INNATE ANTIBODIES REVEALED: ROLES IN HOMEOSTASIS,
AUTOIMMUNITY AND INFECTION

by

Miranda Kettren Adelman
Copyright © Miranda K. Adelman 2003

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF MICROBIOLOGY AND IMMUNOLOGY

In partial Fulfillment of the Requirements
For the Degree of

DOCTOR IN PHILOSOPHY
In the Graduate College

THE UNIVERSITY OF ARIZONA

2003



UMI Number: 3089903

Copyright 2003 by

Adelman, Miranda Kettren

All rights reserved.

®

UMI

UMI Microform 3089903
Copyright 2003 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346



]

THE UNIVERSITY OF ARIZONA @
GRADUATE COLLEGE
As members of the Final Examination Committee, we certify that we have

read the dissertation prepared by Miranda Kettren Adelman

entitled

autoimmunity and infection

and recommend that it be accepted as fulfilling the dissertation

requirement for the Degree of pactor of Philosophy
W&&M ;S/S/G%

JOﬁz;ﬁ halonis x Date '
Kwﬁiﬁféfﬁﬂf ¢/ v¢n£;~w§J1\“ j’]jﬁ7€f§%

Nafees Abm§d Date ?

f €

W\ f/i 5; / n:} <,
Rodne§\p Adam Date """

/) | D%“/%/)
Doug até
//MM S-S0 3

Dav1d E.’ Yocgﬂ 7 Date

i

Final approval and acceptance of this dissertation is contingent upon
the candidate's submission of the final copy of the dissertation to the
Graduate College.

I hereby certify that I have read this dissertation prepared under my
direction and recommend that it be accepted as fulfilling the dissertation
requirement.

Y o Ora S 5/5/03

DlssErtatlon Director Date
John J. Marchalonis




STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of requirements for an advanced
degree at The University of Arizona and is deposited in the University Library to be made

available to borrowers under rules of the library.

Brief quotations from this dissertation are allowable without special permission, provided
that accurate acknowledgement of source is made. Requests for permission for extended
quotation from or reproduction of this manuscript in whole or in part may be granted by the

copyright holder.

SIGNED:



ACKNOWLEDGEMENTS

I would not be at this point today if were not for my wonderful family and husband. Your
patience, guidance, love and support has enabled me to reach my aspirations and dreams.
Sam, Mary, Katharine, Joseph, Mavis, Daniel, Amy, Daniel, Alison and Richard, I love and
thank you. This work is a reflection of each of your influences.

It has been my good fortune to have an advisory committee knowledgeable in many aspects
of Immunology and Virology. My advisor and mentor, Dr. Jack Marchalonis, gave me the
opportunity to work on many projects related to the fundamental principles of Immunology.
Each of my committee members, Drs. Marchalonis, Ahmad, Yocum, Lake and Adam, have
shared the experience of their expertise with me and has guided me in my pursuit of these
studies and degree.

Judith Bellows, Nancy Favata and Jim Lipson you have each helped me in more ways than
we probably realize. I have found physical, spiritual and emotional balance through your
guidance and care. Thank you. Likewise, my dearest friends, Crystal and Analisa, I can not
emphasize to you enough how much our friendships mean and what a constant source of
inspiration you both have been to me on a daily basis. My graduate school camaraderie, Ian
Robey, what an experience we have shared, I know it will bond our friendship for life.

In addition to obtaining a degree while in graduate school, I also gained a husband, who
since the day we met has shared with me the excitement and true pursuit of science. Itis
such a gift to share my life with you, both on a personal and professional level. I look
forward to sharing many more years with you.

Lastly, I thank all members of the Marchalonis lab, current and past, who have been
instrumental in the operation of the lab. In particular, I thank Dr. Sam Schluter for answering
all my questions and for his extraordinary knowledge and instruction on how to approach
experiments. Kathy Zaft, thank you for the cakes and for having all the supplies I have
needed over the past 5 years at my fingertips.



TABLE OF CONTENTS

LIST OF FIGURES ..ccccccesccscassesssseassssasssssssssesssasassosssssssssssssssossassasssonsasssasses 7

LIST OF TABLES .ccccceccccaccsssarssssssssssssssassssssssossssessssosssssonssnssassasssssaassassonses 9

ABSTRACT c.coccuenccnssssossessoncescassssoassasssssassssasnsessssssssassssesssssossssssssssssssssassonas 10

INTRODUCTION .ccccoecrcensconsnsossssassssssssessasssses cose ceseosesnsssssssnsanasssssss 12
SPECIFIC AIMS .eevecoenennscsscemessssssssssssssssse cesssnesssassesasasassssonsessassenss 18

CHAPTER 1 .cccccccccsscassssassossossssssssssoassssossonsssssssssassasssssssesssssasssssssssssessssssssse 20

INTRODUCTION ...ttt eceieeee s eesrtreeeea s s s e s se e e 20

METHODS ...ttt ee e e s s 25

Antigens and Immunological SUppPLies ...........cceovvvcrccnniininnicecnvenne. 25

Preparation of Immunoaffinity COIUMRS ...........ccoovviirerenvennceriniesennens 27

ASfINGLY PUFTJICATION ...coveveiieecieeiiiieeeceetessne e see s s s asssesnsenaesesneasnee s 28

SDS-PAGE ....oveeieiireieeeectteitr ettt st sn sttt esn st st sns e aeesessrens 28

ELISA oottt ettt ettt st sttt st et b e beeseean 29

N-1erminal SEQUERCIIG .........corveeieiiiieceeectee et ceeee et san e 30

B Cell HYBFIAOMAS «.oveereveeeecrineaeiiieeeeeeeecveeeneeeesieseesiresesesssesesssseessesessnsaenns 31

Cloning and Selection of anti-TCR MADS ...........ccoovevvveevceniicinerenennen, 33

DNA Sequencing of anti-TCR MABS .........ooovvevveircisinreceriineercreeesieenenanes 35

Protein G PUTIfICATION .......cooceenueeeeveireciieieereeiasieaseessanasseasssssanseessasssneaneen 35

WeStern BIOHING .....coccveooveeeiiieeiiieteestesee sttt sre s sas s b s s ne s reanenes 36

RESULTS AND DISCUSSION .....ooociiiirieirieniiee e seeeseen e sseneas 36

CHAPTER 2 .ccciiicenssccssascssasscssensesseosssssessassossssessesssssssossessossasse sessrscssesessasasans 63

INTRODUCTION ....oooviiiiiiiiiiiiiiicccncnteseenreeec e 63



TABLE OF CONTENTS - Continued

METHODS ...t 69
Cloning of anti-HIV mAbs, HK14 Catalytic Light Chain..............c.c....... 69

Gel Fillration ........ccccovveivvviriieniiiniiiiiiiniececsiee st es e enn 70

Refolding of Reduced Antibody Heavy and Light Chains ................o..... 72

ELISA ..ottt sttt eater et enesn s s e st et sssns b nan 73

SDS-PAGE .....ccovoimieierenieeiencieiecte sttt sane 74

WeSternt BIOTHING ........covvueeieeeiiiiiieeeceee ettt 74

CATALYSIS ASSAYS «.evvivverneaeereeeieieeieeee et ree et etessbteie s saesaressaeans 75

Virus Neutralization ASSAYS ........ccuevreeeireeieeeccrieiniieeiiiiessnieseeesenesesnes e 76

ReCOMBINANE SCIVS ....coouveicieiiiiriieir ittt 76

RESULTS and DISCUSSION ....ccoooiiiiiicerreniennisscncnicsenens 79
DISCUSSION ....covceenseccsasensesasensens cenesansee conssssesssssessssassessassensossessssanssassns 10
APPENDIX: DNA SEQUENCES ........cccccseiiercnicccsassssasssasssnssnsssssassennss 108
Figure 1.19, C7 VH SEQUENCE ....ccuvvvuviriinieriiniieerieneenicsn et snae e 109

Figure 1.20, 4D8 VH SEQUENCE .....occeeerirrireririeereniericeenineesemer e snesescnsesnne 110

Figure 1.21, 4D8 VL SEQUENCE .....cooveiririiiciiiirceniee ettt 111

Figure 1.22, 3E2 VH SEQUENICE ......evvivirreiniiiiiriiiiiriinircec s sne s 112

Figure 1.23, 3E2 VL SEQUENCE.....ccovvviiiiiiiiiiiiiii st 113

Figure 2.15, Sequence of Ab86/HK14 VL-VH construct .........cccoeveneiviennnnee. 114

Figure 2.16, Sequence of Ab86/HK14 VH-VL construct........ceevvevreeereenmennenees 115




LIST OF FIGURES

CHAPTER 1

Figure 1.1, SDS-PAGE of recombinant SCTCR ..ot 37
Figure 1.2, SDS-PAGE of AP anti-sCTCR NADS .....ccooviiiiiii e 37
Figure 1.3, ELISA AP anti-sCTCR v8 SCTCR ....ooviiiiiiin e 38
Figure 1.4, ELISA AP anti-scTCR vs TCR 0/f peptides ........cocoeerinviieiiiiiiienicniinnes 39
Figure 1.5, ELISA AP anti-scTCR vs CDR1 peptide homologs ........ccoouniceivinininnnnnnen. 40
Figure 1.6, ELISA AP anti-f38 vs FR3 peptide homologs .......ccccouveiiiiiniininiennnciininn, 41
Figure 1.7, ELISA AP anti-IgMA vs Mcg peptides .........cocovririeeecneeiienierciiecencncne 44
Figure 1.8, ELISA AP anti-SCA vs SCA peptides.......cooviiiecriiiiniiiiiiie 45
Figure 1.9, ELISA Sandbar shark vs HIV antigens ... 47
Figure 1.10, ELISA IVIG vs HIV antigens .......ccovvviiirinmiinieneeeeeisssn e 49
Figure 1.11, N-terminal sequence Western BIOtS .........ocovvviiiviniineiciicees 50
Figure 1.12, Shark N-terminal SEQUENCES .........oeviviiiiiiviiecreene et 51
Figure 1.13, SDS-PAGE purified SLEIZG .....ccooviiiiiiciec 52
Figure 1.14, ELISA SLE Ig vs TCR CDRI1 peptide homologs ..........coovrniinninnne, 53
Figure 1.15, ELISA, selection of SLE-derived IgG mAb C7 ..o 54
Figure 1.16, SDS-PAGE/Western blot of purified C7 ..o, 54
Figure 1.17, ELISA, selection of SLE-derived 3E2 and 4D8 mAbs ........cccoovviiviiinnnn. 55
Figure 1.18, C7 VH S€QUENCE. ......covivviiiiiiiritiicicnr e Appendix, 109
Figure 1.19, 4D8 VH SEQUENCE ......ccecvvvveiniiiiiiiieciiniiesinr e Appendix, 110
Figure 1.20, 4D8 VL SEQUENCE ......ovvvviimiiiiiniiiiicicii et e Appendix, 111
Figure 1.21, 3E2 VH SEQUENCE ......cceoviriiiiiiiiriierciecn e Appendix, 112
Figure 1.22, 3E2 VL SEQUENCE .....cocvivuiiiiiiiiiiieisinrc ettt Appendix, 113
Figure 1.23, ELISA SLE mAbs vs TCR 0/P peptides .....c.cccccoreveirrcniinriiiiicnieeeens 57
Figure 1.24, ELISA SLE mAbs vs CDR1 peptide homologs........ccoveveeiinininnninn, 58
Figure 1.25, ELISA SLE mAbs vs FR3 peptide homologs ..., 59

Figure 1.26, Venn diagram illustrating NADb function .......cccovvimiiicviniinciiini, 61



LIST OF FIGURES - Continued

CHAPTER 2

Figure 2.1, Primers for AB86/HK 14 SCEVS ....cocciviiviiiriecinicicre s 77
Figure 2.2, Catalysis of gp120 by SLE IgG and Lay?2 light chain .........ccccoovinnnnnn 79
Figure 2.3, Gel filtration, IVIG, APH ......cooiiiiiieeecci e 82
Figure 2.4, Gel filtration, S1-1 mADb, ApH ..o &3
Figure 2.5, Western blot, refolded S1-1/HK14 catalytic hybrid ... 84
Figure 2.6, ELISA, refolded S1-1/HK 14 catalytic hybrid.......c.ccooeeenciiniiinicinnniicninnen 85
Figure 2.7, Gel filtration, Ab86 mADb, Aspeed......ccccoeviiiriinniiiicrccrece e, 86
Figure 2.8, Gel filtration, SDS-PAGE reduced Ab86 ........cc.cccoovvemiiiciiiniiiiiecn, 88
Figure 2.9, Western blot, refolded Ab86/HK 14 catalytic hybrid...........cccoovvnnviinnnnnee 89
Figure 2.10, ELISA, refolded Ab86/HK14 catalytic hybrid..........ccocevvivrnnnninninnnen. 92
Figure 2.11, Catalysis of gp160 by Ab86/HK 14 hybrid .......c.cccceevirverivnninencicnenienee 94
Figure 2.12, Catalysis of gp41 by Ab86/HK14 hybrid .......c.ccccoerineiivomnieinicicicenens 95
Figure 2.13, HIV neutralization by Ab86/HK14 hybrid.......c.cocooiiieiiininiicnicnnene 97
Figure 2.14, DNA gel of Ab86/HK 14 SCFV CONSLIUCES ....ccveevenviiiiiiiriicniee e 99
Figure 2.15, Sequence of Ab86/HK 14 VL-VH construct .........ccccccvveervrnnnee. Appendix, 114
Figure 2.16, Sequence of Ab86/HK 14 VH-VL construct.......cccceveeeeervnnnnee. Appendix, 115
Figure 2.17, Western blot, periplasmiC eX{ractions .........c.cceoeveevereiirnecnrenrenenreernnieees 100
Figure 2.18, Western blot, purified SCFVS .....cccooviiviiiieiiieneceree e 100

Figure 2.19, ELISA, purified SCEVS ......ccoimirireiireiectereeiccee sttt enee s 102



LIST OF TABLES
CHAPTER 1
Table 1.1, Examples of shark and human NADS ...
CHAPTER 2

Table 2.1, Activity of Ab86/HK 14 chains and catalytic hybrid........c.ccoocininiinnnini,



10

ABSTRACT
In ancestral sharks, 450 MYA, a rapid emergence in the evolution of the immune system
occurred, giving jawed vertebrates the necessary components for the combinatorial immune
response (CIR). To test the hypothesis that the natural antibody (NADb) repertoire of vertebrate
species has the capacity to recognize any given antigen, and contains antigen-specific
antibodies with consequent innate effector functions, we isolated NAbs from sharks and
humans using a variety of antigens by immune-affinity chromatography. Sharks and humans
have NAbs to TCR Vo/Vf domains and A light chains that are directed against epitopes of
the CDR1 and FR3. Both species additionally have NAbs to the human senescent cell
antigen, which functions by marking aged cells for removal by phagocytes, as well as to
numerous HIV proteins. Sharks and humans, therefore, representing the evolutionary
extremes of species sharing the CIR, have NAbs to a broad range of antigens, indicating
that essential features of the combinatorial repertoire and the capacity to recognize the
potential universe of antigens is shared amongst jawed vertebrates. We have also generated
B cell hybridomas from a patient with SLE that secrete natural IgG or IgM mAbs specific to
the human Jurkat TCR and found that both affinity-purified and monoclonal anti-TCR NAbs
demonstrated essentially the same activities in that they react with the CDR1 and FR3
segments. Lastly, building upon the finding that sharks and humans have NAbs to HIV, we
included anti-HIV mAbs that were generated from HIV-infected persons in our studies. In
addition to opsonizing, neutralizing or directing complement to their targets, some antibodies

with the innate ability to mediate catalysis have been described. Based partly upon the
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fundamental aspects of TCR and Ig structure and function studied by this research group
thus far, we specifically manipulated an innate activity of some antibodies by pairing the
heavy chain from an anti-HIV mAb with a kappa light chain with known catalytic activity,
thereby generating an anti-HIV catalytic antibody. In doing so, we establish proof of concept
in that antibodies can be engineered with specific catalytic activity and generate support of

antibodies as innate players of the combinatorial immune system.
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INTRODUCTION
Antibodies unequivocally function by neutralizing, opsonizing or activating complement
directed at their target. The particular effector functions recruited during an immune response
are dependent on the isotype of antibody secreted by activated plasma B cells at the site. In
most cases, the activation of a B cell into a natural or induced antibody secreting plasma
cell requires 2 signals: the first signal is delivered through the antigen-specific receptor on
the B cell and the second comes from antigen-specific helper T (Th) cells that recognize the
processed antigen/MHC II complex on the surface of the B cell. Occurring in the absence
of purposeful or known exogenous antigenic stimulation, natural antibodies (NAbs) are
recognized as bona fide players of the immune system. Although much investigation into
the mechanism of activation of B cells into NAb secreting plasma cells is still warranted, it
is likely that the activation of NAb secreting B cells involves B and T cell cooperation, as
opposed to activation through the B cell antigen-receptor alone (1). The proliferating,
activated plasma B cell then secretes soluble antibody that can neutralize pathogens by
binding to them and preventing interaction of the pathogen with the target cell receptor.
Additionally, antibodies have the ability to opsonize extracellular microorganisms by binding
to and coating their surfaces, thereby displaying the Fc region of the antibodies, which are
recognized by Fc receptors on phagocytic cells. The coating of a microorganism with
antibodies also can lead to the activation of complement proteins which facilitate opsonization
by interaction with complement receptors on phagocytic cells, recruit phagocytic cells to

the site and directly lyse the microorganism by puncturing its membranes. These activities
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are important in controlling infection of the blood and extracellular fluids, which were
originally called humors and hence establish immunity mediated by antibodies as humoral

immunity.

Other principles basic to humoral immunity include diversity in antigen receptors coming
about from somatic hypermutation and recombination of various genes encoding
immunoglobulins (Igs), as well as from isotype switching and affinity maturation of selected
receptors. During the course of a particular humoral immune response, the surface Ig on
the B cell recognizes and binds the antigen for which its receptor is specific, internalizes,
processes and returns it for display on the B cell surface. Antigen-specific armed Th2 cells
then recognize the processed, displayed antigen and initiate necessary signaling for activation
of the B cell to produce antibody. This principle of linked-antigen recognition by both B
and Th2 cells has implications in the regulation and balance of the immune response. For
example, consider the situation of an auto-reactive T cell in autoimmune disease. It is
unlikely that its tolerance is due to clonal deletion of a specific population of auto-reactive
thymocytes during negative selection and the subsequent lack of signal from the T helper
population to the B cell. But rather, is due to the activation of an auto-reactive T cell
population that has been in a state of immunological ignorance, or inactivation (2, 3). In the
given example, the activated and expanded T cells now may help in the activation of auto-
reactive B cells specific for the same autoantigen the T cell recognizes. From the perspective

of autoimmune disease, it is apparent that antibodies have a significant role, contrary to the
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belief that most autoimmune disease is mediated by T cells. Furthermore, it is likely that
some autoimmune disease arises from a complex pathway of activation of previously silent
autoantibodies, indicating the presence of immunologically inactive autoantibodies in all
individuals. This also indicates that factors other than immunity or genetics are involved in

the etiopathogenesis of autoimmune disease (4-9).

When viewed from the perspective of antigen recognition, recombined and matured Igs and
T cell receptors (TCRs) must have the capacity to recognize the potential universe of antigens,
both exogenous and auto-reactive forms (10). These features of humoral and cell mediated
immunity, the latter brought on by the actions of T cells and TCRs, are fundamental to the
combinatorial immune response (CIR). The CIR is characterized by the presence of TCRs,
Igs, the major histocompatibility complex (MHC) and the recombinase activating gene (RAG)
complex and is found in species as diverse as sharks and humans (11-13). To investigate
the possibility that the CIR has the property in principle to recognize any given antigen, we
have isolated a subset of natural or innate antibodies from both sharks and humans by
immune-affinity chromatography using protein and peptide antigens representative of the
potential universe of antigens. In an extension of these studies, we have also generated sets
of human B cell hyridomas that secrete IgG or IgM monoclonal NAbs to human TCR
epitopes that were derived from patients with Rheumatoid Arthritis (RA) (14-16) or Systemic
Lupus Erythematosus (SLE). Historically, NAbs have been thought to fall into the group of

self-reactive or autoantibodies, but recent studies demonstrate the presence of NAbs to a
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variety of antigens, including phosphorylcholine and various human immunodeficiency
virus (HIV) proteins (17, 18), as well as to numerous other exogenous infectious agents.
Interestingly, Toby Rodman (17) has shown that the sera of normal (HIV negative) humans
and chimpanzees contains innate IgM anti-Tat antibodies that are protective in restricting
pathology induced by Tat by preventing apoptosis of certain T cell populations (17). These
NAbs are not found in the serum of mice or rhesus macaques, thereby limiting their potential

use as animal models of HIV pathogenesis.

Still yet, after isolating antigen-specific NAbs from both humans and sharks, we have
exploited another natural, innate activity of some human and mouse light chains, catalytic
activity, by engineering catalytic activity into human anti-HIV monoclonal antibodies
(mAbs). Interestingly and relatively recently discovered, innate activities of some antibodies
include the ability to penetrate cellular and nuclear membranes (19, 20), to cleave specific
antigenic sites (21-24), or even the ability to catalytically convert oxygen species released
during inflammation or from phagocytic cells with water to form peroxide and an ozone-
like molecule (25-27). These activities add proof to the concept and establish mechanism
demonstrating the role of antibodies in innate immunity. Although we manipulated an anti-
HIV IgG mAD that was generated from the peripheral blood B cells of an HIV-infected
person by replacing its kappa light chain with another kappa light chain known to have
catalytic abilities, there are reports that patients with various inflammatory diseases, including

asthma (28) and SLE (24, 29, 30), produce antibodies with natural or innate catalytic activities.



16

Antibodies, antibody heavy chains and antibody light chains therefore have inherent innate
functions. These studies are based on the premise that the mAb heavy chain directs enough
of the specificity that when recombined with a catalytic light chain of the same isotype as in
the native mAb, the hybrid molecule regains antigen recognition characteristic of the parent
mAb. Although our engineered anti-HIV catalytic antibodies are not natural, the potential
exists for the combinatorial immune system to generate antibodies to infinite viral and

bacterial determinants with innate catalytic activities.

In an attempt to understand how antibodies function in processes outside of the usual
neutralization, opsonization and activation of complement facilitated by antibodies of the
humoral immune response, we explore functions of antibodies classified as innate, in that
they facilitate recognition of any antigen, even in the absence of known exogenous antigenic
stimulation. Still yet, we add proof to the concept that autoimmune or inflammatory processes
arise from the disregulation of previously unactivated, or immunologically naive lymphocytes
by selecting and cloning innate mAbs to human TCRs from patients with SLE. We
characterize these monoclonal NAbs extensively in TCR epitope mapping studies by ELISA
and sequence the VL and VH genes. Finally, we exploit the natural activities of antibodies,
namely antibody heavy and light chains, by specifically pairing the heavy chain of an anti-
HIV gp160/41 mADb with a VkI light chain with known innate catalytic activity. We thereby
generate evidence in support of antibodies as significant and real players of the vertebrate

innate immune system based upon the diversity and functionality of the vertebrate NAb
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repertoire and the characterization and manipulation of a human light chain with known

catalytic activities.
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SPECIFIC AIMS
These studies are directed at understanding the innate activities of antibodies. We believe
that the combinatorial antibody system, ab initio, can duplicate the overall recognition
capacity of the innate immune system. We aim to investigate this possibility by isolating
and characterizing specific NAbs to a broad spectrum of representative antigens by immune-
affinity chromatography from polyclonal shark and human antibody preparations. In an
extension of the affinity purification studies, we also characterize a set of human monoclonal
NAbs specific for TCR epitopes that were generated from a patient with SLE. The central
hypothesis is that the NAb repertoire of vertebrate species has the capacity to recognize any
given antigen, and contains antigen-specific antibodies with consequent innate effector
functions. Furthermore, we propose that the activities of NAbs are innate and bridge together
the adaptive and innate immune systems as one entity, the combinatorial immune system.
In addition to opsonizing, neutralizing or directing complement to their targets, some
antibodies with the innate ability to mediate catalysis have recently been described. Based
on the finding that the heavy chain is the major contributor to antigen specificity and that
catalysis is a property of the light chain, in further effort to understand more about innate
antibody functions, we engineer an anti-HIV mAb with catalytic activity by replacing its
own light chain with a catalytic light chain. In doing so, we establish proof of concept in
that an antibody can be engineered with specific catalytic activity and at the same time

generate support of antibodies as innate players of the combinatorial immune system.
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The specific aims of the overall study are:

Specific Aim 1: Characterize the specific NAbs isolated from Sandbar and Tiger shark

serum, as well as from human polyclonal IgM and IgG, by immune-affinity

chromotography using antigens representative of the potential universe of antigens.

Specific Aim 2: Clone and characterize anti-TCR mAbs that were derived from a patient

with SLE.

Specific Aim 3: Construct protein and recombinant single chain hybrid antibody molecules

made with the heavy chain from an anti-HIV gp160/41 specific mAb and a human Vxl

light chain with known natural catalytic activity.
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CHAPTER 1

INTRODUCTION

The sera of chrondrichtian fish (31-33), teleosts (34), mice (1, 35) and humans (36, 37)
contain natural antibodies (NAbs) to both exogenous antigens associated with infectious
agents (retroviral glycoproteins, phosphorylchloline) and to autoantigens (DNA, TCR, Ig).
NAbs, particularly those of the IgM isotype, appear early in mammalian ontogeny (38) and
are present, albeit in low quantity, in germ-free animals (1). NAbs have been studied in
great detail in mice (35, 39) and humans where both IgG (36, 39, 40) and IgM (1, 39)
antibodies have been reported to have protective roles in defense against viruses and bacteria
(17, 18, 39, 41), to function in immunomodulation or regulation (1, 16, 42, 43) and in

maintaining homeostasis of certain cell populations (37, 44, 45).

Historical reviews of NAbs in autoimmune disease have considered natural and
autoantibodies one in the same (37). Stemming from the opinion that the NAb repertoire
contains immunologically silent autoantibodies that somehow become activated (1, 2) and
the report of elevated serum levels of autoantibodies in patients with autoimmune disease,
the study of NAbs facilitates the understanding of autoantibodies, innate antibodies, the
role of antibody isotype in normal and autoimmune processes (1) and the role of somatic
mutation and affinity maturation in normal and autoimmune processes (1). There is a history
in the literature where NAbs have been described as belonging predominantly to the IgM

isotype that have not undergone somatic mutation or affinity maturation (1, 14, 16). In
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most cases they are also non-pathogenic, which is in contrast to the emergence of pathogenic
autoantibodies that typically have undergone extensive affinity maturation and somatic
mutation in autoimmune/inflammatory diseases (2, 3). The study of natural monoclonal
and polyclonal IgG and IgM human antibodies in both normal and autoimmune disease is
warranted, particularly since NAbs have been implicated in various immunoregulatory
processes (1, 16, 46-48). We (16, 44, 49-52) and others (53, 54) have established that
patients with autoimmune or inflammatory disease have elevated levels of anti-TCR NAbs.
Although we did not generate monoclonal anti-TCR NAbs from healthy individuals, we
instead generated IgG and IgM mAbs from a patient with SLE. In doing so, we aimed to
isolate and characterize human monoclonal and polyclonal NAb populations that have
previously been described as immunoregulatory, as we have already characterized a set of
IgM mAbs of the same specificity from Rheumatoid Arthritis (RA) patients that were shown

to modulate IL-2 production (14, 15).

NADs to various bacterial and viral determinants have also been characterized and shown to
offer innate defense and protection against the invading virus or bacteria prior to encountering
the culprit organism. It is well established that early mediation by neutralizing antibodies
after infection with many cytopathic viruses, including polio, rabies and influenza,
significantly decreases the chances of lethal disease (39). Although the specific role played
by NAbs in prevention against early viral infection and cytopathology remains undetermined

(39), it is apparent that the presence of NAbs to various antigens affords the host
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immunological protection, perhaps by preventing dissemination of the pathogen to organs
and by increasing the immune response in the secondary lymphoid organs by antigen-driven
affinity maturation and somatic mutation. Furthermore, it has been found that HIV negative
(normal) individuals naturally produce IgM antibodies reactive with the HIV Tat protein,
while following a latency period post-infection, anti-Tat IgM titers in HIV positive individuals
decrease and are replenished with IgG anti-Tat antibodies that are not protective, resulting
in an increase in HIV-related pathogenesis (17, 18). Although not completely understood,
the mechanism for protection against pathogenesis of HIV by IgM anti-Tat NAbs exists
such that apopotsis of certain CD4+ T cell populations are suppressed by the action of the

anti-Tat IgM NAbs in normal populations (17).

In addition to acting via an immunoregulatory mechanism, as is proposed for the anti-TCR
mAbs derived from both SLE and RA patients, some NAbs function by maintaining
homeostasis of certain cell populations. For example, the senescent cell antigen (SCA) is
an aging antigen which appearé on aged cells, particularly erythrocytes, perhaps as a result
of oxidative damage, where it serves as a target for binding of regulatory IgG autoantibodies
and in marking cells for removal from circulation by phagocytes (44, 55, 56). Although the
SCA has not yet been cloned in sharks, lampreys, one of two extant groups of agnathan
cyclosomes, have the gene encoding the SCA (57). Placement of lampreys in the evolution
of vertebrate species remains undetermined; however, recent phylogenetic analyses place

lampreys within a group of soft-bodied vertebrates appearing in evolution prior to the
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development of calcium-fortified structures (58-60), suggesting that lampreys arose before
sharks. The lamprey and human SCA sequences are highly conserved, both on the nucleic
(74%) and amino (73% identity; 85% similarity) acid levels (56), most likely indicating

that sharks have a gene encoding a SCA-like protein with similar functions.

Sharks provide a unique model for the study of NAbs since IgM constitutes the predominant,
if not the only class of serum Igs (61) and these molecules comprise approximately half of
the serum proteins (62). As there is no conclusive evidence of affinity maturation in these
shark IgM naturally-occurring antibodies, and they are produced in the absence of known
purposeful antigenic stimulation, it is likely that their functions are innate and perhaps form
the basis of natural antibody-mediated innate immunity (63). Moreover, cartilagenous fish,
sharks, rays and chimeras are of particular interest for the determination of the recognition
profiles and genetic properties of the NAb repertoire because they are considered basal to
all living gnathanstomes (13, 64) and are the most primitive vertebrates possessing the
complete set of elements defining the CIR: Igs, TCRs, MHC products and the RAG genes
(12, 13, 65, 66). Although sharks have had 450 million years in which to evolve following
the ancestral divergence from other gnathanstomes, there has been substantial conservation
in the sequence of the genes specifying the unique elements of the combinatorial immune
system. A consequence of the combinatorial immune system is the potential to generate

recombined antibodies and TCRs capable of recognizing the entire universe of potential
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antigens (10, 67), including exogenous pathogenic determinants and autologous regulatory

elements (68).

We focus upon the NAbs of two related species of Carcharhine sharks, Sandbar ( Carcharhinus
plumbeus) and Tiger (Galeocerdo curvieri), as well as human IgG and IgM monoclonal and
polyclonal NAbs. Specific shark and human NAbs were isolated by immune-affinity
chromatography using a panel of antigens representing a broad range of autologous (DNA,
TCRs, Igs, SCA) and exogenous (phosphorylcholine, HIV glycoproteins, HIV Tat) antigens.
In the case of NAbs to human TCR epitopes, we have expanded these studies to include
data on a set of human monoclonal anti-TCR NAbs that were derived from the peripheral
blood B cells of a patient with SLE. Table 1.1 lists examples of shark and human NAbs,

grouped according to the possible function served by the antibody: those functioning in

Table 1.1 Examples of shark and human NAbs grouped according to function

Sharks (IgM) Human (IVIG / Poly-IgM)
HOUSEKEEPING
anti-DNA Polyreactive Polyreactive
anti-thyroglobulin | Protein specific Protein specific
anti-SCA* Peptide specific SCA?, peptide, protein specific
REGULATORY
anti-Ig anti-human light chains, anti- anti-human light chains, anti-
IgM, anti-MOPC315%*, anti- IgM, anti-IgG, anti-Cy
TEPC15% (rheumatoid factor)
anti-TCR anti-rscTCR, anti-f3, anti-B8, | anti-rscTCR, anti-B3, anti-B8,
Jurkat TCR Jurkat TCR
INFECTIOUS
anti-bacterial anti-phosphorylcholine anti-phosphorylcholine
anti-viral anti-gp120, anti-V3 loop, anti- | anti-Tat
Tat anti-gp41

* Senescent Cell Antigen, * anti-mouse Ig
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homeostasis, a regulatory capacity or those that recognize bacterial or viral determinants,
and consequently may help in preventing infection. Despite the long evolutionary divergence
and dissimilar environments between sharks and Eutherian mammals, unimmunized sharks,
like humans and mice, naturally produce antibodies capable of recognizing autologous and
exogenous antigens. In an attempt to understand more about the diversity of antigens
recognized by the CIR and to see if the vertebrate NAD repertoire is capable of duplicating
the overall antigen recognition capacity of the innate immune system, we have isolated a
diverse range of NAbs from both sharks and humans. We hypothesize that the most widely
divergent vertebrates with the CIR share a common antibody repertoire shaped by both the
evolutionary conservation of genes specifying components of the combinatorial immune
system and the selective effects exerted by infinite endogenous and environmental antigenic

influences.

MATERIALS AND METHODS

Antigens and Immunological Supplies

The expression and purification of recombinant single chain T cell receptor (scTCR),
containing the VDJf sequence of the YT35 f3-chain and the complete Val/Ja3 sequence of
the PY 14 o-chain has previously been described by Lake ez al (69, 70). Frymac, a human
IgMA Waldenstrom macroglobulin myeloma protein, was isolated from plasma kindly
provided by Dr. S. Whittingham of the Walter and Elisa Hall Institute of Medical Research

(Melbourne, Australia) (71). The SLE serum used in these studies was a gift of Dr. John
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Winfield (University of North Carolina, Chapel Hill, NC). Approximately 1-2mls of serum
from each of 50 patients with SLE was pooled together, centrifuged and was first treated by
preabsorbtion on polystyrene beads. The IgG fraction of the pooled SLE Ig was purified

using protein G (SLE IgG), as described below.

Recombinant HIV MN strain gp160, gp120, gp41 and Tat were purchased from
ImmunoDiagnostics, Inc. (Woburn, MA). Sets of overlapping 16-mer peptides were
synthesized and purchased at Mimotopes, Mitokor, (San Diego, CA). These peptides map
the covalent structures of the VB8.1/DB1/JB2.1 YT35 B-chain variable region (TCR B-chain
peptides), the Val/Jo3 PY 14 o-chain variable region (TCR o-chain peptides) and the Mcg
A—chain variable region (Mcg A—chain peptides), as well as sets of peptide homologs
corresponding to the complementarity determining region 1 (CDR1) (CDR1 peptide
homologs) and framework 3 (FR3) (FR3 peptide homologs) segments of various gene
families. Further details and sequences of these peptides are described elsewhere (15).
Additional peptides used in these studies were based on the human SCA, HIV gp120 V3
and V5 loops, and the HIV accessory protein Tat, respectively: SCApA
(SKLIKIFQDHPLQKTYN) and SCApC (LFKPPKYHPDVPYVKR), HI'V gp120 V3 loop
(KSIYIGPGRAFHTTG), V5 loop (TGLLLTRDGGNNNNE) and HIV Tat
(GRKKRRQRRRPP). A male Sandbar shark and male Tiger shark were caught off the
coast of South Carolina in 1983 and blood was collected from the tail veins. The serum was

isolated by centrifugation and was subsequently filtered, aliquoted and frozen. Rabbit
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antibodies were raised against Sandbar and Tiger shark monomeric (7S) (rabbit anti-pkI)
and pentameric (19S) (rabbit anti-pkII) IgM molecules and were prepared by gel filtration
as described previously (72). The highly purified human polyclonal IgG, intravenous IgG
(IVIG), used in these experiments was kindly provided by Dr. Bill Landsperger of Baxter
Biotechnology/Highland division (Santa Ana, CA). Finally, the polyclonal human IgM
immunoglobulin (Poly-IgM) was the gift of Dr. Sebastian Lacroix-Desmazes, Hopital

Broussais, Paris.

Preparation of Immunoaffinity Columns

Recombinant scTCR, Frymac IgMA, TCR 8 peptide, recombinant HIV gp120, gp120 V3
loop peptide or HIV Tat peptide were coupled to Activated CH Sepharose 4B as per the
manufacturer’s protocol with minor modifications (Amersham Biosciences). Briefly,
approximately 2mgs of peptide ligand or 0.5-1.0mgs of protein ligand were dissolved or
dialyzed into 0.1M sodium borate, 0.5M NaCl, pH8. The ligand solution was mixed with
5.0mls of pre-swollen Sepharose gel and was allowed to couple for 4 hours at room
temperature on a rocking platform. Following coupling, the coupling buffer and any
remaining free ligand was washed away with 5 gel volumes of coupling buffer using a
sintered glass filter. Remaining active groups were blocked for 2 hours at room temperature
with 0.1M Tris-HCl, pHS8. The gel/ligand mixture was then transferred into chromatography
columns (1.5 X 10cm, Biorad) and was thoroughly washed and equilibrated in 0.1M Glycine,

pH2.75. Columns were then washed into and stored at 4°C in TBS containing 0.05% NaN.,.
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Affinity Purification

Immediately prior to use, the Sepharose resin was resuspended and washed with 10 gel
volumes of a binding buffer consisting of 50mM Tris, 0.5M NaCl, pH7.5. One hundred
mgs each of IVIG, Poly-IgM, or 10mls of Sandbar or Tiger shark serum diluted 1:2 in
binding buffer was first preabsorbed onto individual BSA-agarose columns. The flow through
of the BSA-agarose columns was taken as the starting material for each of the affinity-
purified materials. Next, the shark and human anti-albumin starting materials were absorbed
onto respective antigen affinity columns and any non-specifically bound protein was washed
off with 5-7 gel volumes of binding buffer. The bound antibodies were eluted from the
affinity columns in 1ml fractions with 0.1M Glycine, pH2.75, and were immediately
neutralized with 2M Tris-HCl, pH8. Fractions with an OD280>0.05 were pooled and dialyzed

into PBS with 0.05% NaN,. The columns were regenerated with TBS and stored at 4°C.

SDS-PAGE

Eleven percent Tris-HCI gels were poured and run using the Mini Protean III system (Biorad).
Gels were poured in advance, were wrapped in cellophane and were stored until needed at
4°C, for up to 2 weeks. Unless the protein concentration is indicated in a particular figure
legend, samples were prepared for SDS-PAGE by diluting them 1:1 in reducing or non-
reducing Laemelli sample buffer (Biorad). The samples were heated at 80°C for 3-4 minutes
in a heating block. Twenty microliters/well of sample were loaded and electrophoresed at

200V for 43 minutes. Gels were fixed with 25% Trichloroacetic acid for 15 minutes, were
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stained with 0.025% Coomassie R-250 in 10% acetic acid for at least 2 hours and were
destained in 5% methanol, 7% acetic acid overnight with one change of the destain solution.
Following destaining, the gels were washed with water and were dried between cellophane

sheets (Amersham Biosciences).

Enzyme-linked Immunosorbent Assay (ELISA)

All incubations were done at 37°C for 1 hour unless otherwise specified. Protein antigens
were coated onto 96 well ELISA plates (Maxisorb, Nunc) at 1pig/ml of protein in Carbonate
buffer, pH9.6, for 1 hour at 37°C, while peptide antigens were coated and dried overnight at
37°C with 10pugs/ml in Carbonate buffer. The plates were thoroughly washed in PBS
containing 0.05% Tween (PBST) and were blocked with PBST containing 0.01% pig gelatin
(Sigma) (blocking buffer). The plates were washed again and affinity-purified antibody at
a starting dilution of 1:10 in blocking buffer was then serially diluted (2-fold) into blocking
buffer, leaving the last row free of affinity-purified primary antibody so as to serve as the
conjugate antibody control. Following washing with PBST, peroxidase-conjugated rabbit
anti-human IgG and peroxidase-conjugated rabbit anti-human IgM (Dako Corporation) at
dilutions of 1:2000 were used as the HRP-conjugated secondary antibodies for the affinity-
purified IVIG and Poly-IgM, respectively. Rabbit anti-shark pkII-IgG, at a dilution of 1:5000,
followed with goat anti-rabbit IgG-HRP (Jackson ImmunoResearch Labs., Inc.) at a dilution
of 1:5000, was used to develop the affinity-purified shark materials. When screening mAb

limit dilution plates, supernatants were diluted 1:5 in PBST blocking buffer, were applied to
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scTCR and peptide coated blocked ELISA plates and were detected with rabbit anti-human
IgG or rabbit anti-human IgM HRP-conjugated antibodies (Dako Corporation), both at
dilutions of 1:2000, for the IgG mAb C7 and IgM mAbs 3E2 and 4D8, respectively. The
ELISA plates were then washed extensively with PBST and were developed with 5’-
Tetramethyl Benzidine (TMB)-HRP substrate (Zymed Labs.), were stopped with 1M HCI
and were read at 450nm. The plotted ELISA data, unless otherwise indicated, are the
absorbances at a dilution of 1:80 from a starting dilution of 1:10 for the shark and human
affinity purification studies and for the SLE-derived IgM mAbs, 3E2 and 4D8 supernatants.
The values plotted for C7 IgG mAb are the absorbances at a concentration of Spgs/ml of
protein G purified C7. With the exception of limit dilution plates, the plotted values are
averages of at least three independent experiments, corrected for background conjugate-

binding and binding to uncoated wells.

N-terminal Sequencing

Affinity-purified an;‘.ibodies diluted 1:1 in Laemelli reducing sample buffer (Biorad) were
electrophoresed for 43 minutes at 200V on 11% Tris-HC] SDS-PAGE gels. The gels and
sequencing grade Immobilon P* membranes (Millipore) were equilibrated for 10 minutes
in 10mM Cyclohexylaminopropane Sulfonic Acid (CAPS), 10% methanol, pH11. The
proteins were transferred to the membrane in CAPS transfer buffer at a constant 410 mAmps
for 90 minutes. Following transfer, the membranes were washed extensively with reagent

grade water and were stained with 0.25% Coomassie R-250 (Fisher) in 50% methanol, 1%
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Acetic Acid for 3 minutes. Membranes were briefly destained in 50% methanol, were
washed with reagent grade water and were stored at -20°C. All protein sequencing was
done at the Laboratory for Protein Sequencing and Analyses, University of Arizona, Arizona
Research Laboratories. The sequences were searched in GenBank for matching protein

and/or DNA sequences using the BLAST P and BLAST X programs, NCBI, respectively.

B Cell Hybridomas

Twenty milliliters of peripheral blood was collected in preservative free heparin from a
patient with SLE. The leukocytes were isolated by density gradient centrifugation using
Histopaque-1077 (Sigma, St. Louis, MO). Room temperature Histopaque (15mls) was
dispensed into 2 sterile 50ml tubes. Blood was diluted with an equal volume of Hanks
Balanced Salt Solution (HBSS) (Fisher), was layered on top of the Histopaque and was
centrifuged at 500Xg for 30 minutes at room temperature. Using a sterile pipet, the
mononuclear cell layer was removed and transferred to another sterile 50ml tube. The cells
were then washed twice with three times the volume of the recovered mononuclear layer
with HBSS by centrifugation at 400Xg for 10 minutes at 18°C. Recovered cells were
resuspended in 10mls of IMDM (Gibco) containing 10% FBS (JRH) and were counted.
Next, monocytes, macrophages and NK cells were depleted using 0.05M L-leucine methyl
ester (L-LME) in serum free RPMI medium. The cells were resuspended in L-LME at a
dilution of 1:10 and were allowed to incubate at room temperature for 35 minutes and then

were washed 3 times in HBSS and were resuspended in 10mls of IMDM-FBS. Following



32

resuspension, the cells were filtered through a sterile fine nylon mesh to remove clumps of
cell debris. The cells in the purified mononuclear layer, now containing just B and T cells,
were counted and it was determined that approximately 71% of the peripheral mononuclear
cells were recovered. The B cells were then purified by negative selection of T cells by
using M-450 CD2 Dynabeads (Dynal). At this point, all solutions were kept on ice and cells
were centrifuged at 10°C. Cells were mixed with the CD2 beads at a concentration of 107
beads / 4 X 108 cells, in a volume determined by multiplying the total number of cells by 4,
and then dividing the number of beads by 4 X 10%. The appropriate volume of resuspended
beads was placed on a magnetic stand for 1 minute and the liquid was pipeted off. The tube
was removed from the magnetic stand and the beads were resuspended in the same volume
of wash buffer (PBS containing 0.25 mM EDTA and human serum albumin) that was used
to resuspend the cells. The tube was placed on the magnetic stand for 1 minute, the liquid
pipeted off and next the cell suspension was added to the washed beads and they were
allowed to incubate at 4°C for 30-45 minutes on a rocking platform. The tube was again
placed on the magnetic stand for 2-3 minutes and the supernatant containing the B cells was
pipeted off, washed and resuspended in 1 ml of IMDM-FBS. Next the B cells were expanded
in a CD40L system at a density of 1 X 10° B cells and 4 X 10*irradiated CD40L transfected
L cells per well in 1ml of IMDM containing 10% FBS, 5% penicillin-streptomycin (PS)
(Sigma), Spgs/ml bovine transferrin and bovine insulin and 10pgs/ml each of I1.-4 and IL-
10 (CD40L media). The cells were left to incubate at 37°C until the B éells were expanded,

approximately 5-7 days and were fed every 2-3 days with CD40L media. The final step in
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generating the B cell hybridomas was PEG fusion of the expanded B cells with a mouse
myeloma fusion partner, P3X63-AG8.653. Sterile 50% PEG-4000 in PBS was prepared
the day before harvest of the B cells and was stored at 37°C. Likewise, 2-3 T75 flasks
(Falcon 3111) of fusion partner cells were in vigorous log phase growth at the time when
the B cells were harvested. Both cell populations were harvested, washed, resuspended in
serum free warmed (37°C) RPMI media and were counted. The B cells (approximately 107)
and P3X63 cells were mixed at aratio of 1:1 in a sterile 50ml tube, were washed and the cell
pellet was incubated for 5 minutes in a 37°C water bath. Half a milliliter of warmed PEG
was added dropwise over a period of 45 seconds into the tube in the water bath containing
the cell pellet with gentle shaking. Next 15mls of warm RPMI was added while gently
shaking the tube as follows: 2mls over 30 seconds, 9mls over 30 seconds and the remaining
media over 30 seconds. After 10 minutes at room temperature, the cells were centrifuged at
400Xg for 5 minutes and were resuspended in IMDM containing 20% FBS, 1 X HAT (Sigma),
5% PS and 10% hybridoma cloning factor (HCF) (Origen, IGEN International, Sigma) at a
density of 1 X 10° B cells/ml. The cells were dispensed dropwise into 96 well plates (Falcon

3072) at 100uls/well and were left in culture for approximately 2 weeks.

Cloning and Selection of anti-TCR mAbs
Approximately 14-17 days after plating the B cell hybridoma cells, the supernatants were

screened for both IgG and IgM ELISA activity (above) using a panel of antigens inclusive

of scTCR, TCR B-chain peptide 83 and the CDR1 peptide homologs V5.2 and VB10.1.
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Fifty microliters of supernatant were gently pipeted off from each well with a 12-channel
pipet and were diluted 1:5 in PBST blocking buffer. The supernatants were then divided
and transferred to blocked ELISA plates coated with scTCR, TCR peptide B3 and the CDR1
peptide homologs VB5.2 and VP10.1. After harvesting the supernatant, 100uls of freshly
made IMDM-FBS, PS containing HCF was added to each well and the culture plates were
returned to the incubator. Wells with positive ELISA activities to scTCR and a least 1 of the
peptides were selected and transferred to 24 well plates (Falcon 3047). The cells were
expanded, screened again by ELISA, this time serially diluting (2-fold) the supernatant on
antigen, and were cloned again by limiting dilution for another 2 rounds. Cells were frozen
in IMDM containing 50% FBS, 10% DMSO, 5% PS after each limit dilution to ensure
survival of the vulnerable clones. After the final round of subcloning, cells that had been
frozen after each limit dilution were discarded. The final monoclonal hybridoma cells were
expanded and frozen in multiple aliquots of approximately 10° cells/vial. High level mAb
secretion (>35ugs/ml) was maintained by completely harvesting the supernatants each day
from T150 culture flasks (Falcon 3112) and replenishing the culture with fresh IMDM-
FBS, PS media. The daily harvesting of cell culture supernatants prevented the supernatants
from becoming acidic. Cells were usually not kept in culture for more than 3 weeks, since
at that time the quantity of secreted antibody would begin to decline. Immediately after
thawing a vial of cells, the culture was expanded in a T10 flask (Falcon 3108) and multiple

vials of cells were again frozen.
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DNA Sequencing of anti-TCR mAbs

The mRINA was isolated from approximately 5 X 10° hybridoma cells that were in vigorous
log phase growth using a micro-fast track mRNA isolation kit (Invitrogen) and was copied
into cDNA (cDNA copy kit, Invitrogen). The cDNA was amplified using the human Ig
primer set (Novagen) and the Advantage 2 polyermase kit (Clontech). The PCR products
were then cloned into the TOPO sequencing vector using the TOPO TA cloning kit
(Invitrogen). DNA was purified from minipreps using the QlAprep 8 miniprep kit (Qiagen)
and the samples were submitted for sequencing at the DNA sequencing facility, Arizona
Research Labs, University of Arizona. The sequences were analyzed using the VBASE
(http://www.mrc-cpe.cam.ac.uk/vbase-ok.php?menu=901) and IMGT (http://imgt.cines.fr/
textes/vquest/) web pages to identify germline best matches, as well as to identify the CDR

and FR portions of the mAbs.

Protein G Purification

IgG was purified from cell culture supernatant using protein G. Briefly, 0.05% sodium
azide was added to harvested supernatant as it was collected over a period of 1-2 weeks
from 2 T150 cultures. The supernatants were centrifuged at 17,700Xg for 20 minutes at
4°C and were stored at 4°C until purified. Usually 2L of supernatant at a time was filtered
using a 0.45micron filter and was then purified on Sml HiTrap protein G columns as described

by the manufacturer (Amersham Biosciences). The elution fractions containing the IgG
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were pooled, dialyzed into PBS, concentrated to 1-2mgs/ml (Amicon, YM membrane),

aliquoted and frozen.

Western Blotting

SDS-PAGE gels were run as described above. Gels and membrane, Immobilon® PVDF
membrane (Millipore), were prepared prior to transfer by briefly soaking in a Tris-Glycine
(pH8.3) transfer buffer. The gels were transferred for 90 minutes at a constant 410mAmps
in transfer buffer. Following transfer, the membranes were blocked in TBS containing
0.05% Tween, 0.01% gelatin and were developed with mouse anti-human IgG or mouse
anti-human IgM AP-conjugated antibodies (Southern Biotech), both at dilutions of 1:2000,
for C7 1gG mAb and 3E2 and 4D8 IgM mAbs, respectively. The blots incubated in conjugate
for 90 minutes at room temperature on a rocking platform. They were next washed with
TBS and developed with NBT/BCIP in AP buffer. They were washed with reagent grade

water and allowed to air dry.

RESULTS AND DISCUSSION

Sharks are the most primitive vertebrate species expressing the complete set of necessary
elements, TCRs, Igs, MHC and the RAG complex, defining the CIR (13, 68). We use
sharks and humans to model the universal NAb repertoire since they represent the
evolutionary extremes of vertebrate species, still alive today, sharing the CIR. In the past,

there has been considerable speculation that the antibody repertoire of sharks is limited (65,
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73) and that polyreactivity contributes substantially to the overall capacity of the response
to recognize the complete set of potential epitopes necessary for both defense and internal
regulation. Our data, however, indicates that the IgM molecules of sharks are not intrinsically

of lower specificity or quality than are the
Figure 1.1. SDS-PAGE of recom-
binant scTCR. Recombinant paprally occurring [gM and IgG antibodies
single chain TCR (scTCR) was ex-
pressed in the pET21d+ expression
system and was purified on NiNTA
(Qiagen). The purified scTCR was
dialyzed into PBS and run on a re-
ducing SDS-PAGE gel (lane 1),
alongside a molecular weight We started by expressing and purifying a
marker.

of humans.

recombinant single chain TCR (scTCR)
construct (Figure 1.1). Recombinant scTCR was coupled to activated CH Sepharose and
Sandbar shark and human polyclonal IgG (IVIG) and IgM (Poly-IgM) anti-TCR NAbs
were isolated by affinity chromatography (Figure 1.2). The affinity-purified materials were
tested for ELISA activity to recombinant scTCR protein, TCR o~ and B-chain variable
region peptides, as well as to sets of peptide homologs corresponding to the CDR1 (3) and
FR3 (88) segments of various gene families. Figure 1.3 demonstrates the specific ELISA

activities of affinity-purified shark and human antibodies to scTCR at a starting dilution of

1 2 3

Figure 1.2. SDS-PAGE of affinity-purified anti-scTCR NAbs. Human
polyclonal IgG (IVIG) (lane 1), Tiger shark serum (lane 2), Sandbar shark
serum (lane 3) and polyclonal IgM (not shown) were affinity-purified on
scTCR-Sepharose. The affinity-purified NAbs were dialyzed into PBS and
run on a reducing SDS-PAGE gel, alongside a molecular weight marker.
The 22 KDa band in the Tiger shark anti-scTCR (lane 2) has been identified
by N-terminal sequencing as belonging to the lectin family and is present in
all Tiger shark affinity-purified materials that were purified using Sepharose.




38

1.5

: —— Sandbar anti-scTCR vs scTCR
o —@— Poly-IgM anti-scTCR vs scTCR
o 1A
= —%¢— IVIG anti-scTCR vs scTCR
=
8 —E— Sandbar anti-scTCR vs oval
2 0.5 .

—~&~— Poly-IgM anti-scTCR vs oval
i ~3e IVIG anti-scTCR vs oval
O‘H 1 g W#T_gr[
10 100 640
Dilution

Figure 1.3. Specificity of affinity-purified shark and human anti-scTCR NAbs. The affinity-
purified shark (IgM) and human IgG (IVIG) and IgM (Poly-IgM) anti-TCR NAbs, at a starfing
dilution of 1:10, were tested by ELISA for binding to scTCR and the irrelevant test proteins ovalbu-
min (oval) and BSA (data not shown).

1:10. The scTCR affinity-purified antibodies bound scTCR, but were negative against the
irrelevant test proteins, ovalbumin and BSA (not shown). Using synthetic peptides
duplicating the covalent structures of the variable regions of the PY 14 TCR ¢-chain and the
YT35 P-chain, it has been possible to define and map the specific epitopes recognized by
the anti-TCR antibodies of sharks and humans. In this epitope analysis, the shark and
human affinity-purified anti-scTCR antibodies reacted predominantly with 2 peptides of
the YT35 TCR B-chain; one corresponding to the CDR1 segment, 3, and the second
corresponding to a section of the FR3, 38, that defines the so-called fourth hypervariable

region of TCR Vs (Figure 1.4). A greater spread of epitope reactivity was observed with

the TCR Vo domain, where major reactivities were against peptides associated with the
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Figure 1.4. Epitope mapping of affinity-purified anti-scTCR NAbs to TCR o/p peptides. Af-
finity-purified shark (IgM) and human IgG (IVIG) and IgM (Poly-IgM) anti-scTCR antibodies
were applied to ELISA plates coated with TCR Va peptides 1-11 and VP peptides 1-11. The Vo
and VP peptides are nested sets of overlapping 16-mer peptides mapping the covalent variable
region structures of the PY14 o-chain (Val/Jo3) and YT35 B-chain (V(8.1/DB1/JB1.2), respec-
tively. Peptide B3 corresponds to the CDR1 segment and peptide B8 to the FR3. The values plotted
for each affinity-purified antibody are average values at a dilution of 1:80. B1 is used in this and in
coming experiments as a TCR peptide negative control.

CDR1 and the FR2, as well as reactivities with both the FR3 and CDR3. We carried out
additional studies to determine the epitope recognition specificities of shark and human
affinity-purified anti-TCR antibodies by comparing ELISA activities to a set of peptides
representing the CDR1 segments of approximately 20 human TCR VJ gene families, the
TCR CDR1 (B3) peptide homologs (Figure 1.5). All three NAb preparations recognized

multiple members of this set of homologous peptides, the members of which are at least

50% identical, all based on CDR1 segments. In this peptide set, B3 is the same peptide as
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Figure 1.5. TCR CDR1 recognition spectratype analysis of shark and human affinity-puri-
fied anti-scTCR NAbs. Affinity-purified shark (IgM) and human IgG (IVIG) and IgM (Poly-
IgM) anti-TCR NAbs were applied to ELISA plates coated with the CDR1 region peptide ho-
mologs. The CDR1 (83) homologs are a set of 16-mer peptide homologs corresponding to the
CDR1 segments of approximately 20 individual human V@ gene families. V[8.1 is the same pep-
tide as B3 and B1 is used as a TCR peptide negative control. The values plotted for each affinity-
purified antibody are average values at a dilution of 1:80.

VP8.1. Upon quick inspection, it may appear that the shark and human anti-scTCR NAbs
bound most of the CDR1 peptide homologs; however, this is expected, as these peptides are
all based on CDR1 segments, all based on the same sequences. Again, peptide 1 is included

as a TCR peptide negative control.

Since all three anti-scTCR antibody preparations reacted strongly with the FR3 (B8) peptide,

we immuno-affinity-purified anti-B8 antibodies and tested the purified antibodies for ELISA
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Figure 1.6. Percent cross-binding of shark and human affinity-purified anti-B8 (FR3) NAbs
to the B8 homologs, as a function of percent identity to peptide B8. Sandbar shark serum, Tiger
shark serum, human IgG (IVIG) and human IgM (Poly-IgM) were affinity-purified on TCR pep-
tide 38, the peptide corresponding to the FR3 segment of the V8.1 TCR f-chain. A) Asetof 6 8 -
homologs representing the FR3 segments of VP gene families was used to measure the percent
cross-binding to the peptide homologs by affinity-purified anti-B8 NAbs as a function of percent
sequence identity to peptide B8. Shark and human anti-B8 NAbs were tested by ELISA for binding
to the set of 8 homologs, and to 31 as a TCR peptide negative control. The values given for
percent sequence identity to peptide B8 were determined as a ratio of the residues in sequence
agreement with peptide $8 (bolded) over the total number of residues, while those given for per-
cent cross-binding are the ELISA sum titers for each homolog, normalized to 38. B) Plot of percent
cross-binding as a function of percent sequence identity to peptide B8 for each of the affinity-
purified anti-B8 antibody preparations. The peptide names are indicated along the top of the graph
and are positioned according to percent sequence identity to peptide 8. Note that peptides V2.1
and 12.1 both have 5 of 16 residues in agreement with B8 and hence are positioned together on the
X axis at 31% sequence identity to peptide 8. B1 is used as a TCR negative control peptide.
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activity to a set of FR3 (8) peptide homologs (Figure 1.6). This peptide set consisted of
only 6 members, each related in sequence to peptide B8. Since this peptide set is small and
is based on the same sequence, it allowed for direct analysis of how sequence relatedness to
peptide P8, the cognate antigen, influenced the extent by which the related peptides were
bound by each of the anti-B8 affinity-purified antibodies. We measured the percent cross-
binding (ELISA sum titer) to each of the FR3 (B8) peptide homologs by affinity-purified
shark and human anti-f38 antibodies as a function of the percent sequence identity to peptide
8. In Figure 1.6A the sequences of each of the $8 peptide homologs and 1 as a negative
control are listed, as a function of percent sequence identity to peptide 8 and as percent
cross-bound, normalized to give binding to peptide B8 equal to 1.0, by each of the affinity-
purified antibodies. A positive relationship exists between percent sequence identity and
the percent cross-binding to the B8 homologs by each of the affinity-purified antibodies.
This is shown directly in Figure 1.6B, which plots percent sequence identity to 38 for each
of the B8 peptide homologs against the percent cross-binding by each of the affinity-purified
antibodies. The peptide names are indicated in the left column of the table (Figure 1.6A)
and across the top of the graiah (Figure 1.6B), above the symbols representing each of the
affinity-purified antibodies. As predicted, this graph demonstrates the presence of a positive
correlation between percent sequence identity to peptide B8 and degree of cross-binding by
the shark and human affinity-purified anti-f8 antibodies. It is clear that sequence relatedness
to peptide B8 influenced the extent by which the affinity-purified antibodies bound each of

the related B8 peptide homologs.
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Next, shark anti-human-IgMA molecules were affinity-purified on the human monoclonal
IgMA macroglobulin protein, Frymac (Figure 1.7A). These antibodies were specific for Igs
and we therefore carried out epitope mapping studies using overlapping peptides duplicating
the complete covalent variable region sequence of the human A light chain Mcg. In parallel
with the results using the TCR B-chain peptides, the affinity-purified anti-IgMA samples
reacted to peptides corresponding to the CDR1 and FR3 segments of the Mcg variable
domain. These results were similar to prior findings with affinity-purified human IgG
autoantibodies against human A light chains (51, 74) and we therefore repeated these studies
with IVIG and the human polyclonal IgM antibody preparation Poly-IgM (Figure 1.7B).
The human anti-IgMA affinity-purified NAbs were found to be reactive in ELISA with the
CDR1 and FR3 peptide determinants of the Mcg A light chain. Interestingly, none of the
natural shark or human anti-IgMA preparations reacted strongly with the Mcg N-terminal
peptide, whereas this was a major epitope recognized by induced Xenoantisera against a
human A light chain (51, 74). We believe that sharks and humans possess NAbs against
TCRs and Igs as a consequence of the fundamental nature of the combinatorial repertoire,
which has the property in principle to recognize the entire universe of antigens (10, 68), as

well as the conserved FR segments of the variable domains of Igs and TCRs (68).

We extended our studies to see if we could isolate NAbs from sharks and humans that

potentially functioned in a capacity other than immune-regulation. Cell surface molecules
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Figure 1.7. Sharks and humans have NAbs to a human IgMA myeloma protein. Sandbar and
Tiger shark serums, as well as human polyclonal IgG (IVIG) and IgM (Poly-IgM), were affinity-
purified on the human Waldenstrom macroglobulin monoclonal IgMA myeloma protein Frymac.
A) Both shark antibodies specifically bind the IgMA protein (Frymac) in ELISA, and not the unre-
lated proteins ovalbumin (oval) and BSA (data not shown). B) Affinity-purified shark and human
anti-IgMA NAbs were tested by ELISA for binding to the Mcg A—chain variable region peptide set.
The Mcg peptides are analogous to the TCR o/f peptides in that they are an overlapping peptide set
mapping the covalent variable region structure of the Mcg A light chain. Peptides Mcg3 and Mcg8
correspond to the CDR1 and FR3 segments of the Mcg light chain, respectively. The values plotted
for each affinity-purified antibody are average values at a dilution of 1:80.
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related to the anion transport protein (band 3 or AE1) are ancient in evolution, occurring in
lampreys (56), as well as in all jawed vertebrates tested thus far, although they have not
been cloned in sharks. The senescent cell antigen (SCA) is derived from this molecule as a
“neoantigen”, possibly as a result of oxidative damage and can be modeled using synthetic
peptides (SCApA and SCApC) (57). Human NADs to SCA serve in a homeostatic capacity
by regulating the balance of cell populations expressing the SCA, in particular red blood

cells. Even though the SCA has not yet been cloned in sharks, it has been cloned in lampreys,

IVIG anti-SCA
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Figure 1.8. ELISA activity of affinity-purified shark and human anti-SCA NAbs. Sandbar
shark serum and human polyclonal IgG (IVIG) and IgM (Poly-IgM) were affinity-purified on a
peptide epitope of the human senescent cell antigen (SCA), SCApC. The SCA is derived from the
AEL! anion transport chain and appears on old, aged cells, in particular red blood cells, and marks
them for removal by phagocytic cells. The affinity-purified anti-SCA NAbs were tested by ELISA
for activity to the cognate SCA peptide, SCApC, and to a related peptide, SCApA. NAbs to SCA
most likely serve a homeostatic function in maintaining the size of certain cell populations. 1 is
used as a negative control peptide.
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lending strong support to the claim that sharks possess a form of the SCA. Interestingly, the
human IgM anti-SCA NAbs, and to a lesser extent the shark anti-SCA materials, displayed
relatively weak ELISA activities to the SCApC peptide and to a related peptide, SCApA, as
compared to the activity of the IVIG affinity-purified anti-SCA NAbs (Figure 1.8). This
most likely indicates that the natural activities of anti-SCA antibodies reside primarily within
the IgG isotype, although they are present in lower titers in both shark and human IgM

antibody fractions.

The final aspect of our shark/human affinity purification studies was the evaluation of Sandbar
shark serum and human IVIG for NAD activity to specific exogenous antigenic determinants.
We chose to use HIV antigens since there is no evidence that sharks are infected with a
similar retrovirus and human IVIG is screened to come from HIV negative donors. Even
though they contain NAbs to HIV determinants (Figures 1.9 and 1.10), shark IgM and
human IVIG are naive with respect to infection with HIV. These anti-HIV antibodies,
therefore, are natural since they were produced in the absence of infection or immunization.
We have reported before that sharks have antibodies to various HIV proteins, in particular
gpl160 (63, 75). After testing the ELISA activity of Sandbar shark serum to various HIV
proteins and peptides (Figure 1.9A), we attempted to isolate specific shark anti-HIV NAbs
using a recombinant HIV gp120 envelope protein, a gp120 hypervariable V3 loop peptide
(pV3 loop) or a peptide version of the HIV accessory protein Tat (pTat) (Figure 1.9B).

Even though the unpurified shark serum weakly bound gp120, both recombinant and peptide
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Figure 1.9. Sandbar shark serum has ELISA activity to various HIV proteins and peptides.
A) Unpurified Sandbar shark serum (SB starting material) that had been treated by pre-absorption
on albumin was tested for ELISA activity at a starting dilution of 1:100 to recombinant forms of
HIV gp160, gp120, gp41 and the accessory protein Tat, as well as to peptides based on Tat (pTat)
and the V3 (pV3 loop) and V5 (pVS5 loop) loop regions of HIV gp120. B) Sandbar shark serum
(SB) was affinity-purified on HIV gp120 V3 loop region peptide (pV3 loop), recombinant gp120 or
on the Tat peptide (pTat). The SB anti-HIV affinity-purified NAbs were tested by ELISA for
binding to recombinant gp160, gp120, gp41 and Tat proteins and to pV3 loop, pV5 loop and pTat
peptides, as well as to BSA. BSA was used as a protein negative control since the Sandbar shark
serum had been treated by pre-absorption on BSA. Note that the Sandbar anti-V3 loop and anti-
gp120 NADbs are started at dilutions of 1:10, whereas the anti-Tat material starts at 1:100.
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forms of gp120 were used in these affinity purification studies to demonstrate the relationship
between the processability of gp160 into gp120 and gp41 and cross-reactivity by anti-gp160/
120/41 specific antibodies. It was found that even when the shark serum was affinity-
purified on gpl120, it had a higher‘ELISA titer to gp160, as compared to gpl120 and gp41.
There was no binding to gp41, which is processed from gp160, most likely indicating that
the affinity-purified shark anti-gp120 NAbs were binding the gp120 segment of gp160. In
the case where Sandbar shark serum was purified on pV3 loop, the affinity-purified material
bound most strongly to pV3 loop, although it too recognized the gp160 protein. Interestingly,
the Sandbar shark affinity-purified anti-pTat NAbs, although purified using the same amount
of starting material, titrated specifically on both the Tat peptide and recombinant protein at
a starting dilution 10-fold greater than that used with the anti-pV3 loop and anti-gp120
materials. Although we attempted only 3 Sandbar shark anti-HIV affinity-purifications, all

3 yielded NAbs that were specific for either the purifying cognate or a related antigen.

Although there have been reports of IgM anti-HIV activity in sera pooled from normal,
healthy, HIV negative individuals (17), we were surprised to isolate specific IgG NAbs to
the HIV Tat peptide and recombinant gp41 protein from IVIG (Figure 1.10). Interestingly,
the IVIG anti-pTat NAbs only bound the peptide form of Tat, and not to the recombinant
protein. This is in contrast to what happened with the anti-pTat material isolated from
Sandbar shark serum (Figure 1.9B), which bound both the peptide and recombinant Tat. In

addition to anti-Tat activity, the unfractionated IVIG was also positive in ELISA for binding
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Figure 1.10. Human IVIG has ELISA activity to HIV gp41 and Tat. Human polyclonal IgG
(IVIG) that had been treated by pre-absorption on albumin was tested for ELISA activity to HIV
gpl120 V3 (pV3) and VS5 (pV5) loop peptides, recombinant HIV envelope proteins gp160, gp120
and gp41, and to recombinant (rTat) and peptide (pTat) forms of HIV Tat. The IVIG reactived to
gp41 and Tat and was subsequently affinity-purified on the Tat peptide. The IVIG anti-pTat NAbs
specifically bind to the Tat peptide, but not to recombinant Tat. BSA is used as a negative control
protein.

to recombinant HIV gp41, but not to gp160 or gp120. The presence of these antibodies
which are readily isolated from both shark IgM and human IVIG indicates that the NAb
repertoire includes antibodies to HIV or retroviral determinants, some of which may offer a

first line of defense against infection or pathology resulting from the virus (17, 18).

After isolating and confirming the specificity of various shark NAbs, and to identify the

shark p-chain and light chain gene usage patterns, we subjected the shark reduced antibody
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Figure 1.11. Western blots of shark affinity-purified NAbs prior to N-terminal sequencing.
Sandbar and Tiger shark affinity-purified NAbs were run on reducing SDS-PAGE gels and were
transferred to sequencing grade PVDF membranes, which were submitted for protein sequencing.
These representative blots of Sandbar (A) and Tiger (B) shark affinity-purified NAbs to scTCR
(lane 1), DNP (lane 2) and SCA (lane 3) were developed with rabbit anti-shark IgG, followed with
AP-conjugated goat anti-rabbit IgG. Both blots are overdeveloped since they were loaded with the
maximum amount of affinity-purified antibodies so as to be seen when stained with 0.25% Coomassie
R-250 for N-terminal sequencing.

heavy and light chains to N-terminal protein sequence determination. The N-terminal heavy
chain sequences established the presence of Sandbar (Figure 1.11A) and Tiger (Figure 1.11B)
shark p heavy chain. The light chains isolated from Sandbar shark matched best with the
Sandbar shark gene sequences from our database and are closely related to the human VA6
light chain family. However, it is of note that the sequence obtained for the anti-
phosphorylcholine (PC) light chain had its closest similarity to a Nurse shark kappa chain
(76) that was isolated by affinity chromatography using bacterial carbohydrates (77). Kappa
chains appear to be only rarely expressed in Sandbar sharks as judged by the gene cloning
and immunochemical studies, but this result with affinity-purified antibodies clearly indicates
that it is presént as a minor isotype. With respect to the heavy chain protein sequences, we

were able to obtain partial i heavy chain N-terminal protein sequence using Sandbar and
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Figure 1.12. N-terminal protein sequences of shark affinity-purified NAbs. Affinity-purified
Sandbar, Tiger, or Nurse shark NAbs were run on reducing SDS-PAGE gels, were transferred to
sequencing grade PVDF membranes and were submitted for protein sequencing. Residue posi-
tions in agreement with the consensus are shown in light gray shaded boxes and in the case where
there are 2 consensus sequences the second is shown in darker gray. The shark N-terminal protein
sequences are aligned to the gene sequences of our Sandbar shark VH (SbSVHC12 and SbSVHC19)
and VA (SbSVLS.1 and SbSVLU11) clones, and to published human VA6 and V3 database matches.
Residues indicated with question marks (?) are most likely either D or I, although unconfirmed.
scTCR: recombinant single chain TCR, thyro: thyroglobulin, PC: phosphorylcholine, V3 loop:
HIV gp120 V3 loop region peptide.

Tiger shark anti-scTCR, Sandbar anti-thyroglobulin, Sandbar anti-phosphorylcholine and
Sandbar anti-pV3 loop affinity-purified NAbs (Figure 1.12). In comparison with Sandbar
shark VH sequences determined by DNA sequencing, the shark affinity-purified NAbs
represent shark VH sequences found in our database (SbSVHC12 and SbSVHC19) (75,
78). It will be interesting to determine the heavy chain CDR usage since studies with the

NADbs of humans and mice have established that the heavy chain CDR3 is a major segment



52

in determining both specificity and capacity for polyreactivity (14, 63, 79-81). It is
noteworthy in this context that, of the approximately 60 VH sequences in our database (11,
78, 82), there is no apparent match of the shark heavy chain CDR3s with those of humans or
mice. This result is not surprising, however, because even within humans (14, 81, 83) and
mice (43), monoclonal natural IgM autoantibodies selected against the same TCR epitopes
tended to show little or no sequence identity in the heavy chain CDR3 segments. These
heavy and light chain N-terminal sequences are of particular and continuing interest in
understanding Ig evolution and will be used in primer design for a shark recombinant

monoclonal antibody phage display library.

In an extension of our NADb affinity purification studies, we have generated and characterized
a set of mAbs that were derived from the peripheral blood B cells of a patient with SLE. In
addition to contributing to the investigation of autoantibodies from patients with autoimmune
disease, the derivation of mAbs specific for the same TCR peptides and scTCR protein used
in the shark and human anti-TCR NAb studies facilitates further investigation of this

population of NAbs with the eventual goal

Figure 1.13. SDS-PAGE of pro-
tein G purified SLE serum. Se-
rum from approximately 50 pa-
tients with SLE was pooled to-
gether and purified on protein G.
The purified IgG fraction was dia-
lyzed into PBS and run on a reduc-
ing SDS-PAGE gel (lane 1), along-
side a molecular weight marker.

being characterization of functional activity.
It is well established that patients with
autoimmune disease produce increased

levels of anti-TCR NAbs. We confirmed

this finding by testing protein G purified
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Figure 1.14. ELISA activity of SLE IgG to TCR CDR1 peptide homologs. The pooled IgG
fraction of approximately 50 patients with SLE and IVIG as a control were tested by ELISA for
binding to a set of TCR CDR1 peptide homologs, representing the CDR1 segments of various V3
gene families. The values plotted are absorbances at Sug/ml of SLE IgG or IVIG. Although the
SLE IgG and IVIG bind many of the same peptides, which is expected since the peptides are all
based similar sequences, binding to 2 of the peptide homologs, V5.2 and VB10.1, is unique to the
SLE IgG. Bl is included as a TCR peptide negative control.

IgG from pooled SLE serum (SLE 1gG) (Figure 1.13) and IVIG for ELISA activity against
the CDRI1 (B3) peptide homolog set (Figure 1.14). It was found that although the SLE Ig
and IVIG generally reacted with the same homologs, in the case of 2 of the CDR1 homologs,
VP5.2 and VB10.1, only the SLE Ig reacted. Given the unique binding to the CDR1 segment
of the V5.2 and VP10.1 gene families by the IgG isolated from pooled SLE sera, TCR B-
chain peptide 3, CDR1 peptide homologs VB5.2 and VB10.1, and recombinant scTCR
were selected for use as screening antigens in the generation of B cell hybridomas from a

patient with SLE. A single IgG and 2 IgM B cell hybridomas were generated from the
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Figure 1.15. Selection of SLE IgG mAb C7. C7 is an IgG mAb that was derived from a patient
with SLE. It was cloned by ELISA selection on recombinant scTCR, TCR peptide $3, and the
CDRI1 peptide homologs VB10.1 and VB5.2. Both supernatant (left) and protein G purified mate-
rials (right) demonstrate similar ELISA profiles. 1 is used as a TCR peptide negative control.
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Figure 1.16. SDS-PAGE/Western blot of purified C7. Protein G purified C7 was run on reduc-
ing SDS-PAGE gels that were either Coomassie stained (A) or transferred to membrane and devel-
oped with mouse anti-human IgG-AP (B). The stained gel was loaded with Spg/well of 1gG from
two different lots of purified C7 that had been concentrated to Img/ml (lane 1) and 2mgs/ml (lane
2). The gel for Western blotting was loaded with 0.5ug/well of IgG from the same C7 purifications
that had been concentrated to 1 (lane 1) and 2 (lane 2) mgs/ml. The AP-conjugated anti-human IgG
antibody identifies the 55KDa band on the gel and blot as y-chain.

peripheral blood B cells of a patient with SLE. The ELISA profiles used in the selection of
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C7 IgG mAD are represented in Figure 1.15 and the corresponding SDS-PAGE gel and
Western blot of purified C7 in Figure 1.16. Likewise, Figure 1.17 contains the ELISA
profiles used in the selection of 3E2 and 4D8 IgM SLE-derived mAbs. Even though positive
wells were selected on scTCR during the cloning of C7, 3E2 and 4D8 mAbs, the final 3E2
and 4D8 clones were virtually negative on scTCR and purified C7 demonstrated only weak
activity. It is possible that this is due to the use of different lots of scTCR, which may have
refolded differently. It is also possible that these mAbs bind peptide only, perhaps by

recognizing an epitope or configuration seen in the peptide but not in the recombinant protein.
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Figure 1.17. Selection of SLE IgM mAbs 3E2 and 4D8. A) 3E2 and B) 4D8 are IgM mAbs that
were derived from a patient with SLE. They were cloned by ELISA selection on recombinant
scTCR, TCR peptide 3, CDR1 homolog V5.2 and CDR 1 homolog VB10.1. 1 is used as a TCR
peptide negative control.
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Before characterizing C7, 4D8 and 3E2 mAbs in terms of specificity, sequence analysis has
revealed that the ¥ heavy chain of C7 (Figure 1.18, Appendix) had undergone apparent
antigen-specific activation and affinity maturation as evidenced by the number of somatic
hypermutations clustered in and around the CDR1 and the CDR2 segments, although there
too are a number of mutations distributed throughout the FR3 and FR4 segments. The IgM
mAbs derived from both SLE (Figures 1.19, 1.20, 1.21, and 1.22, Appendix) and RA patients
(14, 15) had sequences essentially unmutated from the germline parent. In contrast, the VH
region of C7 has 24 base changes in total, only 3 of which are synonymous. Consistent with
C7 being an IgG, it is apparent that the autoantibody had been subjected to a process of
affinity maturation. Another feature of C7 was the substantial N-region deletion that occurred
at the 3’ end of the D and 5’ end of the J region, resulting in a particularly short CDR3.
Although at this stage we have sequenced and characterized just one IgG mAb, the results

are as expected for VH usage in this isotype as opposed to IgM.

Much like the data obtained from the TCR affinity purification studies, the SLE-derived
mAbs selected on TCR protein and peptides characteristically bound peptide epitopes of
the CDR1 and FR3. Essentially the same pattern seen with the shark and human affinity-
purified anti-TCR NAbs was seen when C7, 3E2 and 4D8 mAbs were tested in ELISA
against the TCR a-~chain and B-chain peptides, with the exception that the IgM mAbs did
not bind the FR3 peptide 8 (Figure 1.23). Recall that peptide 8 was not one of the

screening peptides used in the selection of these mAbs. Again, reactivity with the TCR o-
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Figure 1.23. ELISA of SLE mAbs vs TCR o/ peptides. Protein G purified C7 and 4D8 and 3E2
IgM supernatants were applied to ELISA plates coated with TCR Va. peptides 1-11 and VP pep-
tides 1-11. The Vo and V[ peptides are nested sets of overlapping 16-mer peptides mapping the
covalent variable region structures of the PY 14 (Val/Ja3) a-chain and YT35 (VP8.1/DB1/181.2)
B-chain, respectively. Peptide B3 corresponds to the CDR1 segment and peptide B8 to the FR3.
The values plotted are average values at Sug/ml for C7 and at a dilution of 1:80 for the IgM 3E2
and 4D8 supernatants. P1 is used as a TCR peptide negative control.

chain peptides was greater in terms of epitope recognition than was observed with the p-
chain peptides for all 3 mAbs. When tested against the set of CDR1 (B3) peptide homologs,
C7,3E2 and 4D8 displayed generally similar activities with regards to homologs recognized
and strength of signal (Figure 1.24). However, even though they were all selected on both
the VPB5.2 and VPB10.1 CDR1 homologs, at the dilution plotted in the CDR1 analysis, all 3
displayed relatively weak ELISA activities to VB5.2, while at the same time, C7 and 3E2
demonstrated intermediate and 4D8 strong binding to the CDR1 peptide homolog VB10.1.
This is in contrast to the profile generated when pooled SLE IgG was tested in the CDR1
peptide recognition spectratype analysis. Furthermore, it is interesting that the monoclonal

anti-TCR NAbs only recognized the V8.1 (83) and VB10.1 homologs in the CDR1 peptide
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Figure 1.24. TCR CDRI1 recognition spectratype analysis of SLE mAbs. Protein G purified C7
and 4D8 and 3E2 IgM supernatants were applied to ELISA plates coated with the CDR1 region
peptide homologs. The CDR1 ($3) homologs are a set of 16-mer peptide homologs corresponding
to the CDR1 segments of approximately 20 individual human Vf gene families. V8.1 is the same
peptide as 33 and P1 is used as a TCR peptide negative control. The values plotted are average
values at 5pug/ml for C7 and at a dilution of 1:80 for the IgM 3E2 and 4D8 supernatants.

homolog set, as the mAbs were selected on these peptides. When tested against the FR3
(B8) peptide homologs, a positive correlation between percent sequence identity to peptide
B8 and degree of cross-reactivity by C7 mAb was appreciated (Figure 1.25). 3E2 and 4D8
mAbs were tested in this analysis, but were omitted since they were negative for binding to
the FR3 peptide 8 and the $8 homologs. However, the relationship between percent
sequence identity to 8 and degree of cross-binding to each of the homologs was seen with
3E2 and 4D8 mAbs, since they did not bind 88, nor did they bind any of the related homologs.
Given the generally similar reactivities between the polyclonal affinity-purified shark and

human anti-TCR NAbs and monoclonal anti-TCR NAbs derived from a SLE patient, with
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Figure 1.25. ELISA of SLE mAbs vs TCR FR3 peptide homologs. Protein G purified C7 and
4D8 and 3E2 IgM supernatants were tested for ELISA activity to the TCR FR3 peptide homolog
set. A) A set of 6 B8 homologs representing the FR3 segments of V§ gene families was used to
measure the percent cross-binding to the peptide homologs by each monoclonal as a function of
percent sequence identity to peptide 8. However, since the IgM mAbs 4D8 and 3E2 did not bind
peptide 38 in the TCR B-chain peptide set, they were omitted from this analysis. Recall that all 3
mAbs were selected on scTCR, peptide B3, the CDR1 homologs, V5.2 and VB10.1, but not on
peptide $8. The values given for percent sequence identity to peptide $8 were determined as a ratio
of the residues in sequence agreement with peptide 8 (bolded) over the total number of residues,
while those given for percent cross-binding are the ELISA sum titers for each homolog, normalized
to $8. B) Plot of percent cross-binding as a function of percent sequence identity to peptide P8 by
C7 IgG mAb. The peptide names are indicated along the top of the graph and are positioned
according to percent sequence identity to peptide 8. Note that peptides V2.1 and 12.1 both have
5 of 16 residues in agreement with B8 and hence are positioned together on the X axis at 31%
sequence identity to peptide B8. The values plotted are average values at Sug/ml for C7. Bl is used
as a TCR negative control peptide.
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those derived from RA patients of similar specificities that have previously been described
as being immunuregulatory (16), we believe it is likely that anti-TCR antibodies in some
capacity mediate immunoregulatory processes, particularly since anti-TCR antibodies have
an established role in autoimmunity (16, 50-53, 84). Furthermore, these observations lend
support to the claim that the NAb repertoire contains autoantibodies that arise out of

disregulation (3).

Here we have carried out a detailed analysis, using a broad range of antigens, accessing the
diversity of antigens recognized by the combinatorial immune system. Even though we
have used a finite number of antigens, our studies indicate that the NAb repertoire is diverse,
universal and capable of recognizing any given antigen, exogenous or self. We have isolated,
characterized and sequenced a collection of antibodies from sharks and humans representative
of the universal NAb repertoire. We have tested the hypothesis that the combinatorial immune
system, ab initio, is capable of duplicating the overall antigen recognition capacity of the
innate immune system and concur that the CIR indeed does have the ability to recognize the
universe of potential antigens. Furthermore, we believe that NAbs prime the immune system
by having available antibodies to an agent not yet seen by the combinatorial immune system,
giving the humoral side of the immune system the necessary time to generate a full adaptive
immune response, including discrimination as self or non-self. In the case when that antibody
is specific for a self-antigen, we are reminded that any antibody, natural or induced, when

left unregulated, as is the case when an anti-TCR monoclonal NAb inhibits the production
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Homeostatic /
Housekeeping

anti-DNA
anti-thyroglobulin
anti-SCA

Figure 1.26. Venn diagram illustrating NAb function. NAbs function in maintaining homeosta-
sis of certain cell populations, in immunoregulatory processes or in defense against infection. Af-
finity-purified polyclonal and monoclonal human NAbs of various specificities are grouped accord-
ing to potential function. This diagram emphasizes the interaction of NAbs with respect to each of
these functions and demonstrates how autoimmune disease may develop, perhaps by shifting the
CD4/CDS8 or Th1/Th2 balances. Due to a conserved peptide sequence between HIV V3 loop and
TCR FR3 epitopes, HIV-infected persons have increased anti-TCR antibodies (85). Molecular mim-
icry between these epitopes potentially explains the increased titers of anti-TCR antibodies in HIV
patients and establishes a mechanism for autoimmune activity in HI'V infection. We have proposed
that molecular mimicry between HTLV-1 related endogenous retrovirus (HRES-1) and the small
ribonucleoprotein complex (sn-RNP) initiates the production of autoantibodies, leading to immune
complex formation, complement fixation and pathological tissue deposition (4). This theory ex-
plains both the presence of autoantibodies and anti-retroviral antibodies in patients with SLE, for
example.

of IL-2, potentially effecting the Th1/Th2 balance (16), a mechanism for the initiation of

autoimmune disease beécomes apparent (Figure 1.26).

The implications of studying a specific set of natural monoclonal and polyclonal antibodies

of the same specificity are relevant to the fields of autoimmune/inflammatory disease, the
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evolution of the immune system and the NAb repertoire, Immunology in general, and as we
have proposed, bridge the innate and adaptive immune systems together as one entity, the
combinatorial immune system. Still yet, the study of NAbs has relevance to other disciplines
including HIV pathogenesis, since it has been shown that HIV patients have increased
autoantibody activities, in particular autoantibodies directed at TCR epitopes (85). Lake et
al (85) reported that the occurrence of autoantibodies to the TCR CDR1 and FR3 epitopes
was 10-fold higher in HIVIG (IgG from HIV patients) than in IVIG and went on to find a
conserved peptide sequence between the HIV gp120 V3 loop region and the FR4 segment
of a TCR VP chain. Antigenic mimicry, between the HIV V3 loop and the FR4 segment of
TCR VB chains, potentially explains why patients with HIV have increased antibody titers
to TCR determinants. It also establishes a mechanism for autoimmune type activity in

retroviral infection.
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CHAPTER 2

INTRODUCTION

The observation of sequence identity between the CDR1 segment of Bence Jones light
chains and the active site region of serine proteases led Erhan and Greller (86) to propose in
1974 that Ig light chains may possess proteolytic activity. Using anew (in 1974) Ig sequence
database, at least five IgA Bence Jones sequences that were isolated from multiple myeloma
patients were predicted by Erhan and Greller to have serine protease-like activity since their
CDR1 segments contained the Ser-His-Asp triad identified as the active catalytic site in
serine proteases. Contrary to the suggestion that antibody catalysis is a rare phenomenon,
more recent studies suggest that the majority of Bence Jones proteins are capable of cleaving
synthetic peptide and protein substrates (87-90). In addition to catalytic Bence Jones proteins,
autoantibodies from patients with SLE, RA and Sjogren’s syndrome (SS) are reported to
have innate catalytic capabilities (90-92). Although the selection process and frequency of
occurrence still remain to be determined, it is clear that specific catalysis by antibodies is an
innate behavior and given the diversity of the NADb repertoire, the potential exists to generate

catalytic antibodies with virtually any specificity.

The catalytic activity of Igs is known to be a property of the light chain variable region,
either kappa or lambda, since Bence Jones proteins and recombinant VL constructs have
demonstrated proteolytic activities. Mutagenesis studies also indicate that the catalytic

residues are encoded by VL germline genes and that somatic mutations are important in
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developing the activity. As compared to their putative germline gene counterparts, the
mutations tend to cluster in the CDRs, suggesting that the catalytic light chains are products
of an antigen-driven affinity maturation process. Itis likely that catalytic antibodies, therefore,
arise as a result of natural processes where catalytic activity either develops spontaneously
in an existing antibody or concurrently with the selection and maturation of an antibody

93).

In large, these prototype catalytic antibodies were described as being polyreactive in that
they cleaved very short variable synthetic peptide substrates and were not specific for any
particular substrate. Among the first characterized were antibodies with proteolytic activity
to vasoactive intestinal peptide (VIP) that had been isolated from a patient with asthma (28,
94). VIPis a neuropeptide with immunoregulatory consequences that is capable of mediating
both innate and adaptive immune responses (30) by functioning as a potent smooth muscle
relaxant, by its involvement in the regulation of cytokines by Th cells and by its influences
on the expression of regulatory molecules including Fas ligand (30). Although no direct
role by VIPase-specific catalytic antibodies has directly been implicated in the
etiopathogenesis of classical autoimmune disease, antibodies of other specificities with
catalytic activity are certainly involved in SLE (28, 30, 90, 91, 94), RA (90), SS (90) and

autoimmune thyroiditis (30, 91).
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Another group of prototypical catalytic antibodies were identified in and isolated from patients
with hemophilia A (95). Severe hemophiliacs are treated with large doses of soluble Factor
VI and approximately 25% of these patients develop IgG alloantibodies against Factor
VIII, some with proteolytic activity (95-97). Interestingly, Lacroix-Desmazes et al (95)
reported that the plasma concentration of Factor VIII after infusion was 0.13-0.67nM and
assuming a modest catalytic rate constant of 0.026 per minute, the total amount of Factor
VIII infused would be hydrolyzed within 0.15-0.77 seconds. This data strongly suggest
that catalysis by anti-Factor VIII antibodies is potentially a significant source of Factor VIII

inactivation in hemophilia patients treated with large doses (95).

With respect to rates of catalysis by antibodies, antibodies generally are viewed as having
poor kinetics, particularly when compared to enzymes. This behavior is explained by
understanding the balance between antibody on- and off-rates. By virtue of the nature of
high-affinity antigen-antibody interactions, the rate of release of antibody from its antigen
is low and is inversely related to binding affinity. The kinetic parameters of catalysis are
determined by fitting data to the Michaelis-Menton equation { V=(V__ x antigen conc)/(K
+ antigen conc)}. Since catalytic antibodies of various specificities have been implicated in
the pathology of autoimmune or inflammatory diseases (87, 93, 98, 99), the analysis of the
kinetic parameters of catalysis by antibodies of various specificities and their antigens would

perhaps then reveal more about the pathology induced by catalytic antibodies.
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Although some catalytic antibodies are pathological, the potential for the use of specific
catalytic antibodies as therapeutic agents for the treatment of infectious agents, including
HIV, and certain cancers is enormous. Since catalytic activity is a property of the light
chain, monoclonal or single chain recombinant antibodies can be engineered to have catalytic
activity by pairing a catalytic light chain with an antigen-specific heavy chain. Catalytic
antibodies specific for HIV glycoproteins gp160, gp120 or gp41, as opposed to neutralizing
antibodies to the same targets, offer the possibility of effective passive immunotherapy for

infection and elimination of the toxic effects of the soluble form of gp120.

Neutralizing antibodies to gp120 and gp41 are found in most infected patients, but are
usually strain specific due to the high sequence variation/mutation that occurs in the envelope
glycoproteins. The immune system, however, is not able to eliminate the virus for several
reasons: 1) Cell to cell spread avoids recognition by antibodies, 2) The immune system is
unable to keep up with the rapidly mutating virus, 3) HIV establishes a persistent infection
and integrates into host chromosomes, 4) There is impaired B and T cell function, and 5)
The development of AIDS with opportunistic infections overwhelms the immune system.
Neutralizing antibodies aré likely to play a role in limiting viral replication during the early
asymptomatic stages, but titers are generally very low and may even favor the selection of
resistant mutants. High affinity neutralizing antibodies block viral entry by binding tightly
to gp120, causing it to become detached from the virion and subjecting nearby cells to its

toxic effects (100). Gp120 is readily released from purified virus particles by washing the



67

preparations at neutral pH in physiological buffers, leading to the possibility that the protein
is shed from infected cells and virus particles in vivo. Purified gp120 is toxic for cultured
neurons (101, 102) and uninfected T cells coated with gp120 are lysed by antibody-dependent
cell mediated toxicity (103). Furthermore, the gp120-gp41 complex induces apoptosis of
CD4 positive T cells (104) and gp120 binds complement proteins (105, 106). There has
been considerable interest in the possibility that gpl120 contributes to neural damage in
AIDS, perhaps by the shedding of soluble gp120 and its effects on cytokine production by
infected cells (107-109). Again, anti-gp120 catalytic antibodies offer the possibility of

treatment against infection with HIV and elimination of the toxic effects of soluble gp120.

Perhaps the main reason why neutralizing antibodies are inefficient in controlling HIV
infection is that neutralizing antibodies bind gp120 stochiometrically. What this means is
that each gp120 molecule must be bound and remain bound by a neutralizing antibody to
prevent interaction with CD4. Any gp120 molecules that are not blocked by a neutralizing
antibody are free to interact with the CD4 receptor on target cells. In comparison, a single
anti-gp120 catalytic antibody could recognize, bind and cleave a molecule of gp120 and
would then be free to move to another gp120, either on the same or a neighboring virion.
Cleavage of gp120 will result in permanent inactivation of gp120 and a single catalytic
antibody molecule can be used to inactivate multiple gp120s. Through the mechanism of
specific antibody catalysis, therefore, the efficacy of neutralization by an anti-HIV

neutralizing antibody may be increased by catalytic inactivation of its target. Moreover, a
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non-neutralizing anti-HIV antibody may be engineered to have catalytic activity, thereby
converting a non-neutralizing antibody into a neutralizing antibody through the mechanism

of catalysis.

Antibodies with specific natural anti-HIV catalytic activities have been identified in patients
with SLE (29) and other autoimmune or inflammatory diseases. It therefore should be
possible to isolate anti-HIV antibodies with innate catalytic activities directly from SLE
patients or from an antibody phage display library generated from the B cells of SLE patients.
We have chosen another approach in the design of anti-HIV antibodies with catalytic activity.
To establish proof of concept demonstrating that an antibody can be engineered to incorporate
specific innate activities, we have paired the heavy chain from an anti-gp160/41 specific
mADb with a catalytic light chain. The focus of these studies is not to screen or isolate new
catalytic light chains, but rather is to impart catalytic activity into an anti-HIV mAb such
that the potential of engineered antibodies as therapeutic agents may be realized. These
studies are based on the presumption that the heavy chain is the major contributor to antigen
recognition and binding, which is supported in the literature (110-112). We therefore
hypothesize that the mAb heavy chain directs enough of the specificity that when its light
chain is replaced with a catalytic light chain of the same isotype, the engineered catalytic
antibody would maintain specificity characteristic of the native mAb. Furthermore, based
in part upon the finding that autoimmune patients have an over expression of catalytic

antibodies and the observation of catalytic antibodies in healthy humans (42) and mice, we
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propose that the combinatorial NAb repertoire contains antibodies of various specificities

with innate catalytic activity.

MATERIALS AND METHODS

Cloning and Selection of anti-HIV mAbs, HK14 Catalytic Light Chain

The human anti-HIV mAbs used in these studies were kindly provided by Dr. Douglas
Lake, University of Arizona. Four IgG-secreting hybridoma lines (Ab86, S1-1, P53 and 1)
were cloned by limiting dilution, plating at 5, 1 and 0.2 cells/well in 96 well flat bottom
plates (Falcon 3072), for three rounds in IMDM (Gibco) containing 20% FBS (JRH), 10%
hybridoma cloning factor (HCF) (Origen, IGEN International, Sigma) and 5% PS (Sigma).
The cells were left to grow for a period of approximately 2 weeks at 37°C and the media
was replenished once. The plates were viewed under the microscope and were screened
when approximately 30% of the wells had visible, established colonies. Fifty microliters of
supernatant was taken from each limit dilution plate and was diluted one to five in PBST-
gelatin. The supernatants were screened for IgG activity in a capture ELISA and for direct
binding to recombinant HIV gp160, gp120 or gp41 (described below). Positive colonies/
wells were transferred to 24 well culture plates (Falcon 3047) in IMDM (FBS, HCF, PS),
were allowed to expand and were screened again by ELISA. At this point, approximately
5-10 subclones of each mAb were frozen and 2 subclones of each mAb were selected for 2

more rounds of limit dilution. Final clones were frozen in aliquots in IMDM containing
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50% FBS, 10% DMSO, 5% PS at 1 X 10° cells/vial. High level antibody secretion (25-
40pg/ml supernatant) was maintained by establishing the cells in T75 flasks (Falcon 3111)
and then transferring them to T150 flasks (Falcon 3112). Once a monolayer of the cells had
established, the media was changed out each day completely, yielding 2-3 liters of supernatant
in a period of a week. The IgG was purified from supernatant using protein G (Amersham
Biosciences), as described by the manufacturer. Following purification and identification
of the protein as IgG by Western blot, it was dialyzed into PBS containing 0.05% NaN,,
concentrated to 2mgs/ml (Amicon, YM membrane) and was frozen in 1-2ml aliquots. The
catalytic light chain, HK 14, used to make both protein and recombinant catalytic antibodies
was kindly provided by Dr. Sudhir Paul, University of Texas Medial Center, Houston. HK14
is Vk1 human light chain with known catalytic activity towards vasointestinal peptide (VIP)
that was derived from a patient with asthma and was cloned into the pPCANTABS E. coli
expression system (113). It was cloned, expressed and purified in Dr. Paul’s lab and was
supplied to us as purified protein and as DNA in E. coli for use in constructing recombinant

Ab86/HK 14 single chain antibodies.

Gel Filtration

The system used for gel filtration consisted of XK16/70 columns (Amersham Biosciences),
a peristaltic pump (Biorad, Econo pump model EP-1), UV monitor (Biorad, model EM1),
fraction collector (Biorad, model 2110) and a strip chart recorder (Biorad, model 1327).

Sephacryl S200 and S300 resins were purchased from Amersham Biosciences and the
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columns were poured according to the manufacturer’s instructions. The columns were then
inverted and run from bottom to top, in the direction the columns were poured. Columns
were initially equilibrated in TBS and calibrated by running a sample of intact IVIG. They
were next equilibrated in 1M propionic acid, at various pHs, ranging from 2.3 to 6 and were
again calibrated using an intact sample of IVIG. All samples and buffers were filtered using
0.45 micron syringe filters (Millipore) or bottle top filtration systems (PES membrane,
Nalgene), prior to loading on the columns. Intact samples were prepared by buffering 2-
4mgs (at 2mgs/ml) of IVIG, S1-1 mAb or Ab86 mAb in 2mls of 0.2M Tris, pHS.
Mercaptoethanol (0.05M) was added to samples prepared in the same way to reduce the
intrachain disulfide bonds. Both intact and reduced samples were incubated at room
temperature for 2-4 hours prior to loading on the columns. The pump was programmed to
control the flow rate at 0.5 mls/min for the IVIG and S1-1 studies. Flow rates of 0.25, 0.5,
0.75 and 1.0 ml/min were used with Ab86. The pump was programmed to collect 2ml
fractions, while the chart recorder generated a chromatograph plotting separation of the
antibody heavy and light chains based on the absorbance (280nm) of protein being eluted
off the column. The peak(s) present around fraction 60 on all chromatographs most likely
originate from the mercaptoethanol and Tris, since they smelled of mercaptoethanol. When

not in use, poured columns were stored at room temperature in TBS with 0.05% NaN,.
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Refolding of Reduced Antibody Heavy and Light Chains

Reduced antibody heavy and light chains were prepared as described above. The OD280 of
each fraction was taken, enabling identification of the heavy and light chain peaks. Aliquots
of fractions corresponding to the heavy and light chain peaks were dried down in a speed
vacuum, resuspended in 1% SDS and analyzed by SDS-PAGE. HK14 catalytic light chain
(250-500ugs) was prepared for refolding by reduction in 0.05M mercaptoethanol, 0.2M
Tris, pHS for 2-4 hours at room temperature, followed by dialysis into 1M propionic acid.
Reduced and refolded HK14 was prepared by dialyzing reduced, acid-treated HK14 into
PBS until a neutral pH was reached. Fractions identified as having pure heavy chain by
SDS-PAGE were pooled together, as were fractions with pure light chain. In all refolding
experiments, heavy chain was refolded alone (HC dimer), light chain was refolded alone
(LC dimer), the heavy chain was refolded with an equal volume of native light chain (refolded
Ab) and heavy chain was refolded with reduced HK 14 (250-500ugs) (hybrid). Native HK14
and reduced and refolded HK 14 were used in all ELISAs and catalysis assays to control for
excess HK14, existing as monomers, dimers and aggregates of higher order, in the HK14
hybrid antibody preparations.' The various antibody species were refolded by dialyzing
(Slide-a-lyzer system, 10,000 MWCO, Pierce) into PBS in the presence of air at 4°C. The
PBS was changed at least 4 times at 90-minute intervals until the pH of the dialysis buffer
was neutral. The buffer was then changed again and dialyzed overnight. Constructs were

stored at 4°C.



73

ELISA

When screening limit dilution plates, cell culture supernatants were diluted 1:5 and were
tested by IgG capture and antigen-specific ELISAs. Nunc Maxisorp plates were coated
with 3pug/ml of chicken anti-human IgG (Fab) or with 1ug/ml of recombinant HIV gpl160,
gp120 or gp41 in Carbonate buffer, pH9.6, for 1 hour at 37°C. Recombinant HIV MN and
B gpl60, gpl120 and gp4l were purchased from ImmunoDiagnostics, Inc. The plates
were washed with PBS-Tween (PBST) and blocked for 1 hour at 37°C in PBST-(0.01%
gelatin) (blocking buffer). The diluted supernatants were then applied to the blocked plates
and were left to incubate at 37°C for 1 hour. The supernatants were washed off and replaced
with HRP-conjugated rabbit anti-human IgG (Dako Corporation) at a dilution of 1:2000 in
blocking buffer. Dialyzed, refolded hybrid antibodies, diluted in blocking buffer as indicated
in the figure legends, were serially diluted (2-fold) onto protein coated and uncoated wells.
The Ab86/HK14 hybrids and various controls, including native Ab86, native HK14 and
reduced and refolded HK14 at 1ug/ml, were detected with HRP-conjugated rabbit anti-
human IgG (Dako Corporation) and HRP-conjugated rabbit anti-human kappa (Southern
Biotech) specific antibodies, both at dilutions of 1:2000. Next the conjugated secondary
antibody was washed away and the plates were developed with 5°-Tetramethyl Benzidine
(TMB)-HRP substrate (Zymed Labs.), were stopped with 1M HCI and were read at 450nm.
The recombinant single chain Ab86/HK 14 periplasmic extracts or purified proteins were
diluted 1:1 in blocking buffer and were serially diluted onto protein coated and uncoated

wells. They were detected with monoclonal anti-His antibody (1:2000) (Novagen), followed
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with HRP-conjugated rabbit anti-mouse IgG antibody (Southern Biotech) at a dilution of
1:2000 and were developed with TMB as described above. All assays, except limit dilution

screenings, were performed in triplicate with conjugate antibody and substrate controls.

SDS-PAGE

Gels were poured and run under the conditions described in Chapter 1, page 28.

Western Blotting

Protein G purified mAb at 0.5-1.0pug/well in sample buffer, refolded Ab86/HK14 protein
constructs, hybrid antibody catalysis products or recombinant single chain Ab86/HK14
periplasmic extracts and purified materials, diluted 1:1 in sample buffer, were electrophoresed
on 11% gels. As a positive control for the Ab86/HK 14 single chain antibody periplasmic
and purified materials, 1pg/well of a His-protein ladder (Qiagen) was run on each gel. Gels
and membrane, Immobilon® PVDF membrane (Millipore), were prepared prior to transfer
by briefly soaking in t;ansfer buffer (Tris, Glycine, pH8.3). The gels were transferred for
90 minutes at a constant 410mAmps. Following transfer, the membranes were blocked in
either PBST or TBST, dependent on the choice of HRP- or AP-conjugated antibody,
respectively. The monoclonal and refolded hybrid antibodies were detected by incubating
the membranes in AP-conjugated monoclonal anti-human IgG (Southern Biotech) at a dilution
of 1:2000 for 90 minutes at room temperature on a rocking platform. Refolded hybrid

molecules and controls were also detected with AP-conjugated goat anti-human kappa
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antibody at a dilution of 1:15,000 in blocking buffer (Southern Biotech). Biotinylated
catalysis products were detected with AP-conjugated Streptavidin at a dilution of 1:50,000
(Southern Biotech), while recombinant Ab86/HK 14 periplasmic extracts and purified
materials were detected with monoclonal anti-His antibody (Novagen) at a dilution of 1:2000,
followed with HRP-conjugated rabbit anti-mouse IgG (Southern Biotech) at a dilution of
1:2000. HRP- and AP-detected blots were developed with HRP-TMB substrate for
immunoblots (Zymed Labs) or NBT/BCIP in AP buffer, respectively. Following detection,

the blots were washed with reagent grade water and were air-dried.

Catalysis Assays

All catalysis assays were done in 200pl of PBS at 37°C in sterile 0.6ml microfuge tubes that
had been blocked with PBS containing 0.01% gelatin or contained 2ug of BSA carrier
protein. The concentration of biotinylated (bt) protein, gp160-bt and gp41-bt (MN strain,
purchased from ImmunoDiagnostics, Inc.), used in various experiments ranged from 1 to
Sng/ul. Control Ab86 was used at 2ugs and reduced and refolded HK 14 at 8ugs per reaction.
These values were determined based on the potential maximum of free remaining Ab86 or
HK14 protein in the hybrid that would be visualized by Western blot (protein/well) if the
reduced Ab86 heavy chain and HK 14 light chain did not refold. Samples were incubated at
37°C for periods ranging from 4 to 38 hours. Aliquots were taken at various time points

during the incubation and were frozen until analyzed by SDS-PAGE and Western blot.
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Virus Neutralization Assays

HIV neutralization assays were done by Dr. Carl Hanson, PhD, and Maria Salas, MPH, at
the California Department of Health Services, Viral and Rickettsial Disease Laboratory.
Briefly, the Ab86/HK14 catalytic hybrid, refolded Ab86 and reduced and refolded HK14
were serially diluted in 1.2ml microfuge tubes. 100 TCIDS50s of virus (strain 23135 or MN)
was added to the tubes and the samples incubated at 37°C for 1 hour. PBMCs (250,000/
well) were dispensed into 96 well assay plates and the antibody and virus were added to the
assay plate and left to incubate at 37°C for 3 days. On day 3, the assay plates were centrifuged
and the supernatants containing virus and antibody were discarded. The PBMCs were
washed twice, resuspended in buffer and were left to incubate again at 37°C for 24 hours.
The following day the assay plate was harvested by lysing the PBMCs with 10% Triton
X100. Neutralization of HIV was measured by a decrease in HIV p24 capsid antigen using
a p24 EIA kit (Coulter-Beckman Corporation). The antibody titers at which 50% and 90%

neutralization of virus are reported.

Recombinant scFvs

The Ab86/HK14 single chain Fv constructs (scFvs) were made using the procedures of
Krebber et al (114). The full length products were assembled using a series of PCR
amplifications. First, the VL and VH regions were obtained in separate reactions using the
primers listed in Figure 2.1. The VH region was amplified using cDNA made from mRNA

isolated from Ab86. The HK14 V-region was amplified using a plasmid containing the
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N-terminal V-region

5 primer
scfor X tg
LHLfor £ggccGACATCGTGATGACC
HILHfor tggegCAGGTTCATCTGGTGCAGTCT

3' primer .
(gly4ser)s linker
LHLback ggagcecgecgeecgccagaaccaccaccaccagaaccaccaccaccTAAGATGTCCACCTTGGTCCC
HLHback ggagecgecgocegecagaaccaccaccaccagaaccaccaccaccTGAGGAGACGGTGACCAGAGT

C-terminal V-region

5 primer (gly4ser)y linker
LHHfor ggeggeoggeggeteeggtggtggtggatccCAGGTTCATCTGGTGCAGTCT
HiLLfor ggecggeggeggetecgotgotggtggatccGACATCGTGATGACCCAGTCT

3’ primer
schack ggaatt
LHHback ggaatt
Hl.Lback ggaatt

AGGAGACGGTGACCAGAGT
AGATGTCCACCTTGGTCCC

Figure 2.1. Listing of primers for assembling scFv fragments. The single chain variable Frag-
ment antibodies (scFvs) were constructed in two orientations that differed by the order of the vari-
able regions. One construct had the orientation VL-(G,S),-VH and the other VH-(G,S),-VL. For
the VL-VH oreintation, the VL region was amplified using primers LHLfor and LHLback and the
VH was amplified using primers LHHfor and LHHback. The PCR products were mixed and am-
plified with the scfor and scback primers to join the fragments together. The Gly-Ser linkers on the
3" and 5' end of the respective fragments overlap and were complementary (regions are shown in
bold), and thus primed the synthesis of the full length product which was then amplified with the
scfor and scback primers. The VH-VL product was made the same way using the HL primers.
Linker bases are in lower case and the variable region sequences in upper case. The Sfi I sites used
for cloning into the pAK400 vector are shaded.

cloned HK14 gene that was supplied by Dr. Sudhir Paul (113). The VL and VH PCR
products were then assembled into the scFv format using SOE-PCR (splicing by overlap
extension) without primers. This occurs because the gly-ser linker contains overlapping
sequences that prime the extension of each strand into a full length product. This was then
amplified using the outer primer pair, scfor and scback (Figure 2.1). The product was

digested with Sfi I and was gel purified. Only the Sfi I restriction site was needed because
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both ends of the product have Sfi I sites. However, directional cloning was guaranteed
because the two sites have different sticky ends. The gel purified product was then ligated
into Sfi I digested pAK400. pAK400 was obtained from Professor Andreas Pluckthun at
the University of Zurich, Switzerland. This expression vector directs the secretion of soluble
product into the periplasm (114). To confirm the correct sequences, the constructs were
analyzed using the VBASE (http://www.mrc-cpe.cam.ac.uk/vbase-ok.php?menu=901) and

IMGT (http://imgt.cines.fr/textes/vquest/) web pages.

The Ab86/HK 14 scFvs were transformed into both HB-2151 and JM83 host cells and were
plated on LB-agar plates containing 25pg/ml of chloramphenicol and 1% glucose. Individual
colonies were picked and used to innoculate 3ml TB cultures containing 25ug/ml of
chloramphenicol. These cultures were grown at 37°C, overnight at 185 rpm in a water bath.
The next morning, the overnight cultures were used to innoculate larger TB cultures (50-
200mls), containing 25pug/ml of chloramphenicol, at a ratio of 1 part overnight culture to 50
parts fresh TB media containing 25ug/ml of chloramphenicol. The cultures were shaken at
37°C at 275 rpm until the OD600=0.5. Once an OD600=0.5 was reached, the temperature
of the water bath was dropped to 30°C with ice, was equilibrated for 20 minutes and then
the cultures were induced with 1mM IPTG for 4 hours at 30°C at 275 rpm. The cultures
were harvested by centrifugation for 30 minutes at 4°C at 11,000Xg and the periplasmic
fractions were extracted as described exactly in the Qiagen, QIAexpressionist manual, 5%

edition. Periplasmic extracts were purified under native conditions on NiNTA superflow
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(Qiagen) using the NiNTA buffer kit (Novagen), as described in the Qiagen, QlAexpressionist
manual, 5 edition. The elution fractions containing purified scFv, as determined by SDS-
PAGE and Western blotting of all wash and elution fractions, were pooled and dialyzed into
PBS at 4°C and were stored at 4°C. As a negative control culture for expression and
purification, a non-IPTG induced VL-VH culture was expressed omitting the IPTG and
was purified under the same conditions described above. The elution fractions that would

normally contain the induced, purified VL-VH scFv were pooled and dialyzed into PBS.

RESULTS AND DISCUSSION

Although there was discussion of proteolytic activity by antibodies 30 years ago (86), it has
only been in the past 10 years that antibody catalysis has been documented and recognized
as an innate activity of some antibody light chains (28, 87, 94, 99, 115', 116). Bence Jones

light chains, isolated from the urine of patients with multiple myeloma, are largely catalytic

Figure 2.2. Catalysis of HI'V gp120 by SLE IgG and
Lay2 catalytic light chain. Dr. S. Paul demonstrates
that patients with SLE and multiple myeloma have cata-
lytic antibodies. A) Autoradiogram of a non-reducing
SDS-PAGE gel loaded with 1-125-labeled gp120 that
had been incubated with non-catalytic Ig from an HIV
infected person (lane 1) and catalytic IgG isolated from
a SLE patient (lane 2). B) Non-labeled gp120 was in-
cubated with a control non-catalytic light chain (lane 1)
or with Lay2 catalytic light chain (lane 2). Lay2 is a
VkII Bence Jones protein isolated from the urine of a
patient with multiple myeloma that has natural catalytic
activity to vasoactive intestinal polypeptide (VIP) and
gp120. The cleavage products were visualized by incu-
bating with a monoclonal mouse anti-gp120 antibody,
followed with an HRP-conjugated anti-mouse antibody.
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and were one of the first groups of catalytic Igs studied (Figure 2.2). Other patient populations
that have an increased prevalence of catalytic antibodies include those with SLE, SS, RA
and autoimmune thyroiditis. Catalytic antibodies have also been isolated from patients
with asthma and other reactive airway diseases, indicating perhaps that they are involved in
the pathology of disease. This is not to imply that catalytic antibodies are present only in
patients with autoimmune or inflammatory diseases since they have been identified and
isolated in healthy individuals. Rather, it is analogous to autoantibody populations that are
over-expressed in patients with autoimmune disease and most likely indicates that catalytic
antibodies too are over-expressed or unregulated in autoimmune patients. To facilitate
investigation of catalytic antibodies and their innate functions, we constructed protein hybrid
and recombinant catalytic antibodies by pairing the heavy chain of an anti-HIV mAb with a

light chain known to have catalytic activity.

Catalysis has been identified as a property of antibody light chains and hence makes it
feasible to introduce catalytic' activity into a mAb by replacing its light chain with a catalytic
light chain. We began by subcloning several hybridoma lines that secrete human IgG anti-
HIV mAbs to ensure stability of antibody-secreting cells. The cells were cloned by limiting
dilution for 3 rounds. Secretors were identified by IgG capture and antigen-specific ELISAs
after each round of limiting dilution. Two monoclonals in particular, S1-1 and Ab86, were
selected for these studies based on their specificities and capacities. S1-1 is a human IgGA

neutralizing antibody to HIV gp120, while Ab86 is non-neutralizing IgGx antibody specific
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for HIV gp160 and gp41, both of which were derived from peripheral blood B cells of
patients with HIV. The catalytic light chain, HK14, used in these studies is a Vk1 light
chain that was isolated from a phage display library generated from a patient with asthma.
HK 14 is a known catalytic light chain with proteolytic activity to VIP, but not HIV gp120 or
gpl60, even though there are regions of sequence identity between VIP and gp120 (117-

120).

Approximately 50mgs of S1-1 mAb and 150mgs of Ab86 mAb were purified from cell
culture supernatant using protein G. During this time, gel filtration calibrations on Sephacryl
$300 using IVIG were run. The first series of calibrations were aimed at identifying fractions
containing separated, reduced heavy and light chains at various pHs of propionic acid.
Propionic acid was chosen because it is a fairly mild denaturing agent and hence reduced
the likelihood of disrupting the interchain bonds. The rationale for increasing the pH of the
acid was to further reduce the possibility of excessive denaturation. Before equilibrating
the column in acid, intact IVIG was first run in TBS to identify the total column volume
(150mls) and fractions containing antibody. Following calibration in TBS, the column was
equilibrated in propionic acid ranging from pH2.3 (pH not adjusted) to pH6.0. It was found
that the highest pH propionic acid that effectively separated any remaining intact IVIG
from reduced heavy chain and reduced heavy chain from reduced light chain, as determined

by SDS-PAGE analysis of column fractions, was between pH2.3 and pH3.5 (Figure 2.3).
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Figure 2.3. S300 gel filtration chromatographs of reduced IVIG at various pHs. 4mgs of
IVIG were reduced in 0.05M mercaptoethanol, 0.02M Tris, pHS at room temperature for 4 hours.
The intact IVIG sample was treated the same but the mercaptoethanol was ommited. Samples were
loaded onto S300 gel filtration columns equilibrated in 1M propionic acid, pH3, pH3.5, pH4.0 and
pH6.0 at a flow rate of 0.5ml/min and 2ml fractions were collected. The OD280 of each fraction
was taken to generate chromatographs and identify the reduced antibody heavy and light chains.

Furthermore, at pH6.0 the reduced antibody sample resembled that of an intact antibody in

terms of its gel filtration chromatograph.
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After calibrating the column with IVIG, we next proceeded with separation of S1-1 mAb.
It was initially predicted that S1-1 mAb would be the preferred antibody to introduce catalytic
activity into since it is a gp120 neutralizing antibody and therefore offers the possibility of
developing a therapeutic agent to treat infection of HIV and also to treat or reduce the toxic
effects of soluble gp120. Intact (data not shown) and reduced S1-1 were run in TBS, pH2.3
propionic acid and pH3.1 propionic acid (Figure 2.4) on S200 (data not shown) and S300
resins. Fractions containing antibody were identified by taking the OD280 and were analyzed
by SDS-PAGE. The pooled S1-1 heavy chain was then mixed with an excess of reduced
HK14 catalytic light chain and was refolded by dialyzing into PBS. Additionally, S1-1
heavy and light chain fractions were refolded with each other (refolded S1-1) and by
themselves (S1-1 heavy and S1-1 light chain dimers). The constructs were then run on non-

reducing SDS-PAGE gels, were transferred to membrane and were detected with AP-
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1) native S1-1 (0.5pg)

2) S1-1/HK 14 hybrid

3) refolded S1-1

4) S1-1 heavy chain dimer
5) S1-1 light chain dimer

Figure 2.5. Western blot of refolded S1-1 heavy chain with HK14 catalytic light chain. Native
S1-1 (0.5pug/well) (lane 1), the S1-1/HK 14 hybrid (diluted 1:1) (lane 2), refolded S1-1 (diluted 1:1)
(lane 3), the S1-1 heavy chain dimer (diluted 1:1) (lane 4) and the S1-1 light chain dimer (diluted
1:1) (lane 5) were run on a non-reducing SDS-PAGE gel. The gel was transferred to PVDF mem-
brane and was incubated with AP-conjugated goat anti-human IgG antibody. The S1-1/HK14 hy-
brid, however, looks no different from the S1-1 heavy chain dimer and no definitive band is present
at 155KDa, most likely indicating that the hybrid did not refold correctly.

conjugated mouse anti-human IgG antibody (Figure 2.5). The S1-1/HK14 hybrid, however,
looked no different from the S1-1 heavy chain dimer and no definitive band was present at
155KDa, most likely indicating that the hybrid did not refold correctly. This presumption
was confirmed when the S1-1/HK14 hybrid and various controls were tested by ELISA for
binding to gp120, gp160 and on uncoated wells (blank) (Figure 2.6). The ELISA activities
of the S1-1/HK 14 hybrid, refolded S1-1 and S1-1 heavy chain dimer were virtually identical
and did not discriminate between the antigen for which S1-1 is specific for, gp120, and
uncoated wells. Based on the results presented below, and the fact the S1-1 is an IgGA

antibody and HK14 is a Vx1, we believe it is possible that the reason why S1-1 did not

refold with HK14 is due to the difference in antibody light chain isotypes.
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Figure 2.6. ELISA activity of refolded S1-1 heavy chain with HK14 catalytic light chain.
Native S1-1 (1pg/ml), the S1-1/HK14 hybrid, refolded S1-1, S1-1 heavy chain dimer and S1-1
light chain dimer, all at starting dilutions of 1:2, were tested by ELISA for activity to HIV gp120
and gp160, as well as on uncoated wells (blank). All activity was detected with HRP-conjugated
rabbit anti-human IgG antibody, except for the light chain dimer which was detected with HRP-
conjugated goat anti-human kappa antibody. Note that most of the ELISA activity in the S1-1/
HK14 hybrid, refolded S1-1 and the S1-1 heavy chain dimers is non-specific, in that there is no
discrimination between wells coated with gp120 and uncoated wells.

We additionally experimented with the choice of gel filtration media (S200 vs S300) using

both IVIG and S1-1 (data not shown) and found that although both resins effectively separated
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reduced heavy chain from light chain, the S300 was more effective in separating any
remaining intact antibody from heavy chain fractions. Since it is the heavy chain that is
used in making the catalytic hybrids, it is necessary that the heavy chain fractions be free of
intact antibody so as not to contaminate the hybrid with intact antibody. Intact and reduced
samples of Ab86 mAb were run on the S300 gel filtration column in pH3.1 propionic acid.
This time the pH of the acid was kept constant and instead the column running speed was

adjusted under the presumption that slower speeds would increase resolution. Intact and
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Figure 2.7. S300 gel filtration chromatographs of reduced Ab86 mAb at two speeds. 2mgs of
Ab86 mAb was reduced in 0.05M mercaptoethanol, 0.02M Tris, pH8& at room temperature for 4
hours. Ab86 is a human IgGx antibody to HIV gp160/41 that was generated from the peripheral
blood B cells of an HIV-infected person. Samples were loaded onto S300 gel filtration columns
equilibrated in TBS or 1M propionic acid, pH3.1, at a flow rate of 0.5ml/min and 0.25ml/min.
Fractions (2mls) were collected and the OD280 of each fraction was taken to generate chromato-
graphs and identify the reduced antibody heavy and light chains.
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reduced Ab86 were run at 0.25, 0.5, 0.75 and 1.0 mls/min, the latter being the maximum
flow rate of the column. As was expected, slower speeds did increase the resolution (Figure
2.7), particularly of intact Ab86 from the Ab86 heavy chain. Furthermore, at speeds equal
to or faster than 0.75 mls/min, reduced heavy and light chains eluted together, as evidenced
by a chromatograph resembling that of an intact sample (data not shown). Upon comparison
of the chromatographs of reduced Ab86 run at 0.25 versus 0.5 mls/min, an additional hump
is present when run at 0.25 mls/min, as can be seen in the chromatographs (Figure 2.7).
SDS-PAGE analysis of the fractions under this part of the curve confirmed that they contained
remaining intact Ab86. Consequently, the selected heavy chain fractions were free of

contaminating intact Ab86, again determined by SDS-PAGE.

After having optimized the conditions for the separation of antibody chains (pH 3.1, S300,
0.25 mls/min flow rate), Ab86 was reduced and separated for refolding with HK14 catalytic
light chain. The chromatograph (A) and SDS-PAGE gels (B) of Ab86 heavy and light chain
fractions are shown in Figure 2.8. The SDS-gels demonstrate effective separation of intact
Ab86, Ab86 heavy and Ab86 light chains. Three fractions each of heavy chain and 3 each
of light chain were pooled together for refolding. Due to dilution of the reduced mAb into
propionic acid during the gel filtration process, quantitation of the protein concentration in
the pooled heavy and pooled light chain preparations was inhibited. In part, since the

concentration of reduced heavy chain could not be determined, and to push the reaction
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Figure 2.8. S300 gel filtration chromatograph of reduced Ab86 and SDS-PAGE of
gel fractions. A) Chromatograph of reduced Ab86 (2mgs), run in 1M propionic acid,
pH3.1, at 0.25ml/min. B) Reducing SDS-PAGE gels of gel filtration fractions 31 to 48
containing the Ab86 heavy and light chains. Fractions that were pooled for refolding are
indicated with bars beneath the bands. HC: heavy chain bands, LC: light chain bands.

equilibrium towards formation of the product (hybrid), an excess of reduced HK14 was

refolded with reduced heavy chain.

Following an overnight dialysis with multiple buffer changes into PBS at 4°C, the hybrid

and control constructs were run on non-reducing SDS-PAGE gels that were transferred to
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1) native Ab86 (0.5ug)
2) Ab86/HK 14 hybrid
3) refolded Ab86

4) heavy chain dimer
5) light chain dimer

6) native HK 14 (0.5ug)
7) R/R HK 14 (0.5ug)

Figure 2.9. Western blots of refolded Ab86 heavy chain with HK14 catalytic light chain.
Native Ab86 (0.5ug/well) (lanes 1), the Ab86/HK 14 hybrid (diluted 1:1) (lanes 2), refolded Ab86
(diluted 1:1) (lanes 3), Ab86 heavy chain dimer (diluted 1:1) (lanes 4), Ab86 light chain dimer
(diluted 1:1) (lanes 5), native HK14 (0.5 pg/well) (lanes 6) and reduced and refolded HK 14 (0.5ug/
well, lane 7, A) were run on non-reducing SDS-PAGE gels. The gels were transferred to PVDF
membranes and were incubated with AP-conjugated goat anti-human kappa (A) and rabbit anti-
human IgG (B) antibodies. Although species with molecular weights of approximately 26, 54 and
80KDa, which correspond to free L, LL and HL species when detected with anti-kappa conjugate,
and 55, 80 and 108KDa, which correspond to the presence of free H, HL and HH species when
detected with anti-human IgG conjugate are visible, so is a band at 155KDa (arrows) with both
conjugates, indicating the presence of Ab86/HK14 hybrid antibody molecules. This is evident
since the Ab86 heavy chain dimer and refolded Ab86 constructs are free of any bands near 155KDa,
which would indicate the presence of remaining free native Ab86 in the heavy chain pooled frac-
tions that were used for refolding.

membranes and developed with both anti-human IgG and anti-human kappa chain specific
antibodies. Both gels were loaded the same with the Ab86/HK 14 hybrid in lane 2. Focusing
on the blot developed with anti-gamma chain antibody (Figure 2.9B), there is y-chain in the
hybrid molecule present at approximately 155 and 90KDa. To rule out contamination with

remaining intact antibody, an anti-kappa chain specific antibody was also used. When
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developed with anti-kappa antibody (Figure 2.9A), various HL (heavy/light) and LHHL
species were detected, as well as were light chain monomers and dimers, in the Ab86/HK 14
hybrid antibody. Of interest was the presence of a band at 155KDa in the hybrid (lane 2, A).
Since this blot was developed with anti-kappa antibody, reasonable explanations for bands
upwards of 100KDa in the hybrid are if HK 14 was aggregated, if there was remaining intact
Ab86 in the pooled heavy chain fractions or if something, namely a heavy chain, increased
the molecular weight of HK14. Even though the anti-kappa developed Western blot (Figure
2.9A) shows that HK14 was aggregated, there are no defined bands at 155KDa in native
(lane 6) or reduced and refolded HK 14 (lane 7), indicating that the 155KDa band present in
the hybrid was not a result of HK 14 aggregation. Furthermore, the heavy chain dimer (lane
4) was free of contaminating intact Ab86, as evidenced by the absence of a light chain band
when developed with anti-kappa antibody. Since the hybrid was refolded with the same
pooled heavy chain preparation as was used in refolding Ab86 and the Ab86 heavy chain
dimer, it can be ruled out that the 155KDa band in the hybrid was due to contaminating
intact Ab86 in the pooled hea\?y chain fractions. The most likely explanation for the presence
of a 155KDa band in the hybrid when detected with anti-kappa chain antibody, therefore, is
that HK14 did refold with the Ab86 heavy chain, thereby generating a hybrid antibody

molecule with a molecular weight characteristic of an IgG molecule.

The Ab86/HK 14 hybrid and various controls, including reduced and refolded HK14, were

next tested by ELISA for binding to gp160 and gp41. Again both anti-gamma and anti-
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kappa chain specific conjugated antibodies were used to follow the ELISA activities
contributed by the heavy and light chains and also to verify that the hybrid was not
contaminated with intact Ab86. Part A of Figure 2.10 profiles the ELISA activities of native
Ab86 and native HK 14, as well as acid-treated reduced and refolded HK 14, all at starting
concentrations of 1ug/ml. Ab86 specifically bound to gp160 and gp41 in a concentration
dependant manner, but not gp120 and uncoated wells (data not shown), when both anti-
gamma (left) and anti-kappa (right) antibodies were used. Native and reduced and refolded
HK14, on the other hand, had no ELISA activity to gp160, suggesting that specific antigen
recognition by the hybrid was derived from the heavy chain (Figure 2.10A). The Ab86/
HK14 hybrid, refolded Ab86, Ab86 heavy and light chain dimers were all tested by ELISA
at starting dilutions of 1:10, as opposed to a known concentration, due to the excess HK14
in the hybrid that would skew the determination of protein concentration (Figure 2.9B).
Looking at part B of Figure 2.10, the heavy and light chain dimers have no activity as
detected with both conjugates, indicating that the heavy chain fractions did not contain
remaining intact Ab86 and that HK 14 was not épeciﬁc for gp160. Focusing on the Ab86/
HK14 hybrid and refolded Ab86, the ELIS A activity characteristic of Ab86 is restored when
the Ab86 heavy chain was refolded with light chain, either Ab86 or HK14. Furthermore,
the ELISA activities of native Ab86 at 1ug/ml, the Ab86/HK14 hybrid and refolded Ab86
are virtually identical in terms of antigen specificity and antibody titers. These results
confirm the absence of intact Ab86 in the pooled heavy chain fractions and suggest that

single chain (H/H or L/L) dimers are unable to bind antigen by themselves, indicating that
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Figure 2.10. ELISA activity of refolded Ab86 heavy chain with HK14 catalytic light chain.
Native Ab86 (1ug/ml), native HK14 (1ug/mi), reduced and refolded HK14 (R/R HK14) (1pug/ml),
Ab86/HK 14 catalytic hybrid (diluted 1:10), Ab86 heavy chain dimer (diluted 1:10) and Ab86 light
chain dimer (diluted 1:10) were tested for ELISA activity to HIV gpl60, gp120, gp4l and on
uncoated wells. Except for the native and R/R HK 14, which were detected with anti-x conjugate
alone, all hybrid constructs were detected with HRP-conjugated rabbit anti-y (left) and goat anti-k
(right) chain specific antibodies. Although the activity is weaker, the Ab86/HK 14 catalytic hybrid
has ELISA activity characteristic of Ab86 in that the hybrid specifically binds gp160 and gp41, and
not uncoated wells or those coated with gp120. Also note that the Ab86 heavy chain dimer has no
ELISA activity, indicating the fractions containing heavy chain were free of contamination by
remaining intact Ab86.
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contact points contributed by both the VH and VL domains are necessary to bind antigen.
Moreover, based on the findings that the Ab86 heavy chain did refold with HK14 while the
S1-1 heavy chain did not, and that Ab86 is an IgGk and S1-1 is an IgGA, it is possible that
the efficacy of refolding the chains was increased since there was no change in antibody

light chain isotype upon introduction of HK14 catalytic light chain into Ab86.

In addition to regaining specific ELISA activity, the Ab86/HK14 hybrid degraded gp160
and gp41. We incubated the hybrid constructs, refolded Ab86, Ab86 heavy and light chain
dimers, as well as native and reduced and refolded acid-treated HK 14, with various
concentrations of biotinylated gp160 (gp160-bt) and gp41 (gp41-bt) for up to 38 hours.
Aliquots were taken at 4, 21, 24 and 38 hours and were run on non-reducing 11% SDS-
PAGE gels that were subsequently transferred to PVDF membrane and developed with
streptavidin. It was found that the Ab86/HK14 hybrid demonstrated catalysis of gp160-bt
into products of approximately 40, 48 and 100KDa (Figure 2.11). Although the 100KDa
product is present in all samples (lanes), it clearly is more abundant with gp160-bt that was
incubated with the catalytic Ab86/HK 14 hybrid. With respect to the gp160 catalysis products,
sometimes the band is present in all samples (lanes), but appears darker when incubated/
cleaved by the Ab86/HK 14 hybrid, as is the case for the 100KDa product. Other times, the
generation of a completely new band occurred when the Ab86/HK 14 hybrid was incubated
with gp160 and particularly with gp41 (Figures 2.11 and 2.12). Reduced and refolded acid-

treated HK14 and native HK14 were used in all catalysis experiments to control for the
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Figure 2.11. Catalysis of biotinylated gp160 (gp160-bt) by Ab86/HK14 hybrid. Ab86/HK14
hybrid, refolded Ab86, Ab86 heavy and light chain dimers and native and reduced/refolded acid-
treated HK14 were incubated with Ing/ul of gp160-bt at 37°C for 4 and 21 hours (A) and with Sng/
ul of gp160-bt at 37°C for 24 and 38 hours (B). Samples were run on non-reducing SDS-PAGE
gels, were transferred to membrane and were developed with streptavidin. Lane 8 contains gp160-
bt that was not incubated. Catalysis products are indicated with arrows.

presence of excess HK14 in the hybrid, so as to ascertain that catalysis of gp160 and gp41

derived from the correctly refolded Ab86/HK 14 hybrid. Furthermore, the lack of catalytic
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Figure 2.12. Catalysis of biotinylated gp4l (gp41-bt) by Ab86/HK14 hybrid. Ab86/HK14
hybrid, refolded Ab86, Ab86 heavy and light chain dimers and native and reduced/refolded acid
treated HK14 were incubated with 1ng/ul of gp41-bt at 37°C for 4 hours. The samples were run on
anon-reducing SDS-PAGE gel which was transferred to membrane and developed with streptavidin.
Lane 8 contains gp41-bt that was not incubated. The major catalysis product is indicated with an
arrow.

activity by refolded Ab86, and refolded HK 14 for that matter, demonstrate that the catalytic
activity by the hybrid did not arise from the reduction and gel filtration processes, but rather
from the introduction of HK14 catalytic light chain into Ab86. Gp160 and gp41 that had
and had not been incubated at 37°C were included to control for natural or temperature-

induced degradation of gp160 and gp41, respectively.

It appears that catalysis of gp160-bt occurred in as few as 4 hours and continued for up to 38
hours and most probably longer. In a further attempt to optimize the catalysis conditions,
we used gp160-bt at concentrations of 1 and Sng/ul and found that catalysis either occured
more readily or was better visualized at higher concentrations (Figure 2.11B). Next, the
Ab86/HK14 was tested for its ability to cleave biotinylated gp41 (Figure 2.12). Lane 1

contains gp41-bt (Ing/ul) that was cleaved by the Ab86/HK 14 hybrid within 4 hours, while
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all controls, including native and reduced/refolded acid treated HK14, did not demonstrate
catalysis of gp41. Since there was no catalysis mediated by refolded Ab86 or reduced and
refolded HK 14, these results indicate that the specificity of Ab86 has been maintained,

while at the same time catalytic activity has been introduced.

The Ab86/HK 14 hybrid, refolded Ab86 and reduced and refolded HK14 were next tested
for their ability neutralize HIV infection of PBMCs and the T cell line H9. Although the
hybrid did not prevent infection of H9 cells (data not shown), it did block infection of
PBMCs (Figure 2.13). The Ab86/HK 14 hybrid blocked the infection of 50% of PBMCs at
adilution of 1:17. Refolded Ab86 and reduced and refolded HK14 were used to control for
any changes in the antibody resulting from being reduced, run on the column and refolded,
and to verify that the catalytic activity in the hybrid was truly from the hybrid, not from free
reduced and refolded HK14. Out of curiosity, Sandbar shark anti-gp120 and Sandbar shark
anti-V3 loop affinity-purified NAbs were tested in the HIV neutralization assays, so as to
reveal potential function of the NAbs, but they did not neutralize HI'V infection. In these
virus neutralization assays, the Ab86/HK 14 hybrid did not prevent infection of various T
cell lines but did block infection of peripheral T cells and monocytes, which, in terms of
developing a novel HIV therapeutic agent, more closely mimics the natural in vivo infection
process. These findings are significant in that we have engineered a non-neutralizing anti-
HIV antibody with catalytic activity while maintaining its specificity. Subsequently, a non-

neutralizing anti-HIV human mAb has become a neutralizing antibody in that is specifically
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Figure 2.13. HIV neutralization by Ab86/HK 14 catalytic hybrid. A) The Ab86/HK 14 catalytic
hybrid, refolded Ab86 and reduced and refolded HK14 (R/R HK14) were tested to see if they
prevented infection of PBMCs in HIV neutralization assays. Additionally, to see if the shark anti-
HIV NAbs are functional, they were tested under the same conditions. Neutralization of HIV was
measured by a decrease in HIV p24 capsid antigen using a p24 EIA kit. The antibody titers at
which 50% and 90% neutralization of virus are reported. B) Graph showing the neutralization
assays summarized above. Virus concentrations were estimated from p24 concentrations and nor-
malized to cultures containing media only. The test samples were added in 2-fold serial dilutions
starting at 1:2. The control neutralizing antibody was started at a dilution of 1:20 and had concen-
trations of 0.758ug/ml or 3.33pg/ml for the 50% and 90% neutralization of virus points, respec-
tively.
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blocks infection of PBMCs by catalytic inactivation of gp160/41. Table 2.1. summarizes
the successful refolding experiments and consequent activities of the catalytic hybrid

discussed thus far.

Table 2.1 Activity of Ab86/HK14 chains and catalytic hybrid

Heavy chain | Light chain Specificity | Neutralization
Ab86 IgG, K gpl60, gpdl no
HK14 NA Vxi VIP no
Ab86/HK14
hybrid IgG, Ykl gpl160, gpdl yes

The second approach used in generating anti-HIV catalytic antibodies was to create single
chain recombinant constructs made by ligating the variable region of Ab86 with the variable
region of HK14. The recombinant approach provided a permanent source of antibody,
eliminated excess HK 14 from the hybrid and offered the possibility for large-scale expression
and purification of the scFvs. Additionally, the hybrid molecules were not subject to
denaturation in this system and therefore were more likely to be correctly refolded. The
methods for the step-wise construction of scFvs have been published (70). Briefly, the
ADbS86 heavy chain variable region and HK 14 variable region cDNAs were amplified with
sticky ends on both sides to link the chains together via a universal Gly-ser linker and also

to clone the single chain insert with a His-tag into the pAK400 expression vector using Sfi
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I sites. Although traditionally scFvs molecules are oriented in the VL-VH direction, we
made constructs in both the VL-VH and VH-VL orientations to see if one was preferable to
the other in terms of expression, activity or purification. JM83 and HB-2151 host cells
were transformed with the scFvs, were expressed and were digested with Sfi 1. The agarose
gel shows inserts of the correct size for the Ab86/HK14 scFvs in both directions (Figure
2.14). The scFvs were sequenced and clones with the correct VL-VH (Figure 2.15, Appendix)

and VH-VL (Figure 2.16, Appendix) sequences were selected for the remainder of the study.

Expression of the scFvs was optimized by varying the induction temperature, duration and

speed at which the cultures where shaking, the presence or absence of glucose and choice of

1 VL-VH

VH-VL

Figure 2.14. DNA gel of Ab86/HK14 single chain constructs. The Ab86 VH and HK14 VL
regions were isolated by PCR and then assembled into the single chain constructs by PCR-SOEing.
Constructs were made in both the VL-VH and VH-VL orientations. The inserts were cloned into
pAK400 and were transformed into JM8&3 host cells. Minipreps were digested with Sfi 1 and were
run on a 1% agarose gel. The top shows inserts of the correct size for the VL.-VH clones and the
bottom for the VH-VL clones. Several clones were sequenced and 4 with the correct sequences
were selected for further study. '
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93

Figure 2.17. Western blot of Ab86/HK14 scFv periplasmic ex-
tractions. Periplasmic extractions of the Ab86/HK 14 VL-VH (lane
1), VH-VL (lane 2) and a non-induced control culture (lane 3) were
diluted 1:1 in reducing sample buffer and were run on a SDS-PAGE
gel alongside a molecular weight marker (left) and a His-protein lad-
der (right) and were transferred to PVDF membrane. The blot was
developed with monoclonal anti-His antibody, followed with rabbit
anti-mouse HRP-conjugated antibody. The scFvs have an approxi-
mate molecular weight of 30kDa.

48

35
28

21

host cells, in addition to many other parameters. After optimizing the expression conditions
of the scFvs, a large scale expression was done and periplasmic extracts were Western
blotted (Figure 2.17) with a monoclonal antibody to the His-tag to confirm the presence and

specific activity of the scFvs before attempting purification. Additionally, a VL-VH culture

A

Figure 2.18. Western blot of purified Ab86/HK 14 scFvs. The Ab86/HK 14 VL-VH and VH-VL
periplasmic extracts, and a non-induced control extract, were purified on NiNTA. A) Two elution
fractions of purified VL-VH scFv were diluted 1:1 and run on a reducing SDS-PAGE gel, along-
side a molecular weight marker (left) and a His-protein ladder (right), and were transferred to
PVDF membrane. B) Two elution fractions of purified VH-VL scFv were diluted 1:1 and were run
on a reducing SDS-PAGE gel, alongside a molecular weight marker (left) and were transferred to
PVDF membrane. Both blots were developed with monoclonal anti-His antibody, followed with
rabbit anti-mouse HRP-conjugated antibody. The scFvs have an approximate molecular weight of
30kDa.
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that was treated under the same conditions that had not been induced (no IPTG) was used a
control for expression, purification and activity. The periplasmic extracts were tested by
ELISA for binding to gp160, gp20, gp41 and on uncoated wells (blank) (data not shown).
When corrected for background and conjugate-control binding, it was found that the
periplasmic extracts specifically titrated on gp160 and gp41, demonstrating that the
recombinant Ab86/HK 14 constructs share antigen-recognition characteristic of native Ab86

mAb.

Although we have attempted numerous purification schemes, at this point we have
successfully purified only one batch of VL-VH and VH-VL scFvs, as well as the non-
expressed control culture. A Western blot (Figure 2.18) of the purified scFvs and the non-
induced control culture that had been treated the same in terms of expression and purification,
but was not IPTG-induced, shows bands of the correct molecular weight of approximately
30KDa for the induced Ab86/HK14 scFvs (with a His-tag). When tested by ELISA for
binding to gp160, gpl120, gp41 and on uncoated wells (blank), the specific activity of the
purified VL-VH scFv was enriched (Figure 2.19). Interestingly, the activity of the VH-VL
single chain antibody is not as strong as the activity of the VL-VH scFv, both at starting
dilutions of 1:1, perhaps indicating that the VL-VH orientation is preferred for reasons of
specificity, titer or even expression level of soluble antibody. The non-induced control
culture remained negative in ELISA after having been subjected to the same purification

process as the induced scFvs.
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VL-VH scFv 1 VH-VL scFv 1 non-induced

Absorbance

1 10 64 1 10 64 1 10 64
Dilution

—e— gpl60 —— gpl20 —@— gp4l —o— blank

Figure 2.19. ELISA activity of purified Ab86/HK14 scFvs. Purified VL-VH (left), VH-VL
(center) and control non-induced (right) Ab86/HK 14 scFv constructs were tested by ELISA for
binding to HIV gpl60, gpl120, gp41 and to uncoated wells (blank). The single chain constructs
were expressed in JM83 host cells and the periplasmic extracts were purified using NiNTA (Qiagen).
The non-expressed culture was treated the same as the other cultures in that is was purified on
NiNTA and the fractions normally containing the single chain were pooled and dialyzed into PBS.
Note that the ELISA activity of the purified scFvs resembles that of native Ab86 by binding gp160
and gp41.

With respect to the recombinant scFvs, a great deal of work has already gone into the project
in terms of cloning and constructing the single chain antibody molecules, optimizing the
expression conditions and devising a preliminary purification protocol, while at the same
time there remains a great deal more effort needed to complete this part of the study. However,
we have succeeded in demonstrating proof of concept in that we imparted catalytic activity
into an anti-HIV mAbD, using both standard protein chemistry and molecular techniques.
The specificity of the native mAb was retained, while at the same time a non-neutralizing

anti-HIV mAb became a neutralizing anti-HIV mAb through the mechanism of specific
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antibody catalysis. The implications of this study are significant in that catalytic antibodies
to limitless specific targets may provide alternative vehicles of drug development, both by
specifically grafting catalytic activity into an existing human mAb, as we have done, or also
by directly isolating novel innate catalytic antibodies from patients and recombinant phage

display libraries made from human B cells.
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DISCUSSION
We examined closely some specific attributes of antibody function by first analyzing the
innate NAD systems of vertebrates using affinity-purified shark and human polyclonal
antibodies and human mAbs and second by manipulating the specific activities of antibody
heavy and light chains by generating protein hybrid and single chain recombinant molecules
made by pairing the heavy chain of a human anti-HIV gp160/gp41 specific mAb with a
light chain known to have innate catalytic activity. NAbs have only recently been recognized
as bona fide players of the immune system. This is not to deny their existence in the literature
(121-123), but addresses the issue that NAbs serve specific functions in the immune system,
be it immunomodulation (42, 43), homeostasis (37) or defense against viruses and bacteria
(17,37,39,41). NAbs develop in the absence of purposeful exogenous antigenic stimulation,
and in the past have been regarded as either “self-friendly or self-destructive” (37). However,
since NAbs have the capacity to recognize self or exogenous antigens, the NAb repertoire
must have the property in principle to be able to recognize the entire universe of potential
antigens (10, 68). The combinatorial immune system achieves this feat in part by having
rearranged TCRs and Igs. N-region addition, N-region deletion and somatic mutation during
rearrangement of Ig genes mediated by the RAG complex and subsequent affinity maturation
on antigen are all mechanisms to increase the diversity of antigen-receptors. These features
of the combinatorial immune system rapidly appeared in a “Big-bang” like fashion in ancestral

sharks 450 MYA (11, 13, 68, 124, 125), and since have been conserved.
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Sharks therefore serve as an interesting model of the vertebrate NAb repertoire since sharks
and humans represent the evolutionary extremes of vertebrate species still alive today sharing
the complete set of elements defining the combinatorial immune system. In addition to
conceptualizing the diversity of antigens recognized by the NAb repertoire, appreciated by
the side-by-side comparison of shark and human NAbs that were isolated by affinity
chromatography, the study of the vertebrate NAb repertoire is significant in that some NAbs
have the innate ability to mediate immunoregulatory processes (1, 16, 46-48), homeostatic
processes (37, 44, 45) or to function as an innate defense against infection from limitless
pathogens (18, 37, 39, 41). It is likely that the protection afforded by NAbs in defense
against infection by pathogens involves the usual neutralization, opzonization or the activation
of complement characteristic of antibodies of the adaptive immune system. However, in
the case of natural versus induced antibody, the presence of innate antibodies reactive to a
particular pathogen allows the adaptive immune system the necessary time to generate a
full-blown antigen-specific response, while at the same time still affords the host

immunological protection.

Due to the diversity of the NAD repertoire, the potential exists to generate human mAbs
specific to any antigen, autologous or infectious, from peripheral blood, thereby providing
the opportunity for manipulation such that infinite numbers of mAbs are and can be generated
from human peripheral blood cells. Of interest, is the ability to study specific antibody

populations in or across different patient groups, for example we characterize mAbs to
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human TCRs that were derived from patients with SLE or RA (14, 16), and compare their
activities to polyclonal NAbs of the same specificity that were isolated by immune-affinity
chromatography. Even though they were derived from patients with autoimmune disease,
these mAbs are still natural in the sense that there was no purposeful immunization.
Moreover, these naturally-occurring mAbs were derived from SLE and RA patients with
the conjecture that certain autoantibody levels, including anti-TCR autoantibodies, are
elevated in patients with autoimmune disease (49, 51) and therefore not only facilitated the
probability or possibility that we would derive IgG and IgM anti-TCR natural mAbs, but
also provided the opportunity to study certain subsets of autoantibodies that are elevated
and implicated in immunoregulatory processes (16). At this point, however, it is premature
to infer any correlations between SLE and RA concerning the activity of autoantibodies to
TCR variable region epitopes, although the results are consistent with our hypothesis that
such anti-TCR autoantibodies are immunoregulatory because the specificity of the SLE-
derived mAbs are comparable to those derived from RA patients that have already been
characterized as being immunoregulatory, since they inhibited IL-2 production from PBMCs

(16).

The potential also exists to generate natural mAbs specific for cancer cell targets (126) or
infectious agents (17) from human PBMCs. The mAbs could then be modified perhaps by
conjugating them to a toxin, drug or radioisotope or even by engineering specific catalytic

activity into the antibodies. Catalytic activity is a recently characterized natural or innate
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activity of some antibody light chains (21). In addition to the traditional mechanisms of
antibody-mediated immunity, neutralization, opsonization and activation of the complement
cascade, some antibody light chains, natural or induced, directly kill or inactivate their
targets by catalysis. This is significant in that it demonstrates a potential role for NAbs in
innate immunity and based on the supposition that the majority of the specificity of an
antibody derives from the heavy chain, antigen-specific heavy chains can be recombined
with catalytic light chains to create antigen-specific catalytic antibodies. Although it was
specifically induced using a gp41 peptide based in sequence on the conserved region of
gp41, a monoclonal mouse anti-gp41 IgG antibody with natural specific catalytic activity,
imparted by the kappa light chain, has been induced and cloned (21). The catalytic intact
antibody and free light chain specifically cleaved recombinant and peptide forms of gp41
and not the unrelated proteins BSA and HSA, nor did a non-catalytic isotype control light
chain (21). Given this example, it is difficult not to argue that this antibody behavior is
innate and provides testament to the potential use of catalytic antibodies as therapeutic
agents. In the years to come it is certain that the true significance of NAbs and their
consequent innate effector functions will continue as an active field of research and will

prove valuable in the design on novel immunotherapeutic drugs.
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APPENDIX: DNA SEQUENCES
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C7 TGG GGC CAG GGA ACC CTT GTC ATC GTC TCC TCA
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Figure 1.18. VH y-chain DNA sequence of C7. The germline segment best matches to the C7 VH were identified using the VBASE and
IMGT web pages. The C7 VH sequence (top) is aligned to its V, D, and J region best matches (beneath), named by gene family. Identities
with C7 in the germline sequences are indicated by dashes and differences are indicated by identifying the bases. The segments correspond-
ing to the D and J regions are indicated with thick gray or black bars, respectively, and the gene family names are beneath the sequences.
Residues marked with + in the germline sequence are residues that were added to C7 by N-region additions. Residues that were deleted from
C7 by N-region deletion are listed either above or below the sequences within arrows and should be interpreted as being deleted from the 5’
end of the D or J if the arrows are shifted to the right or from the 3’ end of the V or D if shifted to the left. CDRs are indicated with a thin bar
above the C7 sequence and either CDR1, CDR2 or CDR3 where appropriate. The C7 y-chain VH is composed of the following V, D and J
segments with indicated additions and deletions: VH3-30 (IGHV3-30), D1-1 (IGHD6-19) and JH4b (IGHIJ4).
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Figure 1.19. VH p-chain DNA sequence of 4D8. The germline segment best matches to the 4D8 VH were identified using the VBASE and IMGT web
pages. The 4D8 VH sequence (top) is aligned to its V, D, and J region best matches (beneath), named by gene family. Identities with 4D8 in the germline
sequences are indicated by dashes and differences are indicated by identifying the bases. The segments corresponding to the D and J regions are indicated
with thick gray or black bars, respectively, and the gene family names are beneath the sequences. Residues marked with + in the germline sequence are
residues that were added to 4D8 by N-region additions. Residues that were deleted from 4D8 by N-region deletion are listed either above or below the
sequences within arrows and should be interpreted as being deleted from the 5° end of the D or T if the arrows are shifted to the right or from the 3’ end of
the V or D if shifted to the left. CDRs are indicated with a thin bar above the 4D8 sequence and either CDR1, CDR2 or CDR3 where appropriate. The
4D8 u-chain VH is composed of the following V, D and J segments with indicated additions and deletions: VH3-23 (IGHv3-23), D3-9 (IGHD3-9) and
JH4b (IGHI4).
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Figure 1.20. VL A-chain DNA sequence of 4D8. The germline segment best matches to the 4D8 VL were identified using the VBASE and
IMGT web pages. The 4D8 VL sequence (top) is aligned to its V and J region best matches (beneath), named by gene family. Identities with
4D8 in the germline sequences are indicated by dashes and differences are indicated by identifying the bases. The segment corresponding
to the J region is indicated with a thick black bar and the gene family name beneath the sequences. There were no additions by N-region
addition to the 4D8 light chain. Residues that were deleted from 4D8 by N-region deletion are listed above the sequences within arrows and
should be interpreted as being deleted from the 5° end of the D region. CDRs are indicated with a thin bar above the 4D8 sequence and either
CDR1, CDR2 or CDR3 where appropriate. The 4D8 A-chain VL is composed of the following V and J segments with indicated deletions:
VL3 (IGLV3-10) and JL2 (IGLJ3).
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Figure 1.21. VH p-chain DNA sequence of 3E2. The germline segment best matches to the 3E2 VH were identified using the VBASE and
IMGT web pages. The 3E2 VH sequence (top) is aligned to its V, D, and J region best matches (beneath), named by gene family. Identities
with 3E2 in the germline sequences are indicated by dashes and differences are indicated by identifying the bases. The segments corre-
sponding to the D and J regions are indicated with thick gray or black bars, respectively, and the gene family names are beneath the
sequences. Residues marked with + in the germline sequence are residues that were added to 3E2 by N-region additions. Residues that were
deleted from 3E2 by N-region deletion are listed either above or below the sequences within arrows and should be interpreted as being
deleted from the 5’ end of the D or J if the arrows are shifted to the right or from the 3’ end of the V or D if shifted to the left. CDRs are
indicated with a thin bar above the 3E2 sequence and either CDR1, CDR2 or CDR3 where appropriate. The 3E2 p-chain VH is composed
of the following V, D and J segments with indicated additions and deletions: VH3-21 IGHV3-21), D3-10 (IGHD3-10) and JH5b (IGHIS).
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Figure 1.22. VL A-chain DNA sequence of 3E2. The germline segment best matches to the 3E2 VL were identified using the VBASE and
IMGT web pages. The 3E2 VL sequence (top) is aligned to its V and J region best matches (beneath), named by gene family. Identities with
3E2 in the germline sequences are indicated by dashes and a single difference (residue 52) in the CDR2 segment is indicated by identifying
the base. Additionally, there were no additions or deletions to the 3E2 light chain. The segment corresponding to the J region is indicated
with a thick black bar and the gene family name beneath the sequences. CDRs are indicated with a thin bar above the 3E2 sequence and
either CDR1, CDR2 or CDR3 where appropriate. The 3E2 A-chain VL is composed of the following V and J segments: VL1 (IGV1-40) and

JL1 (IGLI1).
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HK& GAC ATC GTG ATG ACC CAG TCT CCA TCC TCC CTG TCT GCA TCT GTA GGA GAC AGA GTC ACC ATC ACT
Ab e e e e . . . o o . e e e e e s e e e s e e e e e w e e PR e e e P . e

VL TGC CGG GCA AGT CTT AAG ATT A AAC T TTA AGT TGG TAT CAG CAG ARAA CCA GGG AAA GCC cCccCT
HK? TGC CGEG GCA AGT CTT AAG ATT ATC AAC TTT A AGT TGG TAT CAG G AAA CCA GGG AAA GCC CCT
ABBG -« « o - e oo c s e e e e e e e e e s s e Ll s e s

VL AAA CTC GTC CTC TAT GCA GCA TCT ACT TTG CAA AGT GGG ¢ ¢CA TCA AGG TTC AGT GGC AGT GGA
HK% ABRA CTC GTC CTC TAT GCA GCA TCT ACT TTG CAA AGT GGG GTC CA TCA AGG TTC AGT GGC AGT GGA
ADBBG  « - - o e oo o e L s e s e e e e s s sl e s e s s .

VL TCT GGG ACA GAC TTT ACT CTC ACC ATC AGC AGT CTG CAA CCT GAA GAT TTA GCA ACT TAT TAC TGT
HKI4 TCT GGG ACA GAC TTT ACT CTC ACC ATC AGC AGT CTG A CCT GAA GAT TTA GCA ACT TAT TAC TGT
ABSG - - - e e e e e oo . . .. PR . . . e e e e e e

VLAiok CAA CAG AGT TAC ATT CTC CCG CCC ACT TTC GGC GGA GGG ACC AAG GTG GAC ATC TTA GGT GGT GGT
HK14 CAA CAG AGT TAC ATT CTC CCG CCC AC TTC GGC GGA GGG ACC AAG GTG GAC ATC TTA - - - R -
Ab86 - - -+ - - - . e e e o .. P R
link/VH

HK14 GGT TCT GG6T GGT GGT GGT TCT GGC GGC G6GC GGC TCC GGT GGT GGT GCGA TCC CAG GTT CAT cTe GTG
Ab86 PR PR PR [ - PN PR PR PN PR PR . TCC CAG GTT CAT CTG QTG

VH CAG TCT GGG GCT GAG GTG AAG AAG TCT GGG TCC TCG GTG AAG GTC TCC TGC AAG GCT TCT GGA GGC
TS CAC TCT GGG Gom GAG GTG ARG ARG TOT GGG TEE TeG GG AAG GTC Tee Tae ARG Gem Ter GeAn ecc
VH ACC TT¢C AGA AAC TAT GTT TTT ACC TGG GTG CGC CAG GCC CAT GGA CARA GGG CTT GAG TGG ATG GGA
AW ACC TOC AGA AAC AR GID TOT AGC MGG GTC CGC CAG GeC CAT GGA CAA GGG cTT GAe mee ARG caA
VH GGG ATC ATC CCT CAG TTT GGA ATA CAA AAC TAC GCA CAG AAG TTC CGG GGC AGA GTC ACG ATT ACC
W86 GGE ATC AT GOT CAG TTT GGA ATA GAR AAC TAC GGA CAG ARG TTC GGG GGC AGA GTe Ace ATT Ace

VH GCG GAC AGA TCC ACG ACC ACA TCC CAG ATG GCC cCTG ACC AGC CTG ACA TCT GAG GAC ACG GCC GTA
HKi4 - . - e . e . PR a e . . e . e e PR e e e e e “ e . F- e e e e e e e e e e e e e . ..

Ab86 GCG GAC AGA TCC ACG ACC ACA TCC CAG ATG GCC CTG ACC AGC CTG ACA TCT GAG GAC ACG @GCC GTA
VH TAT TAC TGT GTC CTT CGA CCC AAA TAC GAT TTT TTG ACC AGT AAC TCG TTC TTT GAC TTT TGG GGC

ﬁggéAé fAé %é% ééé éf% ééé ééé AAA TAC GAT TTT é%A ACC AGT AA& ééé TTC TTT ééé &%% TGG GGC
VH cag GGA ACT CTG GTC ACC GTC TCC TCG

Wois cac Goa Act cme Gme Ace ame mec Tea

Figure 2.15. Confirmation of the correct sequence of Ab86/HK14 VL-VH construct. The VL-VH sequence is aligned to the published

sequences for HK14 (top) and Ab86 (bottom). The linker region is indicated with a bar above the sequence.
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VHCAG GTT CAT CTG GTG CAG TCT GGG GCT GAG GTG AAG A TCT GGG TCC TCG @TG AAG GTC TCC TGC
}!{\Ig?gCAG GTT CAT CTG GTG CAG TCT GGG GCT GAG GTG AAG AAG TCT GGG TCC TCG GTG AAG GTC TCC TGC
VHAAG GCT TCT GGA GGC ACC TTC AGA A TAT GTT TTT ACC TGG GTG CGC CAG GCC CAT GGA AA GGG
}?lg?gAAG GCT TCT GGA GGC ACC TTC AGA A TAT TT TTT ACC TGG GTG CGC CAG GCC CAT G@GA A GGG
VACTT GAG TGG ATG GGA GGG ATC ATC CCT CAG TTT GGA ATA CAA AAC TAC GCA CAG AAG TTC CGG GGC
}/IKIE?ECTT GAG TGG ATG GGA GGG ATC ATC CCT CAG TTT A ATA CAA AAC TAC GCA CAG AAG TTC CGG GGC
VHAGA eTC A ATT ACC GCG GAC AGA TCC A ACC ACA TCC CAG ATG GCC CTG ACC AGC CTG ACA TC
}?Ig?gAGA GTC A ATT ACC GCG GAC AGA TCC ACE ACC ACA TCC CAG ATG GCC CTG cC AGC CTG ACA T
VHGAG GAC ACG GCC GTA AT TAC TGT GTC CTT CGA CCC AAA TAC GAT TTT TTG ACC AGT AAC TCG TTC
I—?[g?gGAG GAC ACG GCC @GTaA A TAC TGEGT GTC CTT CGA CCC AAA TAC GAT TTT TTA ACC AGT BAC TCG TTC
VHAick TTT GAC TTT TGG GGC CAG GGA ACT CTG GTC ACC GTC TCC TCA GGT GGT GGT GGT TCT GCT GGT GGT
}?IESGTTT GAC TTT TGG GGC CAG GGA ACT CTG @GTC ACC GTC TCC TCA - - -
4 - .. L T P I .. PR . - P

WkVL GG TCT GGC GGC GGC GGC 7CC GGT GGT GGT GGA TCC GAC ATC GTE ATE ACC CAG TCT CCA TCC TCC
HRIA - -« <o e Ll UL Il Ul GAC ATC GTG ATG ACC CAG TCOT cea Tee Tee
VLCTG TCT GCA TCT GTA GGA GAC AGA GTC ACC ATC ACT TGC CGG GCA AGT CTT AAG ATT ATC AAC TTT
HE4CTG TCT GCA TCT GTA GGA GAC AGA GTC ACC ATC AGT TGC COG GCA AGT CTT ARG ATT ATC AAC TTT
VLTTA AGT TGG TAT CAG CAG AAA CCA GGG AAA GCC CCT AAA CTC GTC CTC TAT GCA GCA TCT ACT TTG
HKIS TTA AGT TGG TAT CAG CAG AAA CCA GGG AAA GCC GCT AAA CTC GIC CTC TAT GCA GGA TCT AGT T76
VLCAA AGT GGG GTC CCA TCA AGG TTC AGT GGC AGT GGA TCT GGG ACA GAC TTT ACT CTC ACC ATC AGC
HKI4 CAA AGT GGG GTC CCA TCA AGG TTC AGT GGC AGT GGA TCT GGG ACA GAC TTT ACT CIC AGC ATC AGe
VLAGT CTG CAA CCT GAA GAT TTA GCA ACT TAT TAC TGT CAA CAG AGT TAC ATT CTC CCG CCC ACT TTC
AKI4 AGT CTG CAA CCT GAA GAT TTA GCA ACT TAT TAC TGT CAA CAG AGT TAC ATT CTC GGG CCC AGT TTC
VLGGC GGA GGG ACC ARG GTG GAC ATC TTG
HRI4CGC GGA GGG ACC AAG GTG GAC ATC TTA

Figure 2.16. Confirmation of the correct sequence of Ab86/HK14 VH-VL construct. The VH-VL sequence is aligned to the published
sequences for Ab86 (top) and HK 14 (bottom). The linker region is indicated with a bar above the sequence.
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