
solid organ, connective or soft tissue malignanciesell changes may provide one of the
earliest clues to the presence of these diseats SRS analysis of an appropriate oncological
model could add to the growing body of knowledg@cawning biomarkers directed at early

cancer detection.
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This dissertation outlines the use of RS in treolgion and modeling of cell surface
receptor differences that define T lymphocyte atton. The accurate detection of T lymphocyte
activation within a biomatrix is the foundation&és toward the development of a noninvasive

tool capable of accurately detecting AR in realeiwmithin the clinical setting.
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APPENDICES

Appendix A. Banff 97 Criteria and Histologic Phenotype [1, 2]

Grade Pathological Description Histology

Tubulointerstitial infiltrates

IA
>25% of parenchyma with foci
of moderate tubulitis (arrow)
B Significant interstitial infiltration
(™) with foci of severe tubulitis
(arrow)
A . . »
Mild to moderate intimal arteritis
IIB Severe intimal arteritis

comprising the luminal area-
nearly complete occlusion (*)

Transmural arteritis and/or
1 dilated vessels (#) with arterial
fibrinoid change and necrosis of

medial smooth muscle cells)(
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Appendix B- Raman Spectroscopic Peak Assignments [3-5]

Peak
Assignment
(em™)
618-621 Protein: C-C twist phenylalanine
640-645 Protein: C5 stretch, C-C twist Tyr
666-667 Nucleic Acid: T,G, tyrosine, G backbone in RNA
717 Lipids: CN'(CHs)3 stretch
725-729 Nucleic Acid: Adenine breathing
729 Nucleic Acid: Adenine
746 Nucleic Acid: Thymine breathing
760 Protein: Ring breath tryptophan
782 Nucleic Acid: uracil, cytosine, thymine ring brekuy
788 Nucleic Acid: O-P-O stretching, uracil
Protein: C-C backbone stretchinghelix;
903-937
Carbohydrates: C-O-C glycos. Nucleic Acid O-P-Onasstretch
1002-1005 Protein: Sym. Ring breathing phenylalanine
1031-1033 Protein: C-N stretching, C-H in-plane phenylalanine
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1053 Protein: C-N stretching, C-O stretching
Nucleic Acid: phosphate stretching; Lipids: chakCGtretching;
1069-1095
Carbohydrates: C-O, C-C stretching
1126-1128 Protein: C-N stretching
1155-1158 Protein: C-C, C-N stretching
1175 Protein: C-H bending tyrosine
Protein: C-H bending, amide lll, tyrosine, phengtahe
1182-1195
Nucleic Acid: adenine, thymine
1208 Nucleic Acid: adenine, thymine; Protein: Amide IlI
1319-1326 Nucleic Acid: guanine; Protein: C-H deformation
1342 Nucleic Acid: adenine, guanine; Protein: C-H; Cduydrates: C-H deformation
Nucleic Acid: guanine, adenine, C-H deformatiomtBin: C-H; Lipids: C-H
1420-1480
deformation; Carbohydrates: C-H deformation
Nucleic Acid: guanine, adenine
1578-1585
Protein: C-double bond-C phenylalanine, tyrosine
1607 Protein: C-double bond-C phenylalanine, tyrosine
1655-1680 Protein: Amide I; Lipids: C-double bond-C stretaiin
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Appendix C. Flow Cytometry Directed Verification of T —lymphocyte Activation Status.

10¢
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102

T cell Activation
=

104

—

102

|
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T cell Aciivation
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102 1

100 |

T cell Activation ————

0 10! 102 108 104

CD7l —p

A Inactivated T lvinphocytes

104

B. Resting T Iymphocytes

104

10% 4

105 1

102 1

10" 1

0 10
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0 100 104 103 104

T T

10? 108 104

D7l —y (D71 e

C. Alloreactive T Iyinphoeytes

D. CD3/CD18-activated T lymphocytes

Independent verification of mactivation/activation status of T lymphocytes using Flow Cytomety
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Appendix C (continued). Flow Cytometry Directed Verification of T—lymphocyte

Activation Status.

‘104 ‘ 104
]0} .
103 4
A. T cell activation at
24 hours.

B. T cell activation at
36 hours.

CD25

0 10 102 103 104

104

e
2
e

D. T cell activation
at 72 hours.

C. T cell activation
at 48 hours.

CD25

D25

0 100 102 108 100 0 100 102 108 104
CD69 -

CDo69 -

Mitogen activated T Iymphocytes. As activation continues there is a dissapearence of nonactivated T cells and a decrease in
CDG9 positive T cells while the CD25 T cell population increases. [note: there are different cell concentrations at each FACS
analysis with the least amount of cells being 2.4 x 106 (72 howrs) and the most being 1 x 10°7 (24 how's)].

‘ 104

10% 1

D. Negative control. T cell
LG R B activation status at 24
e S hours.

CD25

CD69 >

Mitorycin C treated T lymphocyte. The population density of the T cells are concentrated in the lower left hamd quadrant demonstrating that the
expression of CD69 and CD2S is low. [note: there is not absolute restriction to this quadrant becanse the cross-hatched guadrants are somewhat
arbitrary and is not linked to functional assay data]
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Appendix D. Raw data images from cellular preparations

Owerlay image of urine derived B B
epithelial cells ai 40x Trine-derived T cells at 4

T cell image at 50x on
Blood-derived T cells at 40x micro-Raman viewer

Image of CD3/CD28 Dynal
Image is example of T cells thai were activation head (leff) noting
not selected for Raman analysis due that the diameter is
io cell surface stipeling and "siving approximately the same as
of pear]l” appearence of nuclei. Boith that ofa T cell (~10-12
are signs of apopiosis. i :
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Appendix D (Cont.). Raw data images from cellular preparation

Immunomagnetic bead directed toward B lymphocytesewsed to purify T lymphocyte
samples. Note the B lymphocytes (~10 micrometaesptaching to the pro-B lymphocyte

antigens coating the bead which is several magestilatger.
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Appendix E. Reference and Control Raman Spectra
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Appendix F. Human Investigation Committee Approval

HUMAN INVESTIGATION COMMITTEE

WAYNE STATE it i i
UNIVERSITY — mesemeie

http://hic.wayne.edu

NOTICE OF EXPEDITED APPROVAL

To: Scott Gruber
Surgery
Harper University Hospital

From: James E. Puklin, M.D.
Chairman, Human Investigation Committee

Date: November 03, 2008
RE: HIC #: 097108M1E
Protocol Title:  Raman Spectroscopic Detection of Acute Renal Allograft Rejection

Sponsor: Surgery
Protocol #: 0809006363
Expiration Date: November 02, 2009

Risk Level /| Category: No greater than minimal risk.

The above-referenced Protocol and items listed below (if applicable) were APPROVED following
Expedited Review (Category 23”) by the Chairperson/designee for the Wayne State University
Institutional Review Board (M1) for the period of 11/03/2008 through 11/02/2009. This approval does not
replace any departmental or other approvals that may be required.

Receipt of signed HIPAA Summary Form, revised per HIC request of 09/24/08.

Receipt of Informed Consent, dated 10/28/08, revised per HIC requests.

Receipt of Research Protocol, revised per HIC request.

Receipt of Data Collection Tool.

Federal regulations require that all research be reviewed at least annually. You may receive a
"Continuation Renewal Reminder"” approximately two months prior to the expiration date; however, it
is the Principal Investigator's responsibility to obtain review and continued approval before the
expiration date. Data collected during a period of lapsed approval is unapproved research and can
never be reported or published as research data.

All changes or amendments to the above-referenced protocol require review and apprval by the HIC
BEFORE implementation.
Adverse Reactions/Unexpected Events (AR/UE) must be submitted on the appropriate form within
the timeframe specified in the HIC Policy (http:/fwww_hic.wayne_ edu/hicpol html).

NOTE:

1. Upon notification of an impending regulatory site visit, hold notification, and/or external audit the HIC

office must be contacted immediately.

2. Forms should be downloaded from the HIC website at each use.

*Based on the Expedited Review List, revised November 1998
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Appendix G. List of Key Abbreviations

e APC- Antigen Presenting Cell

e AR- Acute Rejection

e CAN- Chronic Allograft Nephropathy

e CMV- Cytomegalovirus

e DFA- Discriminant Function Analysis

e ESRD- End Stage Renal Disease

e HIC- Human Investigation Committee

e HLA- DR- Human Leukocyte Antigen -DR

e Ig- Immunoglobulin

e mMADb- Monoclonal Antibody

e MHC- Major Histocompatibility Complex

e MLC- Mixed Lymphocyte Culture (also referred toM&ed Lymphocyte Reaction

(MLR)

e RS- Raman Spectroscopy

e PCA- Principal Component Analysis

e PCR- Polymerase Chain Reaction

e SCAR- Subclinical Acute Rejection
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ABSTRACT

RAMAN SPECTROSCOPIC MODELING OF T- LYMPHOCYTE ACTIVATION  AND
DETECTION OF ACUTE RENAL ALLOGRAFT REJECTION

by
KRISTIAN L. BROWN
May 2010
Advisor: Gregory Auner, PhD
Major: Biomedical Engineering
Degree: Doctor of Philosophy

Despite the advances made in the area of kidneggtantation, the disparity between
the demand for and supply of available donatedrrgemains a dominant and unresolved issue.
Given the paucity of available renal allograftss fhreservation of existing grafts is vital. One
factor that has negatively impacted renal allogsafivival is acute rejection (AR). Traditionally,
kidney transplant centers have used elevationsermns creatinine as a screening tool for
detecting AR. However, with its diagnostic deléyw sensitivity, and low specificity, serum
creatinine has proven to be an unreliable and proatic bio-marker. AR is an activated T
lymphocyte driven process that leads to graft dystion and possible loss. The activation state
of T lymphocytes is determined by the specific @ltface receptor composition present. A
technologic tool that could resolve these receptifferences could detect T lymphocyte
activation and thus provide a diagnostic modaldy AR. Raman spectroscopy (RS), a laser-
based technology that is able to characterize aobss based on molecular vibrational
signatures, represents this modality. Using T lyagytes isolated from human peripheral blood
and clean-catch urine we investigated three aspédidymphocyte activation using a modified
RS system. First, we explored tkensitivity (the ability to detect activation) of a RS-based

system by analyzing mixed lymphocyte reacted (MLURitomycin C inactivated, and resting T
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lymphocytes at 785nm and 514.5nm wavelengths. Skectre specificity (the ability to
distinguish T cells activated by different stimwi)the system was determined by comparing the
signatures of MLR and CD3/CD28-activated T Iymphesy Third, we analyzed the
biomolecular events that conveyed the spectralgdsmdetected by RS. This was carried out by
coupling RS analysis of Mitogen-activated T lympytes with antigen expression kinetic
studies designed to quantify the intensity andrtgnof cell surface receptor up-regulation. We
found that there were significant RS signatureedéhces between the MLR and non-activated
(inactivated and resting) T lymphocytes while ther@s only a trend toward differences seen
between the resting and inactivated cellular pdmra. When analyzing MLR versus
CD3/CD28-activated cells, both samples differedrfrthe inactivated and resting groups and
demonstrated differences in Raman shifts at maltipti when compared with one another.
Receptor expression kinetics of mitogen-activatdgniphocytes analyzed at the early and late
phases of activation showed differential antibaaiynuno-fluorescent intensity. This correlated
with spectral differences at defined peaks. Moreowben analyzing all forms of activation (i.e.
MLR, CD3/CD28, or mitogen) there were conserved aedroducible signature changes
regardless of mode of activation which supportsrtbton that there are receptor and receptor
moiety changes that are required in all forms ofyifiphocyte activation. This dissertation
outlines the use of RS in the resolution and madetif cell surface receptor differences that
define T lymphocyte activation. The accurate daecbf T lymphocyte activation within a
biomatrix is the foundational step toward the depelent of a noninvasive tool capable of

accurately detecting AR in real-time within thenddial setting.
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