MONTANA

STATE UNIVERSITY

The development of an HIV vaccine candidate using a phage display library
by Jon Morrell Jacobs

A dissertation submitted in partial fulfillment of the requirement for the degree of Doctor of Philosophy
in Biochemistry

Montana State University

© Copyright by Jon Morrell Jacobs (2002)

Abstract:

The development of an effective HIV vaccine is of immense importance in the long term control of
HIV infection worldwide. A successful vaccine would help prevent the establishment of a chronic HIV
infection which has been shown to be difficult if not impossible to eradicate from an individual. A
number of neutralizing monoclonal antibodies (mAbs) are directed against the HIV glycoprotein gp120
and bind to highly conserved residues. Determining the nature of such binding epitopes would be
useful in developing a vaccine candidate that would direct an immune response against these conserved
residues of gp120. By using the technique of peptide phage display mapping, mAbs were used to
screen a random peptide library to identify peptides which bind specifically to the mAb. A nonapeptide
library was screened with six antibodies, and for three of these mAbs, sequences were determined that
bound specifically to their corresponding mAbs. Synthetic peptides corresponding to two of these
sequences were able to compete with gp120 for binding to the antibodies. These synthetic peptides
were then coupled to carrier proteins and used to immunize mice. Sera from mice immunized with two
of the peptide conjugates bound to gp120, indicating that this approach has potential for the design of
novel HIV vaccine antigens. An additional consensus peptide sequence, QSYP, appeared as an artifact
during the screening of one of the monoclonal antibodies. Phage bearing this peptide sequence were
also selected by three other laboratories which screened the same phage library against three unrelated
mAb preparations. It was determined that phage displaying the QSYP sequence were not bound by the
mADb of interest, but rather bound to bovine IgG contaminating the mAb samples which was derived
from the fetal calf serum present in the hybridoma growth media. Implications of this finding for
interpretation of phage library screening results, and possible uses of the QSYP consensus peptide are
discussed.
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ABSTRACT

The development of an effective HIV vaccine is of immense importance in the
long term control of HIV infection worldwide. A successful vaccine would help prevent
the establishment of a chronic HIV infection which has been shown to be difficult if not.
impossible to eradicate from an individual. A number of neutralizing monoclonal ‘
antibodies (mAbs) are directed against the HIV glycoprotein gp120 and bind to highly
conserved residues. Determining the nature of such binding epitopes would be useful in
developing a vaccine candidate that would direct an immune response against these
conserved residues of gp120. By using the technique of peptide phage display mapping,
mAbs were used to screen a random peptide library to identify peptides which bind
specifically to the mAb. A nonapeptide library was screened with six antibodies, and for
three of these mAbs, sequences were determined that bound specifically to their
corresponding mAbs. Synthetic peptides corresponding to two of these sequences were
able to compete with gp120 for binding to the antibodies. These synthetic peptides were
then coupled to carrier proteins and used to immunize mice. Sera from mice immunized
with two of the peptide conjugates bound to gp120, indicating that this approach has
potential for the design of novel HIV vaccine antigens. An additional consensus peptide
sequence, QSYP, appeared as an artifact during the screening of one of the monoclonal
antibodies. Phage bearing this peptide sequence were also selected by three other
laboratories which screened the same phage library against three unrelated mAb
preparations. It was determined that phage displaying the QSYP sequence were not bound
by the mAb of interest, but rather bound to bovine IgG contaminating the mAb samples
which was derived from the fetal calf serum present in the hybridoma growth media.
Implications of this finding for interpretation of phage library screening results, and
possible uses of the QSYP consensus peptide are discussed.




CHAPTER ONE

INTRODUCTION AND REVIEW OF THE
STRUCTURE AND FUNCTION
OF HIV

The History of AIDS and the HIV virus

Acquired Immune Deficiency Syndrome (AIDS) is the syndrome caused by the
destructive effects of the Human Immunodeficiency Virus (HIV), which ranks as one of
the most important infectioué diseases in the history of mankind. It is commonly believéd
that HIV-1 subclass M, the most wideépread form of fhe virus, i'nitiated infection into the
human population by a cross-species transmission event, in which a human was infected
from a chimpanzee, the most likely source being subspecies P. . troglodytes, carrying the
Simian Immunodeficiency Virus (SIV) SIVcpz (reviewed by Hahn et al., 2000). The
geography points to somewhere in west equatorial Africa, and the date, due to molecular
mutational clock analysis, points to a last common ancestor around the early 1930's
(1915-1945), with the actual crossover event mostly likely occurring sometime before this
date (Korber et al., 2000). From that point on, HIV/AIDS was essentially undetected
until 1981, when doctors in California, and then later in New York, began to see patients
with an increase in opportunistic infections, mostly a rare form of pneumonia,

Pneumocystis carinii, as well as other viruses, fungi, and skin cancer, most often seen in-
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patients having immune deficiencies (CDC, 1981; reviewed by Grmek, 1990). These
symptoms would persist in thé individual until their death, which would ultimately be
caused by opportunistic infections allowed to thrive, due to the patient’s severe
immunosuppression. Cases dﬁring this time primarily came from the male homosexual
population in the U.S. but once the syndrome was reponed, cases were diagnosed
elsewhere in the world. In 1982 the term AIDS was coiqed to describe the immune
deficient condition common in all patients but it was not until 1983 that the pathogenetic
factor was discovered to be a previously undetermined retrovirus (Barre-Sinoussi et al.,
1983; Gallo et al., 1984). After a race to isolate and characterize the previously unknown
virus and a spirited debate over who was first to discover it, the virus was finally given
the name Human Immunodeficiency Virus or HIV in 1986 (Grmek, 1990; Levy, 1998).
HIV has since spread into the heterosexual population and has become the world-wide
epidemic that we know today..

At the end of 2001, there were approximately 40 million people world-wide that
were living infected with HIV, many of them unaware of their infection (WHO, 2001).
Approximately 5 million people were newly infected in 2001 and 3 million deaths were
associated with AIDS related diseases. In North America approximately 940,000 people
| now liv.e with HIV with about 45,000 neQ infections per year (WHO, 2001). Out of the
40 million individuals infected with HIV, a vast majority of those cases (28 million) live
in Sub-Saharan Africa. HIV/AIDS is now the 1eading cause of death is this area and the
fourth leading cause of death worldwide. In Sub-Saharan Affica, the life expectancy is

now only 47 years, compared to approximately 62 years were it not for HIV/AIDS. In the
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worst-affected countries, life expectancy is even less than 40 years, due to the widespread
impact of HIV/AIDS. The epidemic has risen fgster in Eastern Europe and Central Asia
than in any other region in 2001. In the Russian Federation, reported cases of HIV/AIDS
have doubled annually since 1998, \‘Nith more than 130,000 total cases now reported.
Such exponential growth is also seen in most of the Central Asian republics (Kyrgyzstan,.
Kazakhstan, Tajikistan, and Uzbekistan) as well as parts of Central Europe (Ukraine and

“Estonia). These numbers are on a smaller scale compared to other areas involved in the
epidemic, but considering the exponential increase in cases reported, the widespread
intravenous drug use in this area (in the Ukraine, three-quarters of the curfent HIV
infections are caused by intravenous drug use), the large population, and the
disintegration of public health services, it is in Central Asia that the potential for an
explosion in HIV/AIDS cases is the greatest (WHO, 2001).

HIV is divided into two main branches, HIV-1 and HIV-2, which differin
the STV strain from which they originated (Levy,1998). The HIV-2 epidemic has been
comparatively small, and has been essentially contained within Africa. The nucleotide
sequence of HIV-2 is actually more closely related to SIV than to HIV-1 (Hahn et al.,
2000; Levy, 1998). HIV-1 itself is divided into three groups: M, O, and N (Main, butlier,
and Non-outlier respectively), shown in Fig.1.1. HIV-1 groups N and O have also been
mostly contained within Africa, with group N almost exclusively found in Camefoon. It
is HIV-1 , subclass M, that is responsible for the world-wide epidemic that is seen today.
Each branch, HIV-1 and HIV-2, as well as each group, M, O, and N, are believed to have

originated from separate species cross-over events originating from various strains of SIV
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found in either sooty mangabeys or chimpanzees. The primate natural host of SIV is not
affected by infection of the virus. This is seen with all SIV primate natural hosts in
regard to their respectivé strains of SIV, even though some natural hosts carry viral loads
high enough to cause AIDS in humans (Kurth and Norley 1996). This suggests that
factors other than the virus itself are involved in disease progression and it is believed
that the host species response to the viral infection and genetic host factors play an
important role in containment of the virus in the host (Dalgleish et al., 1999).

Fig. 1.1 shows evolution of SIV within its natural host in black, with each
black/red color change representing a zoonotic transmission event. These transmission
events are believed to be the result of close contacts between humans and SIV infected
primates in many regions of Africa. The hunting and consumption of primates by
humans is very common in these regions and it is believed that this process would
provide numerous avenues for a transmission event (Hahn et al., 2000). Red lines
represent evolution of HIV-1 or HIV-2 in humans. Group M is further divided into 11
clades, denoted A through K, that represent the diverse genetic sequences of HIV-1 seen
throughout the world. It is clade B that is primarily found in the U.S. and within this
clade, strains TIB, MN, and SF2 are some of the more commonly used virus isolates

utilized in research.

HIV Structure and Function

HIV-1 is a member of one of the five major primate lineages of the lentivirus

family of animal retroviruses. Lentiviruses are capable of long-term latent infections, as




SIVepz (P.t.s.)
HIV-I Ol
HIV-I1 02
SIVcpz (P.t.t)
HIV-1 N
SIVepz (P.t.t)
HIV-1 MA
HIV-1 MIC
HIV-1 M/B
HIV-1 MID
HIV-1 M/E
HIV-1 M/F

SIVsm
HIV-2 D
SIVsm
HIV-2 Al
HIV-2 A2
HIV-2 BI
HIV-2 B2
HIV-2 C
HIV-2 F
SIVsm
SIVsm
HIV-2 E

Figure 1.1 Schematic trees of HIV-1 and HIV-2 showing the multiple
independent zoonotic transmissions of SIVcpz and SIVsm to humans.
Branches in black show evolution of SIV within its natural host with black arrows
indicating points of cross-species transmission into human hosts (red) and the
subsequent evolution of HIV. (A) SIVcpz and the three main groups of HIV-1: O,
N, and M. (B) SIVsm and HIV-2, which is comprised of six subtypes, A through F.
(Reprinted with permission from Hahn et ah, copyright 2000 American Association
for the Advancement of Science.)
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well as short term cytopathic effects, which produce slow-progressing, yet fatal diseases.

HIV particles consist of two identical strands of RNA, approx. 9.2 kb long,
contained within a cone-shaped core composed of the p24.gag capsid protein and the p6
gag nucleocapsid protein (reviewed by Levy, 1998). Also contained inside the core and
closely associated with the strands of RNA are the enzymes reverse transcriptase (RT),
integrase, and protease. The core is surrounded by a phospholipid bilayer which is
supported by a viral matrix composed of the p17 gag protein inside of the bilayer
(Fig.1.2). The phospholipid bilayer envelope of the virus contains up to 72 trimers of the
envelope glycoprotein gp120 non-covalently attached to the transmem‘brane glycoprotein
gp41 in the mature virus. (Levy, 1998). The RNA of HIV (Fig.1.3) has the gag, pol, and
env genes characteristic of retroviruses, as well as a range of unique accessory genes
labeled tat, rev, nef, vif, vpu, and vpr. The gag gene encodes for a 55 Kd protein that is
cleaved to form the p24, p17 and p15 structural proteins of the virus. The pol gene
products include RT, protease, and integrase enzymes. The env gene codes for the
surface glycoprotein gp160, which is later cleaved by a host cell protease into gp120 and
gp41 before assembly of the v.irion.

The life cycle of HIV begins when bodily fluids such as semen or blood from an
infected individual come in contact with naive cells from another individual. The initial
contact between virus particle and cell begins with the recognition by the viral gp120
glycoprotein of the CD4 molecule expressed on either T-cells, macrophages,‘or dendritic
cells, as shown in Fig.1.2 ( Dalgleish et al., 1986; Sattentau, 1998). The affinity between

monomeric gp120 and CD4 is strong, between 1 and 10nM, but the affinity of soluble




Fig. 1.2 Picture of an HIV virion. (Used with permission from Teresa Winslow,
Medical Illustration ©1996 Teresa Winslow)
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is also shown. (Information for figure taken from Greene, 1990)
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CD4 (sCD4) to oligomeric gp120 expressed on the surface of the virion has been shown
to vary a great deal between primary isolates and labc;ratory strains of HIV (Moore et al., -
1992; P;ouvts et al., 1997). Binding of sCD4 to primary isolates, strains of HIV taken |
directly from infected patients, have been reported to be 10 to 30 fold lower than binding
of sCD4 to culture-adapted laboratory isolates. The CD4 binding-site surface on gp120 ié
approximately 800 A? in area, with 22 CD4 residues contacting 26 gp120 residues, which
involves six different segments of gp120 (Kwong et al., 1998). These interactions
include 219 Van der Waals interactions, and 12 hydrogen bonds, which are mostly
contained in the core conserved regions of gp120 (see discussion of gp120 structure for
more details). The CD4 binding site (CD4bs) is devoid of carbohydrate attachment sites,
includes both a hydrophilic and hydrophobic pocket, and 'cc;ntains a relatively acidic patch
of amino acids complimenting a basic patch on the CD4 molecule (Kwong et al., 1998).
The CD4 residue Phe 43 plays an important role in the interaction by inserting into a
hydrophobic pocket on gp120. Most importantly, the binding of CD4 induces a
conformational change in gp120, allowing a previously inaccessible chemokine receptor -
binding site (CRbs) to be formed (Sattentau et al., 1993). The CRbs is mainly comprised
of two regions on gp120, segments of the V3 loop and a group of core basic and
hydrophobic residues which are thought to interact with the chemokine receptor, as
determined by site-specific mutagenesis of gp120 (Rizzuto et al., 1998; Speck et ;al.,
1997). Some monoclonal antibodies (mAbs), termed CD4-induced mAbs, are specific to
the CRbs region and do not bind gp120 unless CD4 is bound; mAb 17b is an example

(Thali et al., 1993). There are two chemokine receptors that are used by HIV for binding
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and infection, CCR5 and CXCR4, and mutations in the CRbs of gp120 can alter the
specificity of HIV between the two feceptors (Moore, 1997; Feng et al., 1996; Speck et
al., 1997). CCRS is found on macrophages, and is bound by M-tropic (rﬂacrophage
infecting) virus particles, which are most often involved in virus transmission. CXCR4 is
specific for T-cell infecting virus particles (T-tropic) that develop in later stages of virus |
infection. It is believed that binding to the chemokine receptor allows positioning of the
gp120/gp41 in the proper orientation for viral fusion (Wyatt et al., 1998). This binding of
the chemokine receptor to gp120 induces yet another conformational shift, involving the
interaction between gp120 and gp41, in which gp41 becomes exposed to interact with the
membrane surface of the immune cell (Trkola et al., 1996a; Wu et al., 1956). Gp4lis an
integral membrane protein containing an extra cellular coilgd—coil domain, which acts
very much like a loaded spring that, when released, extends outward and initiates cont‘act
with the membrane using its fusion peptide located on the extreme N-terminus (Chan and
Kim, 1998; Chan et al., 1997; Weissenhorn et al., 1:997)‘. This extended trans'ient
structure of gp41 is called the prehairpin intermediate. Reassociation of the three
extended helices with the three helices incorporéted in the virus forms the trimer-of-
hairpins structure (Chan and Kim, 1998; Furuta et al., 1998). This re-association is
proposed to close the gap between virus and cell and begins the fusion of the HIV and
immune cell membranes, which leads to the subsequent release of the viral core iﬁto the
cell. After insertion, the viral core disseminates, leaving tﬁe strands of RNA free to be
reverse-transcribed into dsDNA by the viral RT. The viral dsDNA then enters the

nucleus, along with the viral enzyme integrase, which then inserts the dsDNA into the
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host cell genome. The development of active virus production is not always imminent,
and the ability of the virus to stay in a latent phase for long peripds of time contributes to .
its evasion of the immune response. ”

Actual virus production is believed to be activated by the binding of host-cell
transcription factors to the long terminal repeat region (LTR) upstream of the viral genes,.
as seen in Fig. 1.3. Production of virus can be divided into two phases, an early phase
when regulatory genes are expressed, and a late phase, when structural genes are
expressed. During early phase, the regulatory genes tat and rev are expressed, which
require RNA splicing events for production of viable mRNA for translatibn (reviewed in
Green, 1990; Pantaleo and Fauci 1995). Tat is a potent transcription activator and its
binding increases transcription of the viral DNA by 1OOQ fold. The rev protein facilitates
the transition between early and late phase by binding to viral RNA traﬁscripts and
transporting them to the cytoplasm for translation. The late phase is characterized by the
production of the gag, pol, and env polypeptides needed for a complete viral assembly
(Green, 1990; Pantaleo and Fauci, 1995). All gene transcripts are transported out of the
nucleus and into the cytoplasm to be translated. Packéging occurs within the cytoplasm,
which involves surrounding the RNA transcripts and essential enzymes needed for the
next cycle with thé gag core proteins. The virus is released by the cell through budding
from the plasma membrane, which incorporates the host cell phospholipid bilayer on the
sul;face of tﬁe virus as well as the critical gp120/gp41 complexes previousiy synthesized

and located within the plasma membrane bilayer.
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HIV ¢p120 Structure

Gp120 is the méjor surface-expressed glycoprotein on the HIV virion. It’s
discovery in 1985 (Allan et al., 1985; Montagnier et al., 1985) began a search for its 3D
structure which culminated in 1998 with the publication of the crystal structure at 2.5 A
resolution of HIV-1 B gp120 in complex with CD4 (Kwong et al., 1998). Before the
crystal structure, the antigenic structure of gp120 had been intensely studied mostly by
mutational data coupled with the binding of panels of mAbs specific for various residues
on gp120 (Ditzel et al., 1997; Moore and Sodroski, 1996; Thali et al., 1992). Studies also
included the antibody response against the antigenic structure of gp120 and its
implications in vaccine development and in viral activity (Chamat et al., 1992; Pincus et
al., 1993; Pincus et al., 1994b). This previous work had described gp120 in terms of
antigenic regions which pertain to groups of mAbs that bind specifically to each region.
The variable loops V3 and V2, the CD4 binding site, and the CD4-induced Binding site
for the chemokine receptor are some of the more importaﬁt antigenic regions. The X-ray
data has helped immensely in elucidating pertinent residues for the gp120/CD4
interaction, the antigenic nature of gp120, as well as providing clues on how gp120
functions.

Gp120, as its name suggests, is a 120 kD glycoprotein which is non-covalently
attached to the integral membrane protein gp41. Gp120 has approximately 25
glycosylation sites with carbohydrate accc;unting for more than half of its molecular

weight (Fig.1.4). It is composed of 492 amiho acids, which have been divided into five
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variable regions (V1~V5),' and five constant régions (C1-C3), bésed upon seqﬁence data.
For the most part, each variable region forms a loop structure exposed on the surface of -
gp120, while the constant regions form the conserved central core. The crystal structure
of gp120 published in 1998 is of the CD4-bound structure, and required some
modifications to gp120 needed for crystallization purposes (Fig.1.5). These
modifications include: removal of both the V1 and V2 loops (67 residues), and the V3
Joop (32 residues), and replacement of each with a simple Gly-Ala-Gly linker with one
residue remaining on each side of the key disulfide bonds defining the loops (Kwong et
al., 1998). The protein was also enzymatically deglycosylated, léaving a “core” gpl120
molecule that still bound CD4 and many mAbs with affinities comparable to the native
protein (Binley et al., 1998). The structure was co-crystallized with CD4 as well as the
Fab fragment from mAb 17b, which binds the CD4-induced conformation of gp120,
thereby essentially flanking the gp120 structure with two other protein structures and
conferring conformational stability for the formation of crystals.

The gp120 structure is divided into an inner and outer domain which is li.vnked
togﬁ:ther by a bridging sheet. The CD4 molecule interacts with six different regions of the
primary sequence of gp120 and this binding site is formed by a depression at the interface
of the inner and outer domain, also including the bridging sheet (Kwong et al., 1998).
More recently a refined crystal structure of the HIV-1 IIIB, at 2.2 A resolution wﬁs
obtained, as well as a.2.9 A crystal structure of the “core” gp120 from the HIV-1 primary
isolate YU?2 (Kwong et al., 2000). The refined ITIB structure enhances the previous 2.5 A

structure and resolved some previously disordered residues. The YU2 structure varied
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little from the IIB structure. YU?2 and ITIB have noticeably different antigenic responses;
there are a number of mAbs that neutralize B isolates 5ut cannot neut;alize YU2
isolates (Sullivan et al., 1995). However, their “core” structures based upon X-ray crystal
data seem to be nearly identical. This lends to the hypothesis that differeﬁces in the
variable region sequences result in differences in the variable loop structures, which mask
many-of the conserved core epitopes of gp120. Differences in the antibody response are
most often amplified when directed against the trimer structure of gp120 versus the
monomeric structure. The similar)ities in the core structure between gp120 IIIB and YU2
suggest that variable loop differences in gp120 might also have si gnificaﬁt effects on the
quaternary structure of the trimer complex, thereby changing the antigenic sites in the
trimer (Kwong et al., 2000). Unfortunately, three of the variable loops (V1, V2, V3) are

not contained in either of the crystal structures of the core gp120.

Antigenic Structure of gp120

The glycoprotein gp120 has evolved several structural features to help evade ;he
immune system due to the pressure place upon it by neutralizing mAbs. Its structure is
such that the hypervariable regions or loops V1-V5 are exposed on the surface, which can A
support a high degree of structural polymorphism and still maintain function of the
protein (Wyatt et al., 1998 and Sattentau, 1998). The high mutation rate of gpliO is
caused by the high error rate of HIV reverse transcriptase (RT) converting the viral
ssRNA into dsDNA for transcription and translation into protein. The variable nature of

gp120 allows it to evade most specific Ab responses simply by changing enough surface
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residues to elude such a response. The hypervariable loops shield £he conserved,
functionally necessary amino acids in the core from Abs. Gp120 is also highly
glycosylated with sugar groups that resemble those expressed on proteins on the surface
of the host cell. This gives the HIV gp120 protein a “self” image to th.e host which helps
in avoiding any general recognition of the virion as foreign (Wyatt ét al., 1998). The
glycosylation sites are strategically placed so as fo hinder fecognition by Abs, but to not
interferé with interaction with the CD4 molecule.

The CD4 binding site (CD4bs) has éharacteristics that assist immune evasion,
while at the same time maintaining conserved residues needed for binding t1;16 CD4
molecule. This defense may involve partially masking the CD4bs with the V1 and V2
loops to avoid direct exposure of the conserved residues to the surface. It is thought that
the V1 and V2 loops are extremely flexible and maintain a dynamic presence around the
CD4bs .(Wyatt et al., 1998). The CD4bs itself is somewhat recessed, hirllderin-g the abiiity
of an antibodies’ variabie region to bind, as well as containing a numBer of residues
flanking the CD4bs that are highly variable and giycosylated (Kwong et al., 1998 and
Wyatt et al., 1998). Even though most residues in the bir;ding site are well conserved,
this area still contains clusters of residues that do not. contact CD4 directly and are subje.ct
to mutations, such as those residues which line the hydrophilic cavity. Even some of the
residues which do directly contact CD4 do so with main chain atoms allowing some
variability in their sidechain atoms (Kwong et al., 1998). This also allows a'certain
degree of mutation even within a very conserved portion of the érotein. Finally, CD4

binding confers a conformational change on gp120, which allows for the exposure of




16

gpl20 =

I vd h. “f
T % s
a6 APacyHi 1
ub £
N ont qgaCpkvs
p
M \
< iSSO
=0O-Hedi- J
ilsl
,=«ar,£-'0
W M GV/.-
io w "
hn VWAthaCvPtdpnpge
. 456RW N dR
? Hx
'§ abDs-- e S
0YA Ka K oo
NH2 0 W
A .
“TE KLWVTV YYGVp YK\N“E’
Glycosylatlon sites m  Glycosylation sites Five disulfide i i
T containing high manose- containing complex- bonded domains II ::e“;o?;pg;vl\a/lgz?éiv
type and/or hytyrid type type oligosaccharide are labeled by | etat. are darkened
oligosaccharide structures structures roman numerals 1 and iabeled V1-V5

Fig. 1.4 Amino acid schematic of gp!20 structure. Figure shows the five
known variable regions as well as the many glycosylation site found on gpl20.
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Fig. 1.5 Crystal structure of the gp!20/CD4 complex. The gpl20 molecule is shown in
red with the CD4 structure in yellow. Actual structure contained the Fab of mAh 17b to
facilitate crystallization but is not shown in the figure. (Kwong et al., 1998)
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residues not directly exposed in the native gp120 structure. For example, a nﬁmber of
residues used for the chemokine receptor binding are not exposed until CD4 is bound, .
making it difficult for the immune system to target this area since these residues are only
exposed for a short period of time (Rizzuto et al., 1998).

Despite such a tight system of defense, the immune system can develoi) antibodies
that bind specifically to the CD4bs and other neutralizing epitopes on gp120 and are
capable of neutralizing virus (Robert-Guroff et al., 1985; Weiss et al., 1986; Berkower et
al., 1989). Unfortunately, these antibodies generally are not developed until later in the
infection, after the virus has been able to integrate and established itself in the host. The
host Ab response is often found to be directed toward a number of the more exposed
variable loops of gp120 (Pincus et al., 1994a). While these Abs are effective in
neutralizing théir specific sequence, it is believed that changes in the amino acid structure
of these regiohs quickly allow escape from any specific Ab response. Neutralizing Abs
are developed during infection, as well as with some vaccine candidates, and are able to
neutralize virus particles (Piﬁcus et al., 1_997). However, they are pnable to completely
eliminate the virus once it has firmly established itself by integration into the genome of

the host (Pincus et al., 1994b).

Pathogenesis of HIV and Therapeutic Implications

Infection of a host by HIV begins a very complex interaction involving multiple
aspects of the immune system striving to counter-balance an extremely evasive viral

infection. As mentioned above, there are two different types of HIV that have
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preferential affinity for two chemokine receptors. M-tropic or “R5" viruses bind
specifically to the chemokine receptor CCRS5 while T-tropic or “X4" viruses bind
specifically to the CXCR4 chemokine receptor (Moore, 1997; Feng et al., 1996; Speck et
al., 1997). RS viruses have l-)een implicated in the initiation of infection from one host to .
another. This is thought to be because sexual activity is the most common method of
infection, and the population of immune cells found in the genital mucosa preferentially
express the chemokine receptor CCR5 (Zaitseva et al., 1997). Generally X4 viruses do
not appear until later in infection and this represents a shift in the population of cells
infected by HIV (reviewed in Cohen and Walker, 2001).

HIV infection can be roughly divided into two phases, an initial acute phase and a
chronic or latent phase (Fig.1.6). Initial infection by HIV can occur through different
transmissions, percutaneous exposure (infected needles), or through perinatal
transmissioﬁ (mother to fetus), but the most common method is through the genitial
mucosa via sexual activity (reviewed in Royce et al., 1997). Symptoms of acute HIV
infection appear within a few days to weeks after the initial exposure and include fe\'/er,
fatigue, headaches, night sweats, and a maculopapular rash that may vary in appearance.
This phase is often seen as resembling symptc;ms of infectious monoﬁucleosis (Cohen
and Walker, 2001). There are a number of other symptoms that may be included, but are
not diagnostic of HIV. These symptoms normally persist from days to weeks until the
immune system of the host is able to control the initial infection and reduce the viral load
present in the hést. Du.ring this phase,_diagnos‘tic testing for infection is possible, if the

right assay is used. In early infection, antibodies are not generated at high enough levels
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to give a positive result for a standard antibody reactivity assay to gp120, but HIV RNA
testing by RT-PCR has been shown to be very sensitive during this time (Cohen and
Walker, 2001). Also, assays for the viral p24 antigen are also frequently positive during
this acute phase and are highly specific, but it has been eétimated that the p24 test results
are not positive until a number of days after the virus is detected by the RNA as;ay. The |
benefit of the p24 assay would be its specificity in ruling out false positive results from a
standard anti-gp120 antibody reactivity assay (Henrard et al., 1994).

As the host immune system controls the initial infection, viral titers and viral
RNA levels drop significantly, which begins the chronic or persistent phase of the
infection. It is believed that during the acute phase, the virus is “seeded” into select
lymphoid and other organs which allows it to m;clintain this persistent/latent effect
(Schacker et al., 2000). These reservoirs of virus are established relatively early in
infection, likely within days, and are largely composed of integrated viral DNA
(Bukrinsky et al., 1991). The chronic phase can be characterized as a long term chronic
battle between the immune system and the virus, which can last from a few years up to
and beyond twenty years. Throughout this time, the host slowly becomes depleted of its
CD4-+ cells, and hence its helper T cell response. Eventually viral levels begin to climb,
in direct correlation with CD4-+ cell depletion (Fig.1.6), which begins
immunosuppression and the initiation of the opportunistic infections which eventually
cause death. After the acute infection, the point at which viral levels decrease and
stabilize is known as the “viral set point” and normally varies indirectly with the length of

this chronic phase (Lyles et al., 2000; Mellors et al., 1997). The higher the viral levels
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during the chronic phase, the shorter this phase will be and the quicker the rate of CD4+
decrease and subsequent progression of the disease. The lower the “viral set point” is, the
longe.r the chronic phase will be with a slower rate of decrease of CD4+ cells, and a
slower progression of the disease.

The most effective therapeutic treatment used to combat the chronic progression
of HIV is a regimen called highly active antiretroviral therapy or HAART. This contains
a group of protease and transcriptase inhibitors which often reduces the plasma viral titers
to below detection limits (Markowitz et al., 1995; Collier et al., 1996). It is able to
control viral progresslion as long as the regimen is maintained, but if treatﬁent is
suspended, the patient’s virus titer will increase and the patient will continue to progress
in the disease. It was initially thought that after a certain time on the regimen, the
reservoir of latently infected HIV cells would die out and the virus would be eradicated
from the host. However, recent estimates based upon the half life of this cell population
estimate that it would take up to 60 years of treatment with this therapy for virus
eradication, which does r‘10t including the possibility of re-seeding by possible periods of
virus replication during the tﬁerapy (Finzi e;t al., 1999). It is now thought to be very
unlikely that this therapy alone can eradicate the virus from a patient.

There are great differences in the progression rates of the infection in individuals
during the chronic phase. There is even a subgroup of people feferred to as “loné—term
non-progressors” or “long-term survivors” which have been observed not to manifest
clinical symptoms of HIV, have viral lbads at or below detection limits without the use of

antiretroviral medication, and have maintained this level for a significant period of time,
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Figure 1.6 Typical course of HIV infection. After about 12 weeks post-infection,
blood-borne virus (plasma viremia) is not detectable for many years. Nonetheless,
CD4+ T cell counts steadily decline during this clinical latency period, probably
because of active viral replication and T cell infection in lymph nodes. When CD4+
T cell counts drop below a critical level (about 200/ mm3), there is a high risk of
infection. (Reproduced with permission from Pantaleo et ah,1993) (Copyright ©
1993 Massachusetts Medical Society. All rights reserved.)
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sometimes up to and beyond twenty years (Harrer et al., 1996). There are many reasons
for this variability in disease progression. Mutations in'A the virus itself can reduce its
‘pathogenic potential, such as in regions of the nef gene (Dyer et al., 1997), and hoét-z |
genetic f.actors, such as mutations in the CCR5 chemokine receptor or certain
polymorphisms in the human leukocyte antigen (HLA) types, effect the presentation of
viral peptides on the cell surface for antigen recognition by a T cell response (Buchacz et
al., 1998; Micheal, 1999; Magierows;ka et al., 1999). The most compelling reason
though, is the variability of the imrﬁune system itself and its a"bility to combat and affect
the rate of progression of the virué.

It has been know that all branches of the immune system are involved in
combating an HIV infection and each has been shown to play an important role. Humoral
immunity involves the production of antibodies by B-cells specific for epitopes on viral
proteins and upon binding, these Abs neutralize the virus. Even though neutralizing
antibodies are produced against HIV,'the virus, as discussed above, has evolved several
methods to evade this arm of the immune system. Broadly reactive neutralizing
antibodies are generally seen la'-cer in infection (Pilgrim et al., 1997), and even though they
are important in controlling the lev.el of virus particles, they seem unable to contain viral
replication alone (Poignard et al., 1999 and Carotenuto et al., 1998). A strong cytotoxic T
'lymphocyte (CTL) response has been widely seen as a determining factor in virus titer
levels and progression of HIV (Borrow et al., 1994 and Musey et al., 1997). A cellular
CTL response is responsible for specifically detecting and killing virus infected cells.

They react to peptide antigen that is presented to them by MHC class I presenting
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molecules expressed on the; surface of these cells. The virus load in the host is in part
determined by the dynamic equilibrium established by the production of virus from
infected cells and the destrﬁction of these cells by a'CTL response. The loss of CD8+
cells (CTLs) anytime during SIV progressioﬁ results in a dramatic increase in levels of
virus in the macaque model (Schmitz et al., 1999 and Jin et al., 1999). The ability of
CTLs to effectively maintain control of a viral infection is critically dependent upon a
T-helper response from CD4+ cells. CD4+ cells act to coordinate an effective response
against the virus infection. The helper cells specifically recognize antigen peptide much
the same way CTLs do except they bind to MHC class i présenting moleéules. But
instead of killing the cells, CD4+ cells activate a cascade of other cells and effectors
through chemokines and direct cell to cell contact to help orchestrate the immune
response against thé viral infection. It is the constant depletion of the CD4+ cell§
throughout the chronic phase that directly correlates with HIV progression. Even though-
all aspects of the adaptive immune response can contain HIV progression, in the end all
that is done is to extend the inevitable, which is compromise of the immune system and

immunosuppression.

Vaccine Development

Why work on developing a vaccine? This is a very important question and there
are a number oOf strong arguments with regard to the nature of HIV infection that support
the need for such-an approach. Once the virus reaches the chronic/latent phase, it

becomes very difficult to eradicate from its reservoirs, because the virus in this state is
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mostly composed of integrated viral DNA. The HAART regimen has been very effective
in pr;venting the progression of the virus but there are a number of toxicity, scheduling,
and cost issues that prevent this therapy from becoming the “magic bullet”. An
appealing approach to this problem is to prevent the establishment of this chronic phase
by not ailowing the virus time to integrate into these reser\./oirs during the initial infection.
This can be accomplished by ﬁsi'ng a vaccine to confer sterilizing immunity, fneaning that
when the host is challenged, it will be able to suppress the acute infection and prevent the
establishment of a persistent infection. Achieving this sterilizing immunity to HIV has
been elusive. A number of different approaches have been tried to confer this immunity'
via a vaccine and, even though much has been learned concerning HIV and its infecting .
mechanisms, little progress has been made in developing such a vaccine (reviewed in
Klein, 2001 and Nabel, 2001).

To date there has been more than 70 phase I (dose-escalation safety and toxicity)
trials, five phase II (expanded safety and dose optimization) trialé, and only two phase III
(efficacy) trials for HIV vaccines. These include using various gp120/gp41 envelope
proteins, V3 peptides, and a combination of different viral vectors expressing various
HIV protein components. Most candidates show little toxicity effects, and some
neutralizing antibody responses have been seen, but their activity has been minimal and
Jargely strain specific (Wrin et al., 1995 and Mascola et al., 1996). Some candidétes have.
demonstrated a CTL response, but the results have not been consistent (Ferrari et al.,
1997). Current opinion holds that an effective vacciI;e is not yet at hand, and that a great

deal of work must still be done to develop and evaluate candidates that can produce not
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only a neutralizing antibody response, but also a broad and long lasting CTL response
(Nabel, 2001).

| Despite this, some studies have shown significant protection in macaques and
chimpanzees from SIV and HIV challenges. Macaques immunized with a live attenuated
SIV(A nef) vaccine were protected against SIV challenge (Daniel et al., 1992), macaques.
given a group of three distinct neutralizing mAbs against the gp120/gp41 complex were
protected against an SHIV (SIV/HIV hybrid) challenge (Mascola et al., 2000; Baba et ai.,
2000; Hofmann-Lehmann et al., 2001), and a strong T-cell response has been detected in
groups of human long-term nonprogressors and highly exposed seronegative individuals
(Harrer et al., 1996). Based upon these and other studies, it is believed that an effective
vaccine against HIV needs to contain all the critical elements for conferring sterilizing
immunity: It should elicit cross-neutralizing antibodies against wild-type R5 isolates from
diverse clades, elicit strong and broad CD4+ and CD8+ T-cell responses, and confer long
term memory of these responses by the *producfion of memory cells (Klein, 2001; Nabel,
2001; Weiss, 2001). Other considerations include low cost, ease of manufacture, low
toxicity to the host, and ease in administration without extensive regimens or dose
schedules. |

A more realistic short term goal is to develop a vaccine candidate that would
merely slow the progression of the disease in orde_r to help reduce viral transmission. It is
_also possible that a vaccine candidate might even be used as therapeutic agent in

individuals previously infected‘with HIV (Cohen and Walker, 2001). Such a candidate

would be used to help raise the population of specific CD4+ and CD8+
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cells, and hopefully alter the rate of virus progression without the use of therapeutic
drugs.

As discussed above, a number of different vaccine candidates have been tested for
efficacy. The positive results shown by the macaque trials with live attenuéted SIV virus
have sparked interest in using a live attenuated vaccine to achieve sterilizing immunity,
but the use of a live virus raises many safety concerns. The attenuated virus used was
deficient in the nef gene product which down regulates CD4 and MHC class I molecules
on the surface of the cell, hence helping to evade a cellular CD8+ response. The nef
deficiency results in a severely replication-defective 'Virus, but a number of monkeys
immunized with such a virus have now been shown to be infected with this strain of SIV
and developed disease (Baba et al., 1995; Baba et al., 1999; Wyand et al., 1999).
Mutations in the nef gene are seen in HIV, and there are a small number of
non-progressors infected with a nef-mutated version of HIV (Deacon et al., 1995).
Replication of the virus in these individuals is reduced dramatically, but there are cases
reported of AIDS in individuals infected with A nef strains (Greenough et al., 1999;
Learmont et al., 1999). A A nef live virus is obviously still infective to some extent, in
humans as well as in the macaque model, and appears to still be able to establish a
chronic infection, which is why it is deemed unsafe as a possible vaccine for humans.
Despite these results, the development of a safe live virus that is still immunogeﬁic is one
of the more promising avenues in achieving neutralizing immunity.

" As indicated above, a number of vaccine trials have used recombinant viral

proteins as immunogens, especially envelope-based vaccines. Gp120 seemed the obvious




28

choice for the development of a vaccine considering its; high cop& numbers, exposure on
the surface of the virion, and the crucial function it plays in infection of host cells. As
previously discussed, most immune responses against gp120 havé been either too weak,
or very strain specific thus iacking the wide neutralizing antibody effect needed for a
vaccine candidate. Results showing that some protection can be achieved by passive
immunization with a group of three strongly neutralizing mAbs directed against the
op120/gp41 complex gives support to the argument that protection can be achieved by the
use of this structure (Mascola et al., 2000 and Baba et al., 2000). The structural features
of gp120, as previously discussed, make it a difficult antigen, especially having the
variable regior;s exposed with the more conserved regions shielded. This causes
antibodies to be directed against the variable portions and hence not able to neutralize
diverse strains of HIV. Also, since the gp120/gp41 heterodimer is believed to be a trimer
on the virus surface, free gp120 may not have the exact structure or exposed residues as
the trimer complex. Antibodies that bind to free gp120 will not always neutralize the
virus with its gp120/gp41 trimer complex. The challenge is to develop an antibody
response, a crucial element of a successful vaccine, to the gp120/gp41 complex that will
be directed against conserved residues, thus achieving a broadly reactive, yet neutralizing
response against the virion.

The two arms of the adaptive immune response, cellular-immunity and humor
immunity, both have critical roles to play in any vaccine candidate. A CTL response is
designed to kill those cells which are infected and may be actively producing virus

particles. Such a response is even capable of killing infected cells before any active virus




29

are produced and hence preempting the ability of the virus to replicate itself. As
previously discussed, CD8+ cells interact with the MHC class Ipresénting molecule and
bind to antigen peptides which originate within the cell. Such a responsé would only be
elicited by a vaccine if the candida&e were able to translate a foreign protein within the
cell. Common examples of this would bé DNA vaccines or live attenuated viruses which
would replicate viral proteins within the host cell and have the linear peptides of those
proteins presented to CD8+ cells. CD8+ cells specific for these presented viral peptides
would be a crucial component of a vaccine candidate. In contrast, the humoral response
or antibody response is directed against free virus and virus particles. An;cibodies have
the ability to recognize protein structure as a whole, not just presented peptides, and are
able to neutralize virus before infection of host cells. This is a crucial component of any
vaccine candidate and would allow the host to eliminate virus before it is integrated into a
host cell genome. Such an antibody response would be elicited against the surface
exposed proteins of the virus, proteins gp120 and gp41 in the case of HIV, and its
effectiveness would depend upon the ability of the specific antibodies to recognize
conserved residues on the protein which would also be recognized on the infecting virus.
A neutralizing antibody response would be able to recognize those conserved residues on
the protein as well as bind to regions on the protein which would sterically hinder the
protein-protein interactions necessary for infection of the host cell. |

One of the more practical reasons for the development of a vaccine is the
economic aspect. Anti—viral treatments such as the viral protease and RT inhibitors are

costly, both for the drugs themselves and in terms of side-effects and schedules of the
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treatment. The vast majority of HIV-positive patients live in underdeveloped countries,
and even a steep ,dis_count in the price of these therapeutic drugs can not come close to
bridging the gap financially for the majority of II)eople infected with HIV, not to mention
the rigorous schedule of treatment needed. What is needed is a one-time vaccine that can |
be administered on a large scale, that is not labor intensive, and that can confer immunity'

to the diverse strains of HIV (reviewed in Peters, 2002).

Statement of the Problem

To date, there is still no effective vaccine against HIV for humans; despite many‘
efforts to develop one. The major problem remains the ability to develop a neutralizing
vaccine that will be effective even in the face of a mutating virus. No other protein on
HIV is more responsible for its polymorphism than gp120 and i'; is in large part its
structure which enables the virus to evade the immune s-ystem. Even so, the gp120/gp41
complex still is a good choice for a vaccine candidate, but conventional mechanisms for
vaccine design have not be successful in providing one. Conserved portions of the gp120
structure are partially shielded by glycosylation and variable loops, deflecting most of the
antibody response away from the conserved residues. If it were possible to use the
conserved residues partially shielded on gp120 to form such a vaccine candidate, it could
be used to direct an antibody response toward that specific region, hence producing a
broad antibody response and not allowing the virus the time needed to establish a
persistent infection. This type of interaction would.be contingent upon the ability of

mAbs to bind to the partially masked residues. CD4 binds with high affinity to a number
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of these partially masked conserved residues as do some neutralizing antibodies, as
discussed previously, but they are generally slow to develop. These results give some
evidence to suggest that these partially masked conserved residues would be an
appropriate target of a vaccine. If such a specific antibody response could be present af
the time of initial infection, the virus could be prevented from establishing a chronic
" infection. Tﬁe epitopes of the antibodies which bind to the conserved CD4bs of gp120
would make good candidates for such an epitope-specific vaccine. A group of CD4b$
mAbs are available to develop such an epitope specific vaccine, which would direct an
immune response against this conserved region of gp120. By using the technique of
peptide phage display mapping, it is possible to use these mAbs to screen a peptide
library and isolate and characterize those pe)ptides which bind specifically to the mAb.
These peptides should mimic conserved binding epitopes on gp120 and would essentially
create a representation from a group of conserved residues which can then be used to
elicit an antibody response that should mimic in strength and breadth the response by the
original CD4bs antibody.

A vaccine would still need to include key features in order to eii‘cit a highly
effective immune response. A strong CTL response as well as a strong and neutralizing
antibody response are both crucial for prevention of virus replication. It is this latter type
of response which we would hope to generate using a gp120 pepti.de mimetic strﬁcture.

Any vaccine candidate used in clinical trials would most likely also include a component

which would elicit a cellular immune response . Peptide conjugates or peptide mimetics
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could be used as a component together with a DNA vaccine or some other component

designed to elicit such a CTL response.
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CHAPTER TWO

REVIEW OF PHAGE DISPLAY TECHNOLOGY AND
ITS APPLICATION TO GP120

Phage Display Technology. History, and Review

Determining interactions between various molecular players is often the key to
discovery efforts in the biological sciences. Having the ability to determine information
about a specific binding site can be crucial in understanding the interaction between two
molecules. The use of phage display technology has greatly increased researchers’ ability
to obtain information regarding a number of mélecu-lar intéraction&

This technology is based upon two key concepts. First, phage display links
molecular recognition by a peptide or protein to the replication and subsequent
sequencing of the DNA coding for that polypeptide. Second, random libraries can be
created with this phage system and can be used to selectively screen for specific
molecular binding, after which phage can be isolated, séquenced, and amplified.

George Smith is the father of phage display technology, being the first in 1985 to
make the connection from DNA to expression, using a foreign peptide sequence én the
surface of the pIll protein of a filamentous phage (Smith, 1985). He showed that it was
possible to attach a foreign sequence of residues on the N-terminus of the pIIl protein by

insertion of the foreign DNA into the phage genome. The phage retained its infectivity




34

and thereby the ability to amplify and isolate the specific foreign sequence being
expressed. This idea was expanded upon by inserting a library of different (random)
foreign DNA sequences at the region coding for the N-terminus of the pIII protein, which
allowed the phage to express a random peptide library (Cwirla et al., 1990; Scott and
Smith 1990). This library could be subseqﬁently screened against a target molecule,
yielding peptides linked to the phage that were selected to bind spécifically to the target
molecule. Since the peptide sequence is encoded by the phage DNA, the exact sequence
of the peptide can easily be obtained by isolating the specific ph'age-pept@de clone and
sequencing the foreign DNA segment. This concept, often termed “panning”, was first ‘
successfully used in screening a peptide phage library against an antibody as the target
- protein to map the peptide epitope of the antibody. When a random peptide library is
screened against an antibody, peptides found to bind specifically to that antibody mimic
the residues which comprise the binding epitope of that antibody on its target antigen.
This type of screening experiment is utilized in the work described in this thesis and will
be explained in detail later in the chapter. It has been shown that this type of library can
be screened not only with antibodies, but with any target protein to obtai'n a peptide
sequence specific for that target (Devlin et, al.,1990). A number of variations.have been
made to this technique in both library construction and targets screened (reviewed in
Smith and Petrenko 1997).

Variations involving the phage vector include using the pVIII major coat protein
to express the peptide library. Benefits to this approach include a copy number of 2700

pVII proteins per virion which far outnumbers the 3-5 copies of the pHI minor coat
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protein. The disadvantages of this vector include the fact that the pVﬁI with the foreign
peptide must not represent more than 20% of the total pVIII protein or the phage will losq
its infectivity (Greenwood et al., 1991 and Kang et al., '1 991). The size of the insert is
also limited to peptides equal to EJr Jess than 6 to 8 amino acids long (Tannolo et al., 1995;
Malik, 1996; Petrenko et al., 1996). The plII protein has been extensively used to expresé«
various lengths of random peptides, cys{eine loop constrained peptides, as well as
randomized portions of whole proteins. A cofﬂmon procedure is the use of a scFv phage
library which expresses on the N-terminus of the plI proteiﬁ covalently linked heavy and
light chain variable re.gions of an immunoglobulin with randomized residues in the
complementarity determining regions (Barbas et al., 1991). This library can be screened
against any target protein/antigen and yield scFVs which would be specific for the target.
Once selected and isolated, the scFv phage library clone can also be used to produce the
scFv fragment alone. This method offers the possibility of selecting high-affinity
antibodies without the use of immunization.

Similar libraries. can be created from a pool of immune cell DNA specific for
some target. For example, an Fab library was generated from the bone Marrow of an
asymptomatic HIV-1 seropositive individual (Burton et al., 1991). An Fab is similar to
an scFv but instead contains the entire domain (constant and variable) of the antibody
containing the heavy and light chain regions responsible for antigen recognition.
Expression of the entire Fab fragment on the pIII protein involves fusion of the heavy
chain to the N—terminus of the pIII protein, with the light chain linked to the heavy chain

by noncovalent interactions and disulfide bonds. This random combinatorial Fab phage
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library was screened with gp120 and mAb IgG1b12 was selected. This mAb is specific
for HIV gp120 and has been extensively characterized (Burton et al., 1994).

Vectors other than phage have also‘ beén used to express random libraries. For
example, the E. coli phage lamba receptor (Brown, 1992)., fiﬁbriae (Schembri et
al.,1999), and flagellar-thioredoxin fusion protein (Lu et al., 1995) have all been used to .
make non-phage random libraries.

Filamentous bacteriophages are a group of viruses which contain a circular single-
stranded DNA genome. The Ff class of filamentous phage (f1, fd, and M13) are virtually
identical with 98% DNA sequence homology, and they. use the N2 domain of the pIlI
protein to initiate infection of E. coli Which contains the F plasmid and expresses a F
conjugative pilus on its surface. The N2 domain of pHI binds to the tip of the F
conjugative pilus and initiates retraction‘of the pilus bringing the pIIl portion of the phage
to the periplasm and initiating a chain of intéractidns_ which leads to the translocation of
the phage DNA into the cytoplasm. Ff phage aré’approximately 6.5 nm in diameter and
930 nm in length. The phage particle weighs approximately 16.3 MD of which 87% is
protein. The genome consists of a single-stranded circular DNA molecule 6400
nucleotides long that is stored in a flexible protein cylinder created by 2700 molecules Qf
the 50 residue pVIII major coat protein (see Fig.2.1 for a diag.ram of a filamentous
phage). At the head of the phage there are about 5 molecules each of the 33 residue pVIL |
protein and the 32 residue pIX protein. In the tail, there are 3-5 copies of both the 406
residue pIII protein as well as the 112 residue pVI protein (reviewed in Barbas et al.,

2001). The pIH protein itself is divided into three domains, N1, N2, and CT, separated by
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Filamentous Phage Anatomy

6.5 nm
Random .
Peptide N1 domain piN
N2 domain - 3-5copies
CT domain 43kD
pVl
ssSDNA - 930 nm
~ 6400bp
pVIlI
~ 2700 copies
5kD
pVII
and pIX

Fig. 2.1 Cartoon of typical filamentous phage structure. Shown is the overall
size, structure, and position ofthe various phage proteins. Shown attached to the
N I domain ofthe pill protein is the peptide insert (not drawn to scale). The
peptide would be present on all the NI domains of the pill protein giving a total
number of 3-5 peptides expressed per virion.
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flexible and disordered glycine-rich regions (Fig.2.1). It is on the N—terminus of the N1
domain that the previously desoribed pIlI phage display peptide libraries are attached.

The library uéed in the present study is the J404 library created by Jim ﬁunitt ét
the Department of Microbiology, Montana State University, Bozeman MT. This library
was produced in the filamentous phage M13KBst and expresses a random 9 mer peptide .
sequence as an amino-terminal fusion to the phage capsid protein pII with a complexity
of ~5 X 10® unique phage (Burritt et al. 1996; Burritt et al. 1995). Also used was the
Ph.D. -C7C Phage Display Peptide Library produced by New England Biolabs. This
library expresses a loop with a 7 mer random sequence constrained by disulfide-linked

cysteines fused to the amino-terminal of the phage capsid protein pIII of the M13 phage. .

Methodology and Application of a Peptide Phage Display Library

This section is a discussion of the many variations that can be used while
screening a random peptide phage display library against a ‘target molecule. A number of
these variations were used in this study and their results will be described in later
chapters. Since it is a peptide library that was utilized in this work, the focus will be on
the differences in methodology in using such a library.

The general methodology of using a peptide phage display library is to select a
peptide sequence, often a consensus sequence, that binds specifically to the targef
molecule. A consensus sequence is defined as a sequence originating from a group of
similar sequences which were combined together to form a “consensus” of like residues

in the group. Once obtained, the sequence can be utilized a number of ways depending
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upon the direction of the research. Common uses include mapping the sequence to the
target binding site of a mAb, using the peptide in any number of activity assays
(inhibition studies), or use the peptide to elicit an immune response. The screening of any
peptide phage ;iisplay library follows the same general procedures to obtain such a
specific sequence, but within these procedures there are a number of variables that can be
changed to enhance the possibility of success. The general prdcedures include 1. Fixing
the target molecule, in this study the target molecules were mAbs. 2. Addition of the
peptide phage library to the fixed mAb. 3. Extensive washing of the mAb to eliminate all
phage which do not bind to the mAb. 4. An elﬁtion step to release the specific binding
phage from the target protein. 5. Amplification of this pool of phage, and re-addition of
this amplified pool of phage clones to the immobilized mAb for subsequent rounds of
selection. Variations to these procedures can be utilized to improve specificity and to
either increase or decrease phage clone diversity.

On¢ of the most obvious variations in the procedure is the use of different libraries
to obtain the peptide sequence that best fits the nature of the interaction. The types of
libraries utilized can generally be divided into either linear or cysteine loop constrained
peptide libraries. A linear library displays a specific number of residues in a linear
' fashion attached to the N-terminus of the displaying protein. The number of residues in a
specificllibrary can vary, anywhere between 6 to 21 residues (reviewed in Burritt let al.,
1996). Which type of library to use would depend upon how many residues are needed
for binding to the target protein. A cysteine-constrained peptide library contains an

N-—terminal peptide with two cysteine residues separated by a specific number of variable
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residues. A disulfide bond is formed between the two thiol groups contained in the
cysteine side chains forming a constrained loop expressing the variable residues in a loop
conformation. Two such libraries used in our lab are a C-7-C,-seven variable residue, and
a C-10-C, ten variable résidue library. Such libraﬁes would be good candidates to use if
it was previously known that the‘ target molecule prefers to recognize a loop structure, or
if future studies with the peptide involve display of the residues in the same constrained
loop conformation.

Onc; a library is selected, the next variable is the method of screening. Two
major options exist, either “panning” using a flat petri dish (pblystyrene tubes have also
been used) or by using Sepharose beads in a column. In “panning”, the target molecule is
attached to the petri dish, either alone or with a high affinity protein-protein linker such as
Protein A. Normally this method uses less target molecule per round, so if the amount of
target molecule used is limiting, this is a preferred method. The plate is generally
blocked with an agent such as BSA or Blotto and after addition of the phage library, the
plate is washed by simply rinsing a number of -t‘i-meé to remove the non-binding phage.

The blocking agent used can vary but in our experience Blotto (5% non-fat dry
milk, 0.5% Tween 20 in TBS) has been the agent of choice, since it has consistently given
low background results in ELISA experiments. BSA (Bovine Serum Albumin) has been
utilized as a blocking agent in the past but at times has resulted in high background in
ELISA phage detection experiments. BSA has been utilized in the present study, but only
when it was inappropriate to use Blotto (see Chapter 4, detection of bovine IgG ELISA

experiments). In this instance, the presence of bovine IgG in the non-fat dry milk
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component of blotto would cause a higher background in the negative control experiment,
which was not seen when BSA was utilized. Other agents, such as ovalbumin have also
been used with similar results as BSA.

The column method utilizes sepharose beads to attach the target molecule using
either CNBr activiation, ProteinA, ProteinG, or any other high affinity protein linker.
There is more time involved in preparing the beads and phe amount of target molecule
used is much greater, but this is also dependeﬁt upon the amount of beads used. Once
prepared, the beads are pre-incubated with the phage library, placed in a column and
washed with buffer. The column methoci is the most commonly used procedure when
there is enough target molecule, normally between 300 and 1000 pg used for each
screening. Either method will sometimes gi;/e better results than the other for the same
target protein. The column method has the advantage of utilizing more target molecule to
capture specific phage so one would suspect that this method might be more likely to
elucidate a consensus sequence, but this is only speculation.

Generally the amount of peptide phage display library added to the target
molecule, and the amount of washing of that library are fairly standard across most

.protocols. However, there is some variation in how the specific binding phége can be
eluted from the target molecule. The mc;st commonly used protocol is a non-specific low
pH elution using a pH 2.2 glycine-HCl solution to wash over the plate or column.. This
nonspecifically disrupts any phage/molecule interactions by partially denaturing the
protein involved and releases bound phage for amplification or characterization. This

low pH wash is common to a number of protocols used to disrupt protein/protein
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interactions, e.g. elution of mAbs from a Protein G column. A similar procedure
sometimes used in phagé display is the use of a high pH elution step (pH 10.5 , 0.5M
NH,OH solution) to release binding phage. This type of elution might be preferred if it is
believed that the interaction of the phage peptide to the target molecule involves basic '
residues with pKa values in this high pH range. Generally, this wash is used in
conjunction with a low pH wash, to screen both ends of the pH spectrum and elute all
possible phage clones. Other elution methods could be used such as Vari'ous solvents and
denaturants to disrupt the peptide/mAb interactions but the limiting factor in elution is to
release the attached phage particle without the loss of infectivity of the vifus. This could
still be possible with the use of solvents and denaturants at the proper concentrations but
to remove such solutions from the elution would require much more time and effort
versus a pH wash where the pH level can be adjusted relatively quickly.

A different, more specific elution that is often util‘ized is the use of an antigen or
protein that binds to the target protein with high affinify and would displace any phage
. binding specifically to that region. For example, if a mAb is used to screen a library to
elucidate sequences which bind to its antigen recognitior.r site, the antigen specific for that
mAb could be used in the elution buffer to displace phage specifically from the mAb.
This type of elution obviously is time- and concentration- dependent,. but its specificity is
greater than a low or high pH elution. There is the possibility, when using multipie
rounds of selection, of using a low or high pH elution in one rouﬁd followed by a specific
protein elution for the next round. In principle, this would seem to help in selecting for

specific binding phage clones, but in our experience this seems not to be the case. We
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have seen that whatever elution is used in the first round influences any subsequent
round, such that changing the elution method in later nopnds had no real effect on the
outcome of the sequences. it appears that the first round selection is the most crucial. It is
the first selection step and it forms the pool of phage from which the subsequent
selections are made. In these subsequent rounds, the diversity of the first biased phage
pool is merely being reduced to increase the fraction of binding phage and this process
may not be significantly affected by a more specific elution technique. In our experience,
using one method of elution throughout the entire experiment gives the best success in
elucidating a consensus sequence.

One other variable that needs to be conside;ed is how many selection and
amplification rounds are needed to elucidate a consensus sequence. There seems to be a
direct correlation between the number of rounds selected versus a loss in diversity of
phage in the elution. This is probably caused by both the amplification step between each
round as well as the actual selection process. Three to four rounds of selection are
commonly used in phage display screening mAbs,‘and it is thought that using fewer
rounds would not bias the phage pool enough, making it difficult to isolate the specific
phage clones. Using more rounds could bias the pool too much, possibly leaving very
few unique clones from which to determine a consensus sequence. Having fewer unique
clones could hinder determination of the pertinent residues involved in binding, because
it is helpful to have phage clones with a range of binding affinities and to correlate
binding strength with the presence or absence of certain residues in the peptide sequence.

Theoretically though, by using more rounds of selection, even though the diversity would
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decrease, the affinity of the remaining phage clones should be higher and those clones

should represent a sequence which has a higher affinity to the target protein.

Application of Phage Display to the HIV Glycoprotein gp120

As previously discussed, phage display library technology can be a powerful tool
in determining protein/protein interactions in biological systems. The idea behind using
such technology in this study was to determine the amino acid residues on the antigen that
form the binding site for the mAbs. Determining the residues on the HIV glycoprotein
gp120 which interact with a number of specific mAbs would assist in determining the 3D
structure of the mAD binding sites as well as show residues which are exposed and
antigenic on gp120. The purpose of this study was to use a peptide phage display library
to screen mAbs directed against the glycoprotein gp120 and elucidate peptide sequences
which mimic structures found on gp120. Such peptide sequences would be a linear
representation of at least part of the binding site of the mAb, and could then be used in
future studies as a possible peptide—conjugate vaccine candidate. As previously
discussed, there are a number of antigenic sites on gp120 and a number of mAbs that
have been isolated against all regions of gp120. To be useful, the elucidated peptide
sequence would need to mimic a region of gp120 that elicits a neutralizing Ab immune
response and is relatively well conserved throughout the various strains and cladés of .
HIV. MAbs directed against the CD4 binding site of gp120 meet these requirements and
a panel of such mAbs were used in this study. All the mAbs selected also ha\-/e the

characteristic of binding to discontinuous epitopes on gp120. A discontinuous epitope is
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defined as the binding site of a mAb that is represented by various separate regions of the
protein that come together to form a binding site not represented by a single linear
sequence. These mAbs do not bind denatured protein or to a panel of synthetic péptides
representing overlapping linear sequences of gp120. There are a number of procedures
that can be used to determine the binding site of mAbs that bind to a linear segment of a .
protein, but it is more difficult to determine the exact binding site of a discontinuous
epitope binding mAb without a crslstal structure of the bound mAb/antigen complex.
Peptide sequences have been elucidated from phage display screening of discontinuous
epitope binding mAbs and such linear peptides have been shown to mimic amino acids '
on the antigen that are comprised of non-adjacent residues (J esaitis et al., 1999; Burritt et
al., 2001; Burritt et al., 1998). The use of peptide phage display technology represents a
unique opportunity to screen a panel of CD4 binding site mAbs to the HIV glycoprotein
gp120 and determine a linear peptide sequence which would mimic a complex, antigenic,
and conserved epitope on gp120. Such a peptide mimic could then be coupled to an
appropriate carrier and used as a vaccine candidate to elicit an immune response against

this specific region of gp120.

Description of mAbs Used in Study

As previously discussed, a number of mAbs have been found that are directed
against the conserved CD4 binding site of gp120. Five such mADbs which were used in
this study are described below as well as another mAb, 2G12, which is directed against a

unique binding site separate from the CD4bs on gp120.
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MAD F105 ( Posner et al., 1991) is a human IgG1 which was obtained from Dr.
Marshall Posner at the Department of Medicine, Dana-Farber Cancer Institute, Boston,
MA. F105 originated from a seropositive A]DS patient and was derived from fusion of
Epstein-Barr virus (EBV) transformants with an immortal myeloma cell line to create
mAb-producing hybridoma cells. F105 has been found to bind cells infected with HIV-1
strains MN, RF, IIIB, and SF2 as well as inhibiting infection of naive cells with HIV-1'in
standard neutralization assays (Posner et al., 1991). Soluble rCD4 pre-bound to infected
cells inhibits F105 binding and F105 also does not r-eact with denatured gp120 on western
blots, which characterizes it as a CD4bs diséontinuous epitope mAb. Significant
synergistic neutralization is seen when F105 is combined with other gp120 mAbs specific
for other antigenic éites of gp120 (Potts et al. 1993; Li et al., 1998). Mutations of amino
acids in gp120 that abrogate binding of F105 include residues in the C2, C3, C4, and C5
regions (Thali et al., 1991). F105 is being used in animal studies and human trials of
passive immunotherapy (Cavacini et al., 1998; Baba et al., 2000). -

MAD 1125H is a human IgG1 which was obtained from Dr. S. Tilley at the
Department of Developmental and Structural Biology, Public Health Research Institute,
New York, NY. 1125H originated from an asymptpmatic HIV seropositive haemophiliac
and was EBV transformed into a mAb producing cell line. The mAb has potent
neturalizing activity against strains MN, RF, IIB, and SF2, as well as some primary
isolates (Tilley et al., 1991). Its binding to gp1.20‘ is also inhibited by the presence of
sCD4, and is totally lost with the reduction of d'isﬁlfide‘.‘bor‘lds but not by d_eglycosylation

of gp120 thus characterizing this mAb also as a CD4bs discontinous epitope mAb (Tilley
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et al., 1991). Mutations of a wide number of residues abrogate binding of the mAb
including Trp 427 (Th_ali et al. 1992). | _

MADb 5145A is a human IgG1 which was also obtained from Dr. S. Tilley. 5145A
also originated from an asymptomatic HIV seropositive hﬁemophiliac and was EBV
transformed into a mAb producing hybridoma cell line. The mAb reacts with 14 of 15
HIV-1 isolates tested, including 6 that were not reco'gnized by 1125H ( Pinter et al.,
1993). 5145A binding to gp120 is inhibited by soluble CD4 as well as mAb 1125H, and
binding is lost with reduction of the gp120 disulfide bqnds but nét by deglycosylation.
Even though it overlaps with other CD4bs mAbs, epitope mapping using gp120 mutants
shows the mAD binding sensitivity contrasts with 1125H. In particular, mutations on
residue Trp 427 have no effect on 5145A binding, but mutations to residues Asp 368 and
Glu 370 are markedly sensitive, much like mAb F105 (Pinter et al., 1993). ‘

- MAb F91 is a human IgG1 and was obtained from Dr. J. Robinson at the
Department of Pediatrics, Tulane University Medical Center, New Orleans, LA. It
originated from a HIV-1 seropositive patien,tj and also is specific for the CD4 binding site
of gp120. Its binding is not effected by deglycosylation of gp120 and it has been found to
have strong cross-reactivity with gp120 monomers from subtypes A-F and can neutralize
the B strain of HIV-1 (Moore and Ho, 1993; Moore et al., 1994).

MAD IgG,b12 is a human IgG1 and was obtained from the NIH AIDS Reference
and Reagent Program and had been donated by Dr. D. Burton at Scripps Research
Institute, La Jolla, CA. B12 originated from an Fab phage display library constructed

from the bone marrow of an HIV-infected donor and the b12 clone was then expressed as
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a whole mAb in CHO cells (Burton et al., 1991). It has also been characterized as a
CD4bs discontinuous epitope mAb and has been t;vmed the “best” of these mAbs due to -
it potent neutralizing activity across a broaa range of various HIV-1 clades (Burton et al.,
1994; Poignard et al., 1996). The low level of mAb needed for neutrali,zati-on has ailjowed
it to be used extensively as a passive immunization candidate. B12, in combination with .
other neutralizing mAbs, - has been shown to be effective in neutralizing a SHIV
challenge to macaques ( Mascola et al., 2000; Hofmann-Lehmann et al., 2001).

MAD 2G12 is a human IgG1 that was obtained from the NIH AIDS Reference and
Reagent Program and had been donated by Dr. H. Katinger from the Instifute of Applied
Microbiology, Vienna, Austria. 2G12 ofiginated from a HIV-1 seropositive volunteer |
and was fused into a myeloma cell line for production of the human mAb. 2G12 is not'a
CD4bs mAD but binds to a unique portion of gp120 not mimicked by any other mAb
.(Trkola et al., 1996b). Its binding is conformationally dependent, a discontinous epitope,
but also is possibly carbohydrate dependent. 2G12 neutralizes a number of laboratory
strains as well as a broad range of primary isolates (Trkola et al., 1996b), it acts in a
synergistic manner when combined with other neutralizing mAbs (Li et al._, 1997) and
also has been shown effective in neutralizing a SHIV challenge to macaques (Mascola et
al., 2000). Recently, evidence has suggested that the binding epitope of 2G12 on gp120
might be entirely composed of carbohydrate structure (Sanders et al., 2002). Since
glycosylation is carried out by host enzymes in the cell, the sequence of any one
carbohydrate chain is unlikely to be unique to HIV gp120 and therefore recognizable as

“foreign”. However, the highly glycosylated nature of gp120, as well as a high proportion
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of high-mannose glycans, may facilitate formation of a unique binding epitope utilized by

the mAb 2G12 that is composed entirely of carbohydrate.

Previously Work Related to ep120 and Phage Display Libraries

Even though the exact experiments described in this study have not been
pérformed by others, there is a great deal of work that has been done that is similar in
nature to the work presently described here and thus should be mentioned. Foremost is
previous work describing the use of phage display technology in elucidating peptide
sequences that mimic discontinuous epitopes. Jim Burritt and Al Jesaitis at the
department of Microbiology at Montana State Uni\}ersity have published a number of
papers reporting phage display results that convincingly show peptide sequences which
" mimic discontinuous epitopes (Jesaitis et al., 1999; Burritt et al., 2001; Burritt et al.,
1998). Their work has centered around various mAbs that interaction with the integral
- membrane protein cytochrome b.

The Seth Pincus lab, formerly at the dééartment of Microbiology at Montana State
University, has used peptide phage display screening to determine a peptide mimetic of a
carbohydrate structure, the group B streptococcal type I capsular polysaccharide (Pincus
et al., 1998). The peptide sequences were determined by screening the peptide phage
library against mAbs which bind specifically to the polysaccharide. There are also other
examples of peptides elucidated by phage display libraries which mimic carbohydrate
structure (Grothaus et al., 2000) as well as many péptide mAb epitopes which have been

determined using this method (reviewed in Burritt et al. 1996; Smith and Petrenko, 1997).
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In regard to gp120, the highly characterized human mAb IgG1b12 has been
screened using a peptide phage display library and a constrained consensus sequence was,
determined, which bound to the mAb, could inhibit the mAb-gp120 interaction, and céuld
be mapped to the structure of gp120 ( Zwick e;£ al., 2001). However, the peptide
sequence did not elicit Abs that cross-reacted with gp120 in lab animals. Also, results
were published regarding the phage display screening of a number of mAbs that are
directed against gp120 (Boots et al., 1997). The mAbs used included two V3-loop
directed mAbs (19b and 447-52D), mAb IgG1b12, mAb A32 (directed against the C2 and
C4 domain), and mADb 50-69 (a gp41 binding mAb). A number of differeﬁt libraries were
screened with each mAb and the sequences of‘the isolated peptides were repofted. Even
though a number of phage display experiments Were performed, there is very little data to
support the conclusions discussed in the publication. Some of the mAb experiments
isolated sequences which appeared to map to residues of gp120 or gp41, but no data was
shown to determine if the phage clones actually bind to the mAbs from which they were
isolated, not to mention if they would bind specifically to the antigen recognition site of
the mAb. The paper describes some sequenﬂces as gpl20-competing simply because they
were eluted by gp120 during the elution step of the phage display experiment, not because
of any gp120 binding inhibition experiment performéd. Due to the lack of any binding
assay data, peptide inhibition data, or any inhibition data at all, the sequence results
reported in this publication are preliminary at best. There is a great deal of work to be
done to show that these sequences are what they are claimed to be.

The use of a peptide as a vaccine candidate, termed an epitope vaccine, has been
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suggested as a new way to neutralize HIV virus infection if it can elicit neutralizing
antibodies (re;;/iewed in Xiao et al., 2001). A peptide candidate for such work is the
sequence ELDKWA, which was determined to be contained in the binding epitope of
ﬁuman mAb 2F5, a IgG1 mAb directed against an eprsed portion of the extracellula;r
domain of gp41 (Muster et al. 1993). 2F5 is a potent neutralizing mAb and has been useci-
in combination with other heutralizing mAbs, F105, 2G12 and IgG1b12, for passive

immunization in monkey trials (Mascola et al., 2000, Hofmann-Lehmann et al., 2001).
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CHAPTER THREE

DETERMINATION AND CHARACTERIZATION OF
PEPTIDE MIMETICS OF HIV-1 GP120

Introduction

This chapter contains data which has been submitted for publication under the "
title “Peptide Mimetics of Discontinuous Epitopes at the CD4-Binding Site of HIV-1
gp120.” (Jacobs, I.M.; Intamaso, U., Wilkinson, R., Pincus, S.H., Burritt, J.B., Posner,
M.R,, Tilley, S.A., Robinson, J., Teintze, M., 2002, submitted) All experiments
described were performed by J. Jacobs in either the M. Teintze or S. Pincus laboratory
except for Fig. 3.9 and Fig.3.10 which was performed by R. Wilkinson and Fig. 3.12
which was performed by A. Intamaso. Linking of the OVA and KLH conjugates in the
immunization protocol was also performed by R. Wilkinson and A. Intamaso. This
chapter details a more thorough description of the experiments and results which were
performed to obtain peptide mimetics o—f the CD4-binding site of gp120 than what was

previously described in the submitted article.-

Backgfound

The envelope glycoprotein gp120 is the major viral protein on the surface of HIV
virions, and is therefore a logical choice for a vaccine. Unfortunately, attempts to use

recombinant gp120 (rgp120), or its precursor gp160, as HIV vaccines have not been
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successful (Mascola et al., 1996; Graham and Gorse, 1998; Conner et al., 1998; VanCott
et al., 1995). Many of the antibodies generated by such immunizations are unable to
neutralize HIV (Mascola et al., 1996; Pincus et al., 1993; Pincus et al., 1997). Many of
the neutralizing antibodies that are readily generated by immunization with gple are
directed at different epitopes of gp120 than those found after HIV-1 infection (Pincus et ‘
al., 1993; Pincus et al., 1997; Pincus et al., 1994a; Pincus et al., 1994b; J avaherian et al.,
1989; Nara et al., 1988) and neutralize only a limited number of HIV strains (Palker et al.,
1988); mutations can also readily generate viruses that z;re no longer neutralized by such
antibodjes (Nara et al., 1987; McKeating et al., 1989). Late in the course 6f HIV-1
infection of humans, however, antibodies with broader specificity for different HIV
isolates appear (Berkower et al., 1989; Robert-Guroff et al., 1985; Weiss et al., 1986).
Many of these recognize discontinuous epitopes at the CD4 binding site (VanCott et al.,
1995; Steimer et al., 1991; Haigwood et al., 1990; Haigwood et al., 1992). The CD4
binding site on gp120 represents a conserved structure, since almost all HIV isolates are.
able to bind CD4. An antigen that mimics and effectively displays this conserved epitope
recognized by broadly neutralizing antibodies may therefore be able to elicit a more
effective immune response than vaccination with whole gp120.

The three-dimensional structure of a complex between a “core” gp120 and the N-
terminal domain of CD4 has been determined (Kwong et al., 1998). Although parts of
gp120 were removed to facilitate crystallization, and some regions were disordered, the
gp120-CD4 interface is well resolved in this structure and the gp120 residues at the CD4
binding site are well defined. However, there is evidence for conformational changes in

gp120 upon CD4 binding (Myszka et al., 2000; Denisova et al., 1997; Bachelder et al.,
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1995), so one cannot presume that the CD4 binding site has the same conformation in the
presence and absence of CD4. One way the CD4 binding site in free gp120 can be
explored without a cr}l/stal structure, is by mapping the binding sites of mo@oc}onal
antibodies (mAbs) that bind to the same region and recognize conformation-dependent
epitopes. This study includes five such mAbs: F105 (Posner et al.‘, 1991), 5145A (Pinter |
et al., 1993), 1125H (Tilley et al., 1991), F91 (Moore et al., 1994), and IgG,b12 ( Burton
et al., 1991 ;‘ Burton et al., 1994). These mAbs were obtained from HIV-infected patients,
and display neutralizing activity against a variety of HIV-1 strains; they block the binding
of CD4 to gp120, and do not bind denatured gp120 or synthetic gp120 peptides. Another
mAb, 2G12, was also included in this study, but is directed to another conserved,
conformation-dependent epitope on gp120 that does not overlap the CD4 binding site
(Trkola et al., 1996). F105,2G12, and IgG,b12 have beén used as part of a combination
of mAbs for passive immunization of primates against SHIV (Hoffmann-Lehmann et al.,
2001).

A number of different methods ‘were used to screen random peptide phage display
libraries against these mAbs to identify sequences that bind with high specificity. Three
such sequences were determined corresponding to three mAbs: F105, 5145A, and F91.
Two of these sequences were used to immunize mice. Linear peptide sequences displayed
on phage proteins have been shown to mimic discontinuous epitopes on antigen p.roteins .
in a number of other systems (Jesaitis et al.,' 1999; Burritt et al., 2001; Buuritt et al.,

1998). In our case, whether the epitope is part of the CD4 binding site on gp120 or merely

close to it, using such a peptide structure as part of a vaccine antigen should elicit
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antibodies with similar specificity for gp120 as the original antibodies obtained from the

patients.

Materials and Methods

Materials .

'Recombinant gp120 (rgp120sy,) expressed in Chinese hamster ovary cells was a
generous gift from the Chiron Corporation (Enieryville, CA). MAbs F105 (from M.
Posner), 2G12 (from H. Katinger), and IgG,b12 (from D. Burton) were obtained through
the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH.
MAbs 1125H gmd 5145A were obtained from S. Tilley, and mAb F91 was obtained from
J. Robinson. The J404 phage display library used in these studies was obtained from J.
Burritt. It was produced in the filamentous phage M13KBst and expresses a random
~ 9mer peptide sequence as an amino-terminal fusion to the phage capsid protein pIII
(Burritt et al., 1996; Burritt et al., 1995). The library ‘has a complexity of ~5 X 10° unique
phage. Peptides were purchased from Research Genetics, Inc.(Huntsville, ‘AL) and
further purified to >90% by HPLC. Phage DNAs were sequenced usiﬁg T7 Sequenase
(Amersham Pharmacia, Piscataway, NJ). Polyclonal antiserum against M13 was
prociuced by immunizing rabbits with M13KBst bacteriophage and was made in the A.
Jesaitis laboratory. Alkaline phosphatase-conjugated goat anti-rabbit IgG (H+L) was
purchased from BioRad (Hercules, CA). Goat anti-human IgG (Fc speéific) glkaline

phosphatase-conjugate was purchased from Sigma Chemical (St. Louis, MO).
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ELISA Experiments

‘ELISA experiments were used to measure a) binding of phage to mAb, b) inhibitiori
of phage binding to mAb by antigen or peptides, and c) peptide inhibition of mAb
binding to antigen. MAD or protein was coated directly onto micro titer wells (Immulon
2, Dynatech, McLean, VA) at 0.5 to 1 pg/ml overnight at 4°C.- Wells were blocked with |
Blotto, containing 5% nonfat dry milk, 0.5% Tween 20 in TBS (50 mM Tris, 0.15 M
NaCl, pH 7.5) for 3 hours at room temperature (RT). For direct phage binding, phage
was added at 100 pl per well overnight at 4°C. Plates were washed, incubated with rabbit
anti-M 13 serum at a dilution of 1:5,000 for 2-4 hours at RT, washed, incﬁ'bated with goat
anti-rabbit alkaline phosphatase-conjugated IgG at a 1:1,000 dilution for 1-2 hours at RT,
washed, then developed with additioﬁ of p-nitrophenyl phosphate (Sigma Chemical).

For addition of inhibitor, 100 ul of peptide or antigen was added per well following
blocking for 1 hour at RT, followed by addition of phage at 20 p.I per well for overnight
incubation at 4°C. The remaining steps were as describéd above. For peptide inhibition
of mAb binding to antigen, peptide and Ab were pre-incubated in 100 pl for 1 hour at
RT, then added to wells following blocking. After incubating overnight at 4°C, plates
were washed, incubated with goat anti-human IgG alkaline phosphatase at a 1:1,000
dilution for 2-4 hours at RT, washed, then developed with substrate. A,y was determined
using one. of two different micro plate readers, EL-320 (BioTek Instruments, Winooski,

VT) or Safire, (Tecan, Austria GmbH).
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Phage Selection Experiments

Two separate methods were utilized to select phage for binding to the mAbs. The .
method of “panning” involved ha\;ing each mAb immobilized on 60 mm petri dishes,
incubated overnight at 4°C, washed, blocked with Blotto overnight at 4°C, and washed
again. Phage library was added at 1x10% pfu,'incubated overnight at 4°C, washed
extensively (0.5% Tween 20 in TBS), and eluted by addition of either a specific antigén
wash, rgp120 in 4X molar excess for 2 hours at RT, or by a non-specific low pH wash

with 0.1M glycine, pH 2.2. The eluted phage were neutralized immediately and were then
amplified in Escherichia coli strain K91, precipitated with 2.5%PEG/0.5MNaCl,
resuspended, and then used in subsequent rounds of selection (Smifh and Scott, 1993).

The colum'n method involved immobilization of mAb on cyanogen bromide-

" activated Sepharose 4B (Amersham Pharmacia, Piscataway, NJ) at 2 mg of mAb/ml of
beads. The beads were divided into one-third aliquots for three rounds of selecti‘on. The -
phage library (1x10'? pfu) was added to the first aliquot and incubated overnight at 4°C.
The bead/library mixture was placed in a column, washed extensively with ice-cold wash
buffer (1% BSA, 0.5% Tween20 in TBS) and adherent phage were eluted with either the
specific antigen wash, rgp120g, in 4X molar excess for 2 hours at RT or the non-specific
low pH wash with 0.1M glycine, pH 2.2. The eluted phage were neutralized immediately
and then amplified, as described above. Amplified phage were then placed with the 2
aliquot of the beads and the selection was repeated until three rounds of selec-tion were
completed. Each mAb was screened using a variety of the above described methods, as

explained in the Results section.
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Analysis of Selected Phage

After the third-round of selection, phage were diluted and plated to obtain single .
plaques. Phage minipreps were prepared from isolated plaques by growing infected cells
in Luria broth containing 75 j.g/ml kanamycin, and phage were isolated by PEG/NaCl
precipitation as described above. Phage were screened by ELISA to select for clones
binding to the mAb of interest. DNA from these phage clones was then sequenced to
determine the amino acid sequences of the displayed peptides, as described (Buuritt et al.,

1996; Burritt et al., 1995).

Peptide-Carrier Conjugates

Synthetic peptides corresponding to the phage sequences with an additional C-
terminal Cys". residue (pep44FgC and pepl9ALC) were prepared and coupled to
maleimide-activated keyhole limpet hemocyanin (KLH) or ovalbumin (OVA) (Pierce
Chemical) at a 1:2 ratio (wt/wt) according to the manufacturers directions. Uncoupled

peptides were removed by diélysis against phosphate buffered saline (PBS).

Immunizations

Three 5-6 week old CD1 outbred mice Were each injected af six or more locations
subcutaneously with 50 g KLH-peptide conjugate in 50 p1, emulsified with an equal
volume of complete Freund’s adjuvant. A booster. immunization of 25 pg conjugate in
incomplete Freund’s adjuvant was given as a single intraperi;[oneal injection 6ne month
later, and mice were bled 10 and 17 days after the boost. Sera were tested for binding to

OV A-peptide conjugate and with rgp120g, in ELISA assays. Plates were coated with
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OVA conjugate or gp120 at 1 pg/ml and bound antibodies were detected with goat anti-

mouse alkaline phosphatase conjugate, as described above.
Results

Screening the Phage Display Peptide Library

A phage library expressing a random nine-amino acid sequence was screened
against F105, 5145A, 1125H, F91, and IgG,b12, five human IgG1 mAbs that recognize
the CD4 binding site on HIV-1 gp120, as well as mAb 2G12. After three rounds of
selection, at least 30 individual phage clones were screened by ELISA for specific
binding to each respective mAb and sequenced.

MAD F105 screening utilized three rounds of panning, each followed by a -
rgp120gs, elution at neutral pH. Screening was initially performed using the low pH
elution method, but no consensus sequence was found among the eluted phage, so the
more specific gp120 elution was utilized. Phage binding to mAb F105 fell into the
consensus sequence group seen in Table 3.1. Also during this screening an additional
consensus sequence, QSYP, was found among the screened phage which was found to
bind mAb samples F91, F105 and 1125H, as well as several irrelevant mAb samples in
ELISA experiments. It was subsequently determined that this consensus was being
selected by bovine IgG present in the mAb preparations as dgscribed in chapter four.
MAD F105 was also used to screen a C-7-C library, with three rounds of a gp120 elution.
No consensus was determined and no clones were-found that would bind the mAb in

ELISA experiments.
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MADb F91 was also used to screen the J404 library, utilizing three rounds of
panning, each followed by a rgp120g, elution at neutral pH. 55 out of 58 phage clones
isolated using F91 represented -only one sequence, 1pF9g (See Table 3.1).

1125H was used to screen the J404 library using both panning and column
methods with low pH and gp120 elutions, but no consensus sequence was found. A
number of phage with sequences containing a large number of aromatic residues, Trp, '
Phe, and Tyr, as well as Arg and Lys were found to bind mAb1125H (Table 3.2). Also
seen were phage clones which have mutations in the Gly-Pro-Pro linker region
connecting the random 9 mer sequence with the pIil protein of the phage. Such
mutations in this region are rare, and are due to frame shifts or deletions of the DNA
which occur during the ligation and transformation steps in the production of the library.

TABLE 3.1 Amino Acid Sequences of Phage Displayed Peptides Isolated by
Screening Against mAbs F105, 5145A, and F91.

F105 Selected Phage

Phage Clone Sequence

44Fg RLTPESDDR
9Fg TSLRPEPRPDE
117Fg NARYGEPPV
53Fg QOARYAKETPD
97Fg MRFAAEPDQ
34Fg RWFPLGDATI
Consensus RXXPEPD

5145A Selected Phage
19AL WXKPVVIDEFE

F91 Selected Phage
1pF9¢g LYAGSWSAW




Table 3.2 Amino Acid Sequences of Phage Displayed Peptides Isolated by Screening
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Against mAb 1125H.

Phage Clone Sequence

1HL SIPWPAVE
24HL FSNKLYWNG
10HL TSVKDWRYY
15HL GRWNGTF I
40HL SKGAWSW
30HL DPDSPWSW
11HL ASVYGﬁWSG
20HL DGDWLLHYVG
37HL SNSNVPNVL
21HL WKPVVIITLR
32HL W N N
SOHL T SWMPVEKVYV
46Hg GK KGL
10Hg WIG
Normal X XXXXXXXX
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These mutations, if they are to be present on viable phage virus, must be accompanied by
another insertion or deletion that returns the sequence to correct reading frame before the
pIII protein is coded for, so as not to alter the structure of ‘t‘h'e pII protein. However, the
sequences selected by. 1125H were also found to bind non-specifically to other mAbs.
Fig. 3.1 shows an example of the binding of these clones to mAb F105 and mAb 1125H. .
It is believed that since there is no real consensus among the sequences, that these
peptides are merely “sticking” to the mAb indiscriminately and do not represent
sequences which specifically bind to a constant region shared between the mADbs. Similar
sequences were isolated during other phage display experiments as described below.

MAD 5145A was initially used to screen the J404 library by the panning method,
using both a low pH and gp120 elution, but both methods yielded only non-specific
binding phage as well as phage With mutations in the random peptide and linker region as
described for 1125H above. MADb 5145A was then coupled to Sepharose beads and used
for three rounds of column selection, each eluted by 0.1 M glycine, pH 2.2. After the last
round of selection, thirty phage clones were assayed for mAb binding by ELISA. Nine
clones were positive for specific binding to mAb 5145A, and all of these had the same
sequence, 19AL (Table 3.1).

MADb 2G12 was used to screen the J404 library utilizing a combination approach
of low pH elution for the first two rounds with the more specific gp120 elution fdr round ‘
three, also followed by a low pH elution. Phage isolated from the third round gp120
elution as well as the low pH elution showed no consensus sequence and no specific
binding for 2G12.‘ Also, mADb 2G12 cross-reacted with all phage in ELISA experiments, |

even the parent type M13KBst phage (Fig. 3.2). It is not known why mAb 2G12 would




63

cross-react with M13 phage. This was only seen with mAb 2G12 in our experiments and
has not been reported by others. vaertheless, mAb 2G12 binds 'with high affinity to
gp120, as shown later in this chapter. Since 2G12 bound all Mls;—based phage'; it was'
difficult to determine which phage, if any, were binding specifically via their dispiayed
peptides and this most likely caused the library screening to fail. MAb 2G12 was
therefore not pursued for phage library screening, but it was used in later experiments as a
control mADb for binding to gp120 and did not display any cross-reactivity against
blocking agents, or primary and secondary detecting antibodies during these ELISA
experiments. Mab 2G12 was used as a control mAbD since it was a humaﬁ mADb (like
F105 and 5145A) that bound to the same antigen, but bound to a region which did not
overlap the CD4-binding site, and therefore did not cross-react with peptides mimicking
the CD4-binding site. | |

MADb IgG1b12 was also used to screen the J404 library using a combination
approach of a low pH elution for the first two rounds coupled with the more specific
gp120 elution for round three, also followed by a low pH elution. Phage ciones which
were isolated from the third round of both the low pH and gp120 elutions fell into the
non-specific binding category, similar to those seen for mADb 1125H. We were unable to
obtain any positive results when using the combination approach of low pH and gp120
elution, discussed previously in chapter two. MAb IgG1b12 might have produce&
positive results if a purely gp120 elution protocol was followed for all three rounds.
Other reasons for the failure to determine a consensus peptide from the IgG1b12

experiment will be discussed later in the chapter.




64

mAb 1125H
mAb F105
Blotto

M13 24HL 10HL 11HL 29HL 15HL

Phage Clones

Fig.3.1Binding of phage clones to mAbs 1125H and F105. mAb was used
to coat wells at | jag/ml. Phage clones were added at IxIO9pfu per well with
parent phage M BKBst shown as a negative control. Control wells with only
the blocking agent blotto are also shown as a negative control. Phage binding
was detected by rabbit anti-M B antiserum followed by AP-conjugate goat
anti-rabbit secondary Ab. O.D. values shown are the mean of duplicate
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0.6 4
mAb 1125H
L......1 mAb 2G12
0.5 -
0
0.3 -
1
0.2 .

BHIL JJih

Blotto MI3 2pGg 4pGg SpGg HpGg 24pGg
Phage Clones

Fig.3.2 Binding of phage clones to mAbs 1125H and 2G12. MAb was used to
coat wells at 1 pg/ml. Phage clones were added at IxIO9pfu per well with parent
phage MISKBst shown as a negative control. Phage binding was detected by
rabbit anti-M13 antiserum followed by AP-conjugate goat anti-rabbit secondary
Ab. G D. values shown are the mean of duplicate samples with standard
deviations (SD) shown as error bars. Phage clones shown are those isolated from
mAb 2G12 phage library screening and are shown for comparison against the

M 13 background level.
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In summary, out of six mAbs that were screened, some having been screened a
number of times, three mAbs gave sequences which were found to bind specifically to
their respective mAb. The remaining chapter describes the results obtained using these

three sequences.

ELISA Binding and Competition Experiments

Figure 3.3 shows the specificity of the phage clones to their respective mAbs.
Phage clones 53Fg and 44Fg showed specificity for F105 (Fig. 3.3), as did phage clones
9Fg and 97Fg (data not shown), but at a lower avidity. Phage clone 1pF9g specifically
bound mAb F91, while phage clone 19AL also bound specifically to mAb 5145A
(Fig.3.3).

To determine that each phage clone specifically bound to the antigen binding sité
on the mADb, a gp120 inhibi'tion experiment was performed (Fig.3.4). Each mAb was
coated on an ELISA plate and incubated with the corresponding phage clones in the
presence of varying concentrations of rgp120gs,. Adding gp120 greatly reduced the
binding of phage 44Fg to mAb F105, phage 19AL to mAb 51454, and phage 1pF9g to
mAb Fo1 (Fig. 3.4).

Synthetic peptides corresponding to either sequences displayed on specific phage
clones (pep19AL = WKPVVIDFE, peplpF9g = LYAGSWSAWP), or a consensus
sequence (pep44Fg = RLTPEPDD), were tested for their ability to inhibit binding of
phage clones to their respective mAbs. ELISA plates were coated with mAb and
incubated with phage clones in the presence of varying concentratiqhs of peptide. At 0.5
LM concentration, pep44Fg inhibited binding of phage 44Fg to its corresponding mAb

F105, and pep19AL inhibited binding of phage 19AL to mAb 5143A, while neither
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mADb F105
mAb Fo1
I | mAb 5145A

M13KBst 53Fg 44Fg 1pF9g 19AL

Phage Clones

Fig.3.3 Binding of phage clones to mAbs F105, F91, and 5145A. MAb was
used to coat wells at | pg/ml. Phage clones were added at IxXIO9pfu per well
with parent phage M13KBst shown as a negative control. Phage binding was
detected by rabbit anti-M13 antiserum followed by AP-conjugate goat anti-
rabbit secondary Ab. 0O.D. values shown are the mean of duplicate samples
with standard deviations (SD) shown as error bars.
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0.8 -i
0.7 ¢ — 44Fg against mAb F105
o m— 19AL against mAb 5145A
1pF9g against mAb F91
0.6 .
0.4 -

jig/ml of rgp120

Fig.3.4 Binding of phage clones in the presence of increasing
concentrations of rgpl20. MADbs were used to coat wells at | pg/ml.
rgpl202was added to wells in increasing concentrations followed by addition
of phage clones at IxIO9pfu per well to their respective mAb. Phage binding
was detected by rabbit anti-M13 antiserum followed by AP-conjugate goat
anti-rabbit secondary Ab. O.D. values shown are the means of duplicate
samples with standard deviations (SD) shown as error bars.



69

pepl9AL against phage 19AL
pepd44Fg against phage 44Fg
pepl9AL against phage 44Fg
pepd44Fg against phage 19AL

Peptide Cone. (pM)

Fig. 3.5 Inhibition of phage binding to mAbs by addition of increasing
concentrations of peptide. Mabs F 105 and 5145A were used to coat wells at |
pg/ml. Peptide was added to wells at various concentrations for 20 min. at RT
followed by addition of phage clones at IxIO9pfu per well for O/N incubation
4°C. Phage binding was detected by rabbit anti-M13 antiserum followed by AP-
conjugate goat anti-rabbit secondary Ab. The legend shows symbols
corresponding to the different combinations of peptides pep44Fg-RLTPEPDD
and pep 19AL-WKPVVIDFE with phage clones 44Fg and 19AL binding to
their respective mAbs (F105 and 5145A) showing both a negative control and
inhibition. All O.D.values shown are the mean of duplicate samples with SD
shown as error bars.
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peptide had any significant effect on binding of the other phage;mAb pair (Fig.3.5).
Pep44Fg was also able to inhibit binding of 9Fg and 97Fg at comparable levels (data not -
shown). This démonstrated that the free peptides bound in the same manner as the
sequences attached to the pIII protein of the phage clone. Ideﬁtical results for inhibition of
phage 44Fg binding to F105 were obtained with pep44FgC, which is identical to pep44Fg
except for an additional Cys residue at the C-terminus for use in constructing conjugates
(not shown). A possible second consensus involving residues seen in both phage clone
53Fg and 117Fg prompted the synthesis of two other peptides which corresponded to
phage clone 53Fg (pep53Fg-QARYAKEPD) and a consensus sequence between phage
clone 53Fg and 44Fg (pep44/53Fg-QARYAPEPD). As can be seen in Fig. 3.6, pep53Fg
was only able to inhibit binding of phage clone 53Fg to mAb FIQS and pep44Fg also was
only able to inhibit binding of phage clone 44Fg to mAb F105. The consensus peptide
44/53Fg was unable to inhibit binding of either phage clone 53Fg or 44Fg to mAb F105.
Binding of phage clone 53Fg to mAb F105 could not be inhibited by addition of gp120, at
concentrations up to 100 pg/ml (data not shown) so pepS3Fg was not pursued in further
studies. Also, peplpF9g did not inhibit phage 1pF9g binding to mAb F91 at
concentrations up to 100 1M (data not shown) and was therefore not used in
immunization studies.

Pep44FgC and pepl19AL were then tested for their ability to inhibit bindiﬁg of
mADb to gp120. ELISA plates were coated with rgp120g and mAbs were pre-incubated |
with varying concentrations of peptide, then placed in the wells overnight. Figs. 3.7 and
3.8 show that both pep44F’gC‘ and pep19AL inhibit binding of their respective mAbs .to

gp120 while having no effect on binding of the control mAb (2G12) to gp120.
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-O - 53Fgvs pep63Hg
-T - 44Fgvé& pepsS3Hg
- * - 44Fgvs. pep5344Fg
-4 - 53Fgvs. pep6344g
-7 r- 44Fgvs. pepddH
-¢ 53Fgvs. pepddHg

JJMd peptide

Fig.3.6 Inhibition of phage binding to mAh F105 by addition of increasing
concentrations of peptide. Mab F105 was used to coat wells at | pg/ml. Peptides
were added to wells at various concentrations for 20 min. at RT followed by
addition of phage clones at IxIO9pfu per well for O/N incubation 4°C. Phage
binding was detected by rabbit anti-M13 antiserum followed by AP-conjugate goat
anti-rabbit secondary Ab. The legend shows symbols corresponding to the
different combinations of peptides pep44Fg-RLTPEPDD pep53Fg-
QARYAKEPD and pep53/44Fg- QARYAPEPD and phage clones 53Fg and 44Fg.
All O.D.values shown are the mean of duplicate samples with SD shown as error
bars.
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Fig. 3.7 Inhibition of mAh F105 binding to gp!20 with increasing
concentrations of peptide pep44FgC. Plates were coated with rgpl20F2at 0.5
pg/ml. Mab F105 at 0.2 pg/ml was pre-incubated with peptide pep44FgC for
one hour at RT then placed in the well for O/N incubation. Mab 2G12 was used
as a positive control. Binding of mAb was detected by goat anti-human IgG
alkaline phosphatase. All G D. value shown are the mean of duplicate samples
with SD shown as error bars.
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m405

Pepl9ALConc. (jiM)

Fig.3.8 Inhibition of mAh 5145A binding to gpl20 with increasing
concentrations of peptides pepl9AL. Plates were coated with rgpl20S2at 0.5
pg/ml. mAb 5145A at 0.2 pg/ml was pre-incubated with peptide pep 19AL for
one hour at RT then placed in the well for O/N incubation. mAb 2G12 was used
as a positive control. Binding of mAb was detected by goat anti-human 1gG
alkaline phosphatase. All G D. values shown are the mean of duplicate samples
with SD shown as error bars. Pepl9ALC gave similar results to pep 19AL (not
shown).
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The concentration of the peptides needed for inhibition of mAb'b'inding to gp120 is much
greater than that seen for inhibition of phage binding to mAb. This is a result of the
peptide having to overcome a véry high affinity between these mAbs (F105 and 5145A)
and gp120, approximately 100 nM (Posner, et al., 1991 and Pinter et al., 1993) whereas
the affinity of the phage for mAb is probably much lower. The increase in the inhibiting-
concentration of the peptides between these two experiments reflects this change in

affinity.

’

Immunization with Peptide Conjugates

Groups of three mice were immunized with KILH-pep44FgC and KLH-pep19ALC
conjugates. Anti-peptide titers in the sera collected from these mice after the first and
second boosts were determined by measuring binding of mouse Ab to OVA-pep44FgC
and OVA-pepl19ALC, respectively (Fig.3.9 and 3; 10). All mice immunized with the
KLH conjugates exhibited high titers against peptide, except mouse 2 immunized with
KILH-pep44FgC.

Sera from the same mice were tested for cross-reactivity with gp120. Fig. 3.11
shows that sera from the mice immunized with KLH-pep44Fg reacted with rgp120gp,.
All three mice show reaction to rgp120g, well above pre-immunization control levels,
with mouse 2 showing the highest reactivity. Sera from the mice immunized with KLH-
pepl9AL also reacted ;;vith rgp120. Mice 1 and 3 show reactivity well above pre-bleed

levels, while mouse 2 shows very little reaction above background (Fig. 3.12).
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* — Mouse 1
w— Mouse 2
m— Mouse 3

102 103 104 105 106

1/Dilution

Fig.3.9 Mouse sera derived from KLH-pep44FgC immunized mice binding to
OVA-pepddFg conjugate. OVA and conjugates were coated in wells at | pg/ml.
Mouse sera was added to wells in dilutions and detected by goat anti-mouse alkaline
phosphatase conjugate. Unconjugated OV A controls coated on the plates and
screened at each dilution of serum gave O.D. values < 0.10. All O.D. values shown
are the mean of triplicate samples with SD shown as error bars. Experiment
performed by R. Wilkinson.
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m— Mouse 3
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Fig.3.10 Mouse sera derived from KLH-pepl9ALC immunized mice binding to
OVA-pepl9AL conjugate. OVA and conjugates were coated in wells at | pg/ml.
Mouse sera was added to wells in dilutions and detected by goat anti-mouse alkaline
phosphatase conjugate. Unconjugated OV A controls coated on the plates and screened
at each dilution of serum gave O.D. values <0.10. All O.D. values shown are the
mean of triplicate samples with SD shown as error bars. Experiment performed by R.
Wilkinson.
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Fig. 3.11 Mouse sera from KLH-pep44FgC immunized mice binding to gp!20.
rgpl20$2was coated on plates at 0.5 pg/ml. Mouse sera was added to wells in
dilutions and detected by goat anti-mouse alkaline phosphatase conjugate. Prebleed
serum samples of each mouse are shown at the highest concentration as a negative
control. All O.D. values shown are the mean of duplicate samples with SD shown
as error bars.
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Fig. 3.12 Mouse sera from KLH-pepl9ALC immunized mice binding to gp!20.
rgp 1202 was coated on plates at 0.5 pg/ml. Mouse sera was added to wells in
dilutions and detected by goat anti-mouse alkaline phosphatase conjugate. Prebleed
serum samples of each mouse are shown at the highest concentration as a negative
control. All O.D. values shown are the mean of duplicate samples with SD shown as
error bars. Experiment performed by A. Intamaso
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Discussion

We have screened mAbs F105, 51.45A, F91, 2G12, 1125H, and IgG,b12 with
pha;ge-displayed peptide libraries and have identified sequences that bind specifically to
three of these mAbs in competition with gp120. The synthetic peptides corresponding ‘to.
the sequences selected by F105 and 5145A inhibited binding of the mAb both to the
respective phage and to gp120. Presumably these sequences mimic residues of gp120
which interact with the mAbs, and therefore act as “miniotopes”. However, since the
antibodies recognize discontinuous, conformation-dependent epitopes, we did not expect
to find extensive homology to a linear sequence of gp120.

The consensus sequence RXXPEPD selected by F105 can be aligned with
residues found in and around the CD4 binding-site in the crystal structure of gp120
(Fig.3.13; Fig.3.14). These residues are important for i‘ntera'lction with F105, because
mutations at these sites abrogate- binding (Thali et al., 1992). Residues D368, P369, and
E370 in the gp120 structure can be aligned with the peptide sequence EPD; both D368
and E370 are sites of “escape mutants” for F105 (Fig.3.14) Either residue K421, also an
escape mutant site for F105, or R419 could be mimicked by the Arg in the peptide
sequence. The distance between residues 368-370 and 419 or 421 in the crystal structure
is within the range that could be spanned by the three residues between the Arg aﬁd the
EPD in the consensus peptide, thus allowing a linear peptide to mimic a discontinuous
epitope. The Pro in the fourth position of the consensus sequence may be present only to
constrain its conformation rather than to mimic a specific residue on gp120.

Conservation of these residues is very high through all clades of HIV-1: D368 99%, E370
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99%, R419 87% (99% if substitution of Lys allowed), and K421 94% (99% if substitution
of Arg allowed) using frequency data taken from the Los Alamos Env sequence database
at http://hiv-web.lanl.gov. This peptide sequence obviously does not represent all
residues of gp120 which are involved in binding mAb F105, but the data suggests that
they do represent at least a partial epitope map. The sequence of QARY seen in phage
clones 53Fg and 117Fg prompted the synthesize of the two peptides pep53Fg and
pep53/44Fg for further study. Interestinglvy, peptide 53Fg would only inhibit binding of
phage clone 53Fg while the consensus peptide pep53/44peptide was unable to inhibit
binding of either phage clone 53Fg or 44Fg to mAb F105. The differencé between
pep53Fg and pep53/44Fg is only one residue, a Pro in pep53/44Fg which is changed to an
Arg in pep53Fg. This Pro is highly conseryed for phage clones with the RXXPEPD
motif but the data suggests that a peptide with a proline in this position will not inhibit
binding of phage clone 53Fg to mAb F105. The data also suggests that the 53Fg
sequence QARY is independent of the RXXPEPD motif and may bind at a separate
location on mAb F105. As previously discussed, pep53Fg seemed like an appropriate
candidate for futﬁre studies but addition of gp120 was unable to inhibit binding. of the
phage clone 53Fg to mAb F105. This infers that the binding site of the sequence
QARYAKEPD is removed from the antigen recognition site and does not mimic residues
on gpl120.

With mAb 5145A, it is difficult to know which residues in the pep19AL sequence
are crucial for binding because it was the only sequence selected. 5145A binding is also
sensitive to mutations in the 368—3’70 region of gp120 (Pinter et al., 1993), whose DPE

sequence (shown in Fig. 3.14) can be aligned to the DFE in pepl19AL.
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Fig. 3.13 Crystal structure of gp!20. Crystal structure contains HIV-1 HXB2
“core” gpl20 complexed to the N-terminal domain of CD4 (Kwong et al., 1998).
Only gpl20 is shown here, see Fig. 1.5 for comparison with CD4 bound
structure. Residues highlighted in green are those which are believed to be
mimicked by peptides described in the chapter. (See Fig.3.13 for a more
descriptive look)
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Fig.3.14 Partial structure of the CD4 binding site on gp!20 taken from the crystal
structure of gpl20. (Kwong et al., 1998). The residues that can be aligned to
pep44Fg are shown in color. The sequence D368, P369, E370 is in the lower left
comer; either K421 or R419 can be aligned with the Arg in pep44Fg. Pep44Fg-
RLTPEPDD
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An appropriate experiment in this instance would be to do an alanine scan of the peptide
to determine which residues are crucial for activity. This was not done at this time but
would be a good experiment to perform for future studies. It was decided to continue with
the active peptide pepl19AL for further studies rather than use resources and time to
determine what residues are important for the peptide.

The phage clone 1pF9g bound specifically to mAb F91 and this was inhibited by
the addition of gp120, but the corresponding synthetic peptide had no activity. This may
be due to the free peptide not assuming the same conformation as the sequence displayed
on the phage.

Sera from mice immunized with both pep44Fg and pep19AL conjugates cross
reacted with gp120, albeit at a lower titer than they react against the peétides themselves.
The low anti-gp120 titers are not surprising, given that the peptide can adopt many
conformations, of which only a few would likely mimic the three-dimensional structure
of gp120. Most of the anti-peptide antibodies would therefore not be expected to
recognize gp120. However, a better antigen could be developed by determiniﬂg the
conformations of these peptides when they are bound to their respective mAbs using X-
ray crystallography on peptide-Fab complexes. For the mice immunized with pepl9AL
conjugates, a higher anti-peptide titer correlated with a higher anti-gp120 titer; however,
there was an inverse correlation for the mice immunized with KLH-pep44FgC. This
inverse correlation was not observed when mice were immunized with pep44Fg

" conjugated to the capsid protein of Cowpea Chlorotic Mottle Virus (A. Intamaso et al.,
manuscript in preparation). A mouse control group immunized with KLH only was not

utilized in this study. Sera from mice immunized with KLH and KLH-S9 peptide
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conjugates were obtained from the Pincus lab. These sera gave ﬁhigh background in our
ELISA experiments. In the case of pepl 9ALC, the direct correlation between anti-peptide
titer and anti-gplZO titer argues aéainst cross reaction between gp120 and KLH, but in the
case of pep44FgC, an inverse correlation was seen between the anti-peptide titer and anti-
gp120 titer. One reason to believe there is little cross reaction between gp 120 and KLH is
that when the sera from KLH-44FgC immunized mice were screened against KLH in
ELISA, sera from all three mice bound equally strong to KLLH (data not shown) whereas
the anti-gp120 titers and anti-peptide titers varied a zéreat deal from mouse to mouse. As
stated previously, the inverse correlation between anti-gp120 and anti-peptide 44FgC titer
was not seen when pep44FgC was attached to CCMV.

Soon after the panning with IgG1b12 was performed, the crystal structure of the
antibody was published (Saphire, et al., 2001). The s£ructure of the antibody revealed an
extended CDR H3 region which forms a finger-like loop which is believed to extend into
the CD4-binding site pocket to facilitate binding to gp120. It is believed that this
extended region on the mAb is what zi—llows IgGlbl12 to bin(i so effectively to the
somewhat recessed CD4-binding site of gp120. In retrospect, i;c would seem unlikely that
the phage screening of mAb IgG1b12 would be succqssful in that screening for a peptide
that binds to an extended loop structure of the mAb would probably not isolate a peptide
sequence that is a mimetic of the pocket of gp120 that the finger-like loop interacts with.
Determination of a peptide mimetic works best when the peptide mimics a loop structure
on the antigen and binds to a cleft or pocket 6n the mAb. There has been a report of
phage display results which selected a peptide that specifically binds the mAb IgG1b12

(Zwick et al., 2001). In this study, the phage-displayed peptide showed a high affinity for
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Fab fragments of b12, comparable to that of gp120, but immunization with a synthetic
peptide-ovalbumin conjugate produced only a low anti-peptide titer and no anti-gp120
cross-reactivity (Zwick et al., 2001). This pei)tide formed a cysteine constrained loc;p and
was mapped to a 1'00p structure near the CD4-binding site on gp120. These positive
results suggest that mAb IgG1b12 was able to bind a phage display peptide but that the
peptide needed to be cysteine loop-constrained and is probably not directly contacting the
finger-like loop on the mAb (based upon the theoretical binding site of the mAb IgGlblé

loop structure on gp120 and where the phage peptide is thought to mimic gp120).
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CHAPTER FOUR

SELECTION AND CHARACTERIZATION
OF THE QSYP PEPTIDE SEQUENCE
FROM PHAGE DISPLAY LIBRARIES

Introduction

This chapter contains data submitted for publication in the paper titled “The

. QSYP peptide Sequence is Selected from Phage Display Libraries by Bovine IgG
Contaminants in Monoclonal Antibody Preparations”(Jacobs, J.M., Bailey, B.W., Burritt,
J.B., Morrison, S.G., Morrison, R.P., Dra£z, E.A., Jesaitis, A.J., Teintze, M., 2002
submitted), It is an explanation of a strong consensus sequence that was obtained whi-le
screening a peptide phage display library wi‘;h mADb F105. A nearly identical consensus
sequence was found in three other laboratories during peptide phage display screening
with unrelated mAbs, sparking an interest in determining the origin of this consensus
among the four laboratories. Peptide sequences from four phage display experiments are
reported, three of which were performed by other laboratories, and one, the mAb F105
screening, by J. Jacobs in the M. Teintze laboratory. All other experiments in this chapter.

were performed by J. Jacobs.
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Background

Random peptide phage-display libraries are used to ‘id‘entify peptide sequences
which interact with specific proteins (Smifh and Scott, 1993; Burritt et al., 1996). This
technique is commonly used to map epitopes bound by monoclonal antibodies (mAbs), ..
and in cases where the epitope is comprised of discontinuous residues on the target
protein, the amino acid sequences selected may also provide three-dimensional structure
information about the antigen (Burritt et al., 1998; Burritt et al., 2001§ Bailey, 2001). The
data in this chapter lists peptide sequence results originating from four different
laboratories, each of which screened a random peptide phage-display library against a
different mAb. MADb F105; a human IgG, against the HIV envelope protein gp120
(Posner et al., 1991), was screened by J. Jacobs in the M. Teintze laboratory; mAb 4B4, a
mouse IgG, against bovine thodopsin (MacKenzie and Molday, 1982), was screened by
B. Bailey in the E. Dratz laboratory; mAb 449, a mouse IgG, against human neutrophil
flavocytochrome b (Verhoeven et al., 1989), was séreened by J. Burritt in the A. Jesaitis
laboratory; mAb GZD1E8, a mouse IgG, against the major outer meémbrane protein of
Chlamydia pneumoniae (Wolf et al., 2001), was screened in the R. Morrison laboratory.

Screening the library with these mAbé selected phage with two separate
consensus sequences for each mAb: One sequence that was specific to the respective
mADb and could be mapped to an epitope on the antigen used to produce the mAb, and a
second consensus sequence, QSYP, which was found to be selected from the library by

bovine IgG contaminating the mAb preparations. The source of the bovine IgG
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contamination was fetal bovine serum that was used as part of thé growth medium for the -
hybridoma cell culture expressing the mAb of iﬁterest (Lucas et al., 1988). Purification h
of the mADb from the hybridoma culture supernatant is commonly accomplished by
chromatography on immobilized protein G or protei;l A, which bind bovine IgG in
addition to the mADb of interest (Bastida-Corcuera et al., 1999 and Eliasson et al., 1989). '
Co-purification of both the mAb and bovine IgG in this step led to the contamination of
each mAb sample and hence the presence of both the mAb and bovine IgG during peptide
phage display selection. Contamination of the mAb with bovine IgG led to the sélec;tion

of both the mAb-specific consensus sequence as well as the bovine IgG directed QSYP |

consensus sequence.

Material and Methdds

Materials

MAD F105 is a human IgG, mAbD directed against the HIV envelope glycoprotein
gp120 and was obtained from the NIH- AIDS Research Reference and Reagent Program
(donated by Dr. M. Posner). MAD F91, obtained from Dr. J. Robinson (Moore et al.,
1994), is a human IgG, mAb directed against HIV gp120. MAb 449 (Verhoeven et al.,
1989) was obtained from Dr. D. Roos, Central Laboratory of the Netherlands Blood
Transfusion service in Amsterdam, The Netherlands. MAb GZD1E8 (W olf‘ et al., 2001)
is a mouse IgG, that was obtained from mice immunized with the major outer membrane
protein of Chlamydia pneumoniae. MAb 4B4 (MacKenzie and Molday, 1982) is a mouse

IgG, directed against bovine rhodopsin and was purified from a hybridoma cell line
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obtained from Dr. R. Molday. K42-41L (Adamus et al., 1991) is a‘mouse IgG, mAb
directed against bovine rhodopsin and was obtained from Dr. P. Hargrave and grown by
the National Cell Culture Center (Minneapolis, MN) in serum free media. The panel of
mouse Ig isotypes was purchased from Zymed (San Francisco, CA). Human polyclonal
IgG was purchased from Sigma Chemical Company (St. Louis, MO). Recombinant HIV .
gp120 (SF2) was obtained from Chiron (Emeryville, CA). The J404 phage display library
used in all the experiments was produced in the filamentous phage M13KBst and
expresses a random 9 mer peptide sequence as an amino-terminal fusion to the phage
capsid protein pIII (Burritt et al., 1996; Burritt et al., 1995). The library has a complexity
of ~5 X 10% unique phage. Peptide pep2Fg, SQSYPTRNS-NH, , was purchased from
Research Genetics, Inc. (Huntsville, AL) and fﬁrther purified to >90% by reverse phase
HPLC. Alkaline phosphatase-conjugated goat anti-rabbit IgG (H+L) was purchased from
BioRad (Hercules, CA). Rabbit anti-bovine IgG horseradish peroxidase (HRP)-conjugate
was purchased from Cappel (West Chester, PA). Fetal Bovine Serum was purchased from

HyClone (Logan, UT).

ELISA Experiments

The technique of ELISA was used to measure binding of phage to Ab, and
peptide inhibition of phage binding to Ab. Also determined by ELISA was the direct
detection of bovine IgG as well as capture and detection of bovine Ab with QSYP

expressing phage clones.
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For phage detection experiments, Ab was coated directly onto microtiter wells
(Immulon 2, Dyﬁatech, McLean, VA) at 1-5 pg/m} overnight at 4°C. Wells were blocked
with Blotto (5% no.nfalt dry milk, 0.5% Tween 20 in TBS{50 mM Tris-HCI, 150 mM
NaCl}) for 3 hours at room temperature (RT). Phage were addea at vafious
concentrations, 5x10° to 1x10'° pfu per well, in a volume of 100 pul per well and
incubated overnight at 4°C. Plates were washed, incubated with rabbit anti-M 13 serum
(1:5,000 dilution) for 2-4 hours at RT, washed, incubated with goat anti-rabbit alkaline
phosphatase-conjugated IgG (1:1,000 dilution) for 1-2 hours at RT, washed, then
developed by addition of p-nitrophenyl phosphate (Sigma Chemical). Fér peptide
inhibition experiments, 100 pul of peptide at the concentrations indicated in Fig. 4.6, was
added per well following the blocking step, and incubated 20 min at RT, followed by
addition of 50 pl of f)hage at the concentrations indicated overnight at 4°C. The
remaining steps were as described above.

For detection of bovine IgG, the Ab sample of interest was coated directly onto
micro titer wells and incubated overnight at 4°C. Wells were blocked with BSA (0.25%
BSA, 0.5% Tween 20 in TBS) for 3 hours at RT. Rabbit anti-bovine IgG HRP-conjugate
was added at 1:1000 dilution either overnight or for 2-4 hours at RT. Plates were washed,
then developed using a 3,3,5,5-tetramethylbenzidine (TMB)/ hydrogen peroxide solution
(Sigma Chemical). For capture of bovine Ab with phage, the phage were coated directly
onto microtiter wells and incubated overnight at 4°C. Wells were blocked with BSA,
washed, and Ab samples were added to wells at 2 j1g/ml. After overnight incubation E;.t

4°C, rabbit anti-bovine IgG HRP was added and detected as described above. A,s, for
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HRP, or A,, for alkaline phosphatase, was determined Ausing a micro plate reader

(Safire, Tecan Austria GmbH).

Phage Selection Experiments

MADb F105 was immobilized on 60 mm petri dishes, incubated overnight at 4°C, .
washed, blocked with blotto overnight at 4°C, and washed again. Phage library was
added (1x10"2 pfu), incubated overnight at 4°C, washed extensively (0.5% Tween 20 in
TBS), and eluted by additioﬁ of rgp120 in 4X molar excess for 2 hours at RT. Eluted
phage were then amplified in Escherichia coli strain K91, precipitated with
2.5%PEG/0.5M NaCl, resuspended, and then used in subsequent rounds of selection '
(Smith and Scott, 1993).

MAbs 449, 4B4, and GZD1E8 were immobilized on Protein G Sepharose beads
(Amersham Pharmacia, Piscataway, NJ ), using 300 pL of total beads. The beads were
divided into three aliquots for three rounds of selection. The phage library (1x10" pfu)
was added to the first aliquot and incubated overnight at .4°C. The bead/library mixture
was placed in a column, washed extensively with ice-cold wash buffer (1% BSA, 0.5%
Tween20 in TBS) and then eluted with 0.1M glycine, pH 2.2. The eluted phage were
neﬁtralized immediately with 2M Tris pH 10, and were then amplified as described
above. Amplified phage were then combined with the‘2nd aliquot of the beads and the
procedure was repeated until three rounds of selection were completed. The screening of
the J404 library with these three mAbs (449, 4B4, and GZD1ES8) was performed by the

Jesaitis, Dratz, and Morrison laboratories respectively.
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Analysis of Selected Phage

A dilution of the third round elution was plated and single plaques were excised.
Phage minipreps were prepared by growing specific phage plaques overnight in Luria
broth containing 75 pg/ml kanamycin. Phage were then isolated by PEG/NaCl
precipita.tion as described abéve. Phage clones were screened by ELISA to select for
phage binding to the mAb of interest. Phage clones ;that bound to the mAb sample shown
by ELISA were then analyzed by sequencing their DNA using a primer which anneals
downstream of the unique 27-mer insert in the pIII gene as described (Buurritt et al., 1996;

Burritt et al., 1995).

- Protein G Isolation of Bovine IeG

A 2 ml slurry of Protein G Sepharose beads was placed in a column, washed with
8 ml 100 mM glycine, 0.15 M NaCl, pH=2.5, then washed with 100 mL PBS, pH=7.4. A
total volume of 1L 10% fetal bovine serum in PBS‘.was passed over the column, then
washed with 100 mL PBS, and eluted with eight 1 mL aliquots of 100 mM glycine 0.15
M NaCl, pH=2.5. Eluate fractions were immediately neutralized with 1M Tris buffer, pH
8.8. Eluate protein concentration was determined by UV 'absorbance at 280 nm, ana
fractions containing the most protein were p;)oled. Samples were then dialyzed against
PBS at 4°C using' Spectra/Por membrane tubing, MWCO: 12-14,000, (Spec;crum, Los
Angeles, CA) and aliquots run on a reducing SDS-PAGE gel. The gel was stained with

GelCode® Blue Stain Reagent (Piérce, Rockford, IL) to visualize the heavy and light
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chain bands and verify the presence of bovine IgG. Bovine IgG was also assayed by

reactivity with anti-bovine IgG HRP in ELISA experiments as described above.
Results

Four separate laboratories each independently screened the J404 nonapeptide
phage display library with a different mAb (Human IgG, mAb F105, mouse IgG; mAb
4B4, and mouse IgG, mAbs 449 and GZD1ES). In each experiment, a consensus
sequence of QSYP was seen in addition to a different consensus that appeared to be
specific for each mAb. Phage display selection using mAb F105 rgsulted in a number of
phage clones which matched the QSYP consensus sequence, as seen in Tablé 4.1.
QSYP-containing phage clones bound strongly to the mAb F105 preparation and as well
as to the negative control mAb F91 preparation, as shown by phage clone 2Fg in Fig.4.1.
Many phage clones selected by mAb F105 also matched the consensus RXXPEPD,
shown in Table 4.1, and previously discussed in Chapter 3. Two examples of phage
clones representing the RXXPEPD sequence, 44Fg and 53Fg, are shown to bind
specifically to mAb F105 in Fig.4.1, but not to the negative control mAb F91. The
RXXPEPD sequence mapped to a possible epitope on gp120 (Chapter 3) that is
consistent with the location of residues known to be escape mutations for F105 binding
(Thali et al., 1993). Phage screened against the mAb 4B4 sample also resulted in selection
of two consensus sequences (Table 4.2), with one consensus matching an epitope on the
intradiskal face of rhodopsin (Bailey, 2001), while the other sequence (QSYP) could not

be mapped to rhodopsin.
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Fig.4.1. Specificity of three phage clones isolated by selection with mAh
F105. MAD F 105 was used to coat wells at | pg/ml. Phage clones were added at
IXIO9pfu per well with parent phage M13KBst shown as a negative control.
Phage binding was detected by rabbit anti-M13 antiserum followed by AP-
conjugate goat anti-rabbit secondary Ab. O.D. values shown are the mean of
duplicate samples with standard deviations (SD) shown as error bars.
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TABLE 4.1 QSYP Containing Sequences of Phage Displayed Peptides Isolated
from Screening mAb F105.
mAb F105 Selected Phage
Phage Clone Sequencer
2Fg Qs
26Fg
3Fg G-
7Fg EDG
108Fg WRT
61Fg . V QA
95Fg
91Fg _ R E G
Consensus

Lo}

T RN S
A DAN
DL

BH AP Q@

H o 2" 0 OJn
OO OO HODLDO
b nhaohnoh
MoK KKK K KKK
R EEE R

44Fg RLTPESDDR
53Fg QARYARKRKEPD

Specific Consensus RXXPEPD

TABLE 4.2 QSYP Containing Sequences of Phage Display Peptides Isolated from
Screening Against mAb 4B4.

mAb 4B4 Selected Phage'

Sequence

AGPPYQSYP
AMRDYQSYUP
S QS YPDR
SQSsSYPD
YMSYPNRSA

YQSYPSREH

Consensus (s/¥Y) Q S YP

Specific Consensus E Q Q VS A T A Q

'Experiment was performed by B. Bailey (Bailey, 2001)
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‘Table 4.3 QSYP Containing Sequences of Phage Display Peptides Isolated from
Screening Against mAb 449.

mADb 449 Selected Phage'

'Sequénce
YMSYP
TDWHYQSYTP
TDL‘QYQRYP
TDWQVYQSYP

YQSYPSREN
YDHNYQSYP‘
HM S Y P
Consensus YQSYP

Specific Consensus GPQYV

'‘Experiment was performed by J. Burritt (Burritt, 2000)

Similarly, phage selected during screening with the mAb 449 (Table 4.3) produced a
consensus sequence GPQV matching an epitope» on cytochrome b, as well as producing
fhe QSYP motif (Burritt et al., 2000). The QSYP coﬁsensus was also found when

. screening the phage library with mAb GZD1ES8 (Table 4.4). Preliminary data suggest that
mAb GZD1E8 may also have another consensus sequence, but its identity has not yet
been firmly established (Morrison, et al.'unpublished data). The consensus sequence
(QSYP) can also be expanded to include an additional Tyr residue (YQSYP) according to

the sequence data from mAbs 4B4, 449, and GZD1ES.
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TABLE 4.4 QSYP Containing Sequences of Phage Display Peptides Isolated from
Screening Against mAb GZD1ES. .

mAb GZD1ES Selected Phage'

Phage Clones

38GZ

35GZ

48GZ

7GZ

43GZ

37GZ G K
42GZ

H o< g
Yoo 0O W
KMl K KK K K K K KK K nn g K K

2

27GZ
39GZ NRSA
46GZ
26GZ

18GZ

g =" U =2
< m = T
2 < O U

@ 0 1 p

15GZ

nlen n n n n 0w n n B B B n W
Kl KK B KK K # KK & 1 K K & H
w|lw ®w wWw W W N ®W W KW W < W W

olz H © © B © # ©H ©O ©O © 2 ©

Consensus

'Experiment was performed in the R. Morrison Lab (R. Morrison, pérsonal

communication, 2002)
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The frequency with w,hich'the QSYP sequence was selected with both human énd
mouse mAbs suggested that the QSYP-éontaining phage might bind a constant region
shared by human and niouse Igs. ELISAs were used to screen a numbe!r of QSYP-
containing phage clones against immunoglobulins of various isotypes, but these phage
clones failed to bind either human IgG or mouse Igs (IgG,, IgG,,, 1gGy,, 18Gs, IgA, and ‘
IgM) (data not shown). This group of Igs included all the Ig classes apd isotypes -
represented by the various mAb samples which were used to select the QSYP phage
from the library. These negative results suggested that another component contair-led in
the mADb preparation might be contributing to the QSYP phage selection. It was
determined that each mAb sample used for phage-display selection had been produced
using hybridoma cells cultured in media supplemented with 5-10% fetal bovine serum,
which is known to contain IgGs (Lucas et al., 1988). The mAbs were then isolated using
protein G affinity chromatography, a commonly used procedure that would enrich for all
IgGs, not just the expressed mAb. We postulated that the QSYP sequence was not
specific for the mADb of interest, but was binding to contaminating bovine IgG. To test
that possibility, we correlated the presence of bovine IgG in the mAb samples to the
ability of that sample to bind phage containing the QSYP sequence. Rabbit anti-bovine
IgG was used to test mAb preparations for the presence of bovine IgG. As seen in Fig.4.2,
mAb samples 4B4 and F91 cross reacted well with the anti-bovine IgG, and mAB sample.
GZD1ES also showed a moderate cross-reaction. MAb K42-41L (Adamus, 1991) was
used as a negative control to show the background level of the experiment, .s:,ince it had

been prepared in serum-free media and should not contain bovine IgG.
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0.6

Fig.4.2 Detection of Bovine 1gG in mAh preparations. MAb was placed in wells
at 1 pg/ml and bovine 1gG was detected by addition of HRP-conjugated rabbit anti-
bovine 1IgG. MADb K42-41L was used as a negative control since it was grown in
serum free medium. G D. values shown are the mean of duplicate samples with
SD shown as error bars.
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251

35GZ 26GZ M13KBst

PhageQones

Fig.4.3 Binding of phage clones to mAh preparations. MAbs were placed in
wells at | pg/ml. Phage clones were added at SxIO8pfu per well with parent phage
MISKBst shown as a negative control. Phage binding was detected by rabbit anti-
MIS antiserum followed by AP-conjugate goat anti-rabbit secondary Ab. O.D.
values are mean of duplicate samples with SD shown as error bars.
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Binding of QSYP-containing phage clones 35GZ and 26GZ to different mAb
preparations was measured. T;he results showed that both QSYP-containing phage bound
mADb preparations' 4B4 and F91 at a high lével, mADb preparation GZD1ES8 fnoderately,
and mADb preparation K42-41L (bovine IgG free) at background levels (Fig. 4.3). These
‘results suggest a direcf correlation between the presence of bovine IgG in mAb samples .
(Fig.4.2) and the level of QSYP phage binding to those samples (Fig.4.3).‘ In addition,
phage clones 35GZ and 26GZ, which had originally been selected using mAb GZDI1ES,
showed even greater binding to the mAbs with the higher bbvine IgG contamination, 48B4
and F91(Fig.4.3). These data provided strong evidence that the QSYP sequence was
being selected by contamiﬁating bovine IgG, rather than the mAbs themselves.

To confirm that the QSYP-containing phage 26GZ bound bovine IgG, this clone
was bound to wells of an ELISA plate at various concentrations and used to capture
bovine IgG from mAb samples, as shown in Fig. 4.4. The captured bovine IgG was
detected with rabbit anti-bovine IgG HRP conjugate. The QSYP-containing phage 26GZ
bound bovine IgG from mAbs 4B4 and F91, two samples contaminated with bovine IgG
(see above), but control M13 phage lacking the QSYP sequence did not bind bovine IgG.
It was also shown that bovine IgG was not captured from the mAb K42-41L produced in
serum-free media as expected.

To demonstrate that bovine IgG contamination could have originated frorﬁ serum
in the culture media, one liter of a 10% fetal bovine serum solution of PBS was passed

over a protein G affinity colurnn to capture bovine IgG.
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4B4 vs. 26GZ

FI1 vs. 26GZ
K42-41L vs. 26GZ
4B4 vs. M13

F91 vs. M13
K42-41L vs. M13

1.0

2.0e+9 4.0e+9 6.06+9 8.0e+9 1.0e+1(
Phage Cone, (pfu per well)

Fig.4.4. Capture and detection of Bovine 1gG contaminating mAh preparations
by QSYP phage clones. Phage clones were placed in wells at increasing
concentration. MAb samples were added at 2 pg/ml and the bovine IgG in the mADb
sample was captured by the QSYP-sequence containing phage and detected by
rabbit anti-bovine IgG HRP. Different mAb preparations were tested against both
negative control parent phage (MBKBst), and 26GZ (QSYP- containing phage
clone). G D. values shown are the mean of duplicate samples with SD shown as
error bars.
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Elution of the column with a 100 mM glycine 0.15 M NaCl, pH=2.5 resulted in fractions
containing 4 mg of total protein, as determined by absorbance at 280 nm. When these
were run on a reducing SDS-PAGE gel, only two bands were seen, which correspondéd
fo the expected migration distances of the heavy and light chains of an immunoglobulin
(Fig.4.5). This eluted bovine IgG reacted with rabt;it anti-bovine IgG by ELISA (Fig.
4.2), and bound specifically to QSYP-containing phage (Fig.4.6). A synthetic peptide
corresponding to the phage clone 2Fg, SQSYPTRNS, was synthesized and tested to
determine its ability to inhibit binding of QS YP-containing phage to mAb samples. As
seen in Fig.4.7, peptide pep2Fg inhibited the binding of QSYP containing phage clones
2Fg and 13D with a half-maximal peptide effect in the nanomolar range. The data
indicate that the displayed sequence QSYP Was responsible for the binding of the phage
to the bovine IgG in thé: mAD samples, and that the activity of this sequence was not

dependent upon attachment to the phage.
Discussion

Four mAb preparations with specificity for different aﬁtigens selected phage with
the same QSYP consensus sequence from a random peptide phage display library. Phage
clones containing this sequence bound to the mAb preparations in proportion to the
amount of bovine IgG contaminating the samples. MAbs are commonly produced using
hybridoma cell lines grown in media containing up to 10% fetal bovine serum, which

contains significant amounts of bovine IgG (Lucas et al., 1988).
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66KK

45K

29K

Fig.4.5 SDS-Page reducing gel of Protein G isolated Bovine 1gG. Gel
shows the presence of heavy, H, and light, L, chains of an immunoglobulin
verifying the presence of an immunoglobulin in the Protein G
chromatography of fetal bovine serum. Gel shows increasing
concentrations of Bovine IgG, right to left, with protein standard ladder
labeled on the far left.



105

1.0 .
S 0.8 —O — Bovine IgG vs. 7GZ
' K42-41L vs. 7GZ
—A — Bovine IgG vs. 35GZ
K42-41L vs. 35G
+ Bovine IgG vs. M13
-S - K42-41L vs. M13
0 1 2 3 4 5 6

L/g/ml mAb

Fig.4.6 Binding of phage clones to mAh preparations and bovine 1gG
mADbs/Abs were placed in wells at 1-5 pg/ml. Phage clones were added at a
concentration of SxIO8pfu per well with phage binding detected by rabbit anti-M13
antiserum followed by AP-conjugate goat anti-rabbit secondary Ab. Parent phage
MISKBst was shown as a negative control. The legend shows symbols
corresponding to the different combinations of mAb K42-41L and bovine IgG
binding to various phage clones. All O.D.values shown are the mean of duplicate
samples with SD shown as error bars.
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pep44Fg vs. Phage 2Fg
pep2Fg vs. Phage 2Fg
pep44Fg vs. Phage 13D
120 1 pep2Fg vs. Phage 13D

100

0.001

jJuM of peptide

Fig.4.7 Peptide inhibition of QSYP containing phage clones binding to bovine
IgG. Bovine IgG was coated on the plate at 3 pg/ml. Peptide was added to wells at
various concentrations for 20 min. at RT followed by addition of phage clones at
5x108pfu per well for O/N incubation 4°C. Phage binding was detected by rabbit
anti-M 13 antiserum followed by AP-conjugate goat anti-rabbit secondary Ab. The
legend shows symbols corresponding to the different combinations of negative
control peptide pep44Fg-RLTPEPDD, and QSYP containing peptide pep2Fg-
SQSYPTRNS inhibiting the binding of two QSYP containing phage clones, 13D
SQSYPDR and 2Fg SQSYPTRNS. All O.D.values shown are the mean of triplicate
samples with SD shown as error bars.



107

A widely used ‘protocol for purifying the mAbs from the culture supernatant involves
affinity chromatography on protein G beads, which will qo-purify any bovine IgG in the
medium.

Thé data presented heré demonstrate that bovine IgG can select QSYP-containing
phage from a peptide display library. Whether enough of such phage are selected to result
ina secondar:y consensus sequence appearing in the alignments presumably depends on
the relative amount of the bovine IgG contamination in the purified mAb preparation. A
Jower yield of mAb in a hybridoma cell supernatant could result in a proportionately
higher fraction- of bovine IgG contamination after protein G affinity chromatography
purification (Mushens et al., 1993). The results shown here should be a caution to other
investigators who may find such bovine IgG-selected phage sequences, and to suggest
that in some instances it might be worthwhile to either use a further purification step to
remove bovine IgG from the mAb preparation or grow the hybridomas in serum free or
bovine IgG depleted media before using it to screen a phagfa display librafy. Bovine IgG
removal might be accomplished by passing the culture supernatant or the protein G eluate
over a column of immobilized anti-bovine IgG antibodies or a QS YP-containing peptide
attached to beads. Alternatively, the QS YP-containing peptide could be added to the
mAb sample before phage selection to block binding of phage containing the QSYP
sequence to any bovine IgG that may contaminate the mouse or human mAb sample and

thus reveal more clearly the desired specific epitope.
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CHAPTER FIVE

SUMMARY, CONCLUSIONS, AND FUTURE STUDIES

Summary and Conclusions

The studies described here have shown evidence that a peptide phége display
library can be used to elucidate peptides which mimic discontinuous epitopes of CD4
binding site mAbs to gp120. Three peptides were shown to bind specifically to their
respective mAbs and were inhibited from binding to their mAbs by addition of the
antigen, gp120, providing evidence that the peptides bind to the antigen fecognitioﬁ sites.
Two of these synthetic peptides were then able to inhibit binding of their respective phage
to the mAbs, with half-maximal inhibition in the 10-100 nanomolar range, as well as also
inhibit binding of the mAb to gp120, with half-maximal inhibition in the micro-molar
range. Sera collected from mice immunized with KLH-peptide conjugates from both
peptides bound gp120 well above pre-immunization levels suggesting that the: peptides
can elicit an antibodies to gp120 as a result of their mimicking its structure. Residues in
both peptides can be mapped to residues oﬁ gp120 that are known sites of escape mutants .
for their respective mAbs (Thali et al. 1992). Based upon these results, there is reason to
believe that an epitope vaccine can be developed which will allow the subjectl to develop

an immune response that is directed against a specific, conserved region of the virus.
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These results are very encouraging but at the same time there are a number of questions
that arise abogt possible difficulties concerning this project that deserve to be mentioned -
and discu.ssed here.

As previously seen and discussed in chapter three, it is somewhat difficult to
. pinpoint exactly how each residue in the peptides would mimic residues found on gp120.
The data suggest that we have been able to map a discontinuous epitope with an actiye
linear peptide, and there is relatively good evidence based upon the sequence of the
peptides and mutational data to support this conclusion. Even so, it must be remembered
that the basis for structure comparison is a snapshot picture of a highly dyhamic
glycosylated protein. The crystal structure of gp120 was determined bound to both CD4,
which is know to induce conformational changes in the structure of gp120, as well as
mADb 17b, which was_used to confer stability to the structure for crystallization (Kwong et
al., 1998). Mapping residues in this context must be taken as speculation. There may be
a number of residues involved in binding the mAbs that are not apparent in the structure,
as well as residues which we believe are important which might be‘inaccessible to mAb
binding. Even considering this?'there is a good case for these peptides mimicking a
conformation of gp120 based upon their inhibition and antigenic activity. There have
been more definitive examples of peptides mimicking discontinous epitopes (Jesaitis et
al., 1999;Burritt et al., 1998; Burritt et al. 2001), which gives some confirmation that this |
is possible in the case of gp120.

In the mAb F91 phage display results, a peptide that was active when expressed

on the plIl protein did not bind the mAb when it was synthesized and used alone (chapter
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three). This is apparently not uncommon in phage display work ( J. Burritt, personal
communication) and can be explained in a number of ways. It is possible that this exact
sequence, due to conformational reasons, needs to be attached via its C-terminus to tﬁe '
pIII protein for it to maintain its active conformation. This is a plausible explanation,
especially if the sequeﬁce of thg peptide has regions of charge or hydrophobicity that
would bias its conformation in the free state. The sequence itself appears to have little
charge (NH,*- LYAGSWSAW) but the peptide is very soluble in an aqueous solution,
which is not suggestive of a constrained hydrophobic peptide. Also, part of the pIlI
protein might be involved in the interaction between peptide-phage and mAb F91. This
would infer that the peptiae alone would not be able to mimic the binding residues
properly and lose it binding capability when used alone. Furthermore, with this particular
clone, there were a number of mutations which altered the amino acid sequence of
constant residues normally flanking the random nonamer in the pIIl protein. Normal
phage clones in the library contain a constant signal peptide sequence, which would be

cleaved by the signal peptidase, linked to the nine variable residues of the library attached

Normal= KLLFAIPLVVPFYSHSXXXXXXXXXGPP-pll
1pF9g= KLLFAIPLVVPFYSHPLAYGSWSAWP P-pIl

Fig.5.1 Sequence of phage clone 1pF9g comparison with constant regions of a
typical phage clone. Frameshift mutations are seen in the signal peptide region as
well as the GPP linker region. Overall frameshift mutations account for the loss
of one codon which returned the pIiI gene to the proper frame for translation of the
protein. :
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to a constant linker region (GPP) which would attach to the N-terminus of the pIll
protein of the phage (See Fig. 5.1). Mutations found in the 1pF9g clone alter both the
signal peptide as well as the linker region. These mutations might allow for the use of an
alternate cleavage site by the signal peptidase which cleaves the signal peptide during
assembly and release of the phage outside of the cell (reviewed in Izard and Kendall,
1994). It is therefore possible that the peptide expressed on the pIIl protein had a
different peptide sequence than what was inferred from the DNA sequence and what was
synthesized chemically.

Peptides are inherently flexible structures and, deﬁending upon their size and
sequence, can assume a multitude of different conformations while in solution. It is
believed that for these peptides to bind to the mAb, they must be in a certain
conformation, which is the gp120 mimetic state of that peptide. Once free in solution, or
more importantly, conjugated to a carrier.protein, that mimetic state of the peptide may
still be possible, but might not be the preferred conformation of the peptide. The majority
of the peptide conformations most likely would not be recognized as gp120 mimetics due
to this flexible nature of a free peptide. Evidence of this is seen in the binding of the-
mouse serum directed against the KLH-peptide conjugate. Reactivity of the sera was very
high against another peptide conjugate, OV A-peptide (see Fig. 3.5), but cross-reactivity
against gp120 was much lower,' preSurﬁably because most of the' Abs were directed
against conformations of the peptide other than the gp120 mimétic state (see Fig. 3.6).
Even so, it apbears that there is a large enough population of the peptide in the mimetic

state to allow it to be recognized. There are some ways in which this conformation may
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be enhanced and these will be discussed in the Future Studies section, later in this
chapter.

It is known that to have ar‘l effective vaccine, both branches of the immune sys;[em
should be stimulated. The work described here is not intended to be .the “magic bullet” in
vaccine design, but would be expécted to gssist in eliciting an antibody response directed
against the surface exposed glycoprotein gp120. There have been some results in
developing a cellular (CTL) response using phage display technology, but the displayed
peptides were linear portions of various HIV proteins which would make good candidates .
for peptide presentation by the MHC class molecules (De Berardinis et al., 2000). Since
the peptides developed in the present study are not linear representations of the protein, it
would be difficult for them to elicit such a cellular response. The possible benefit of the
peptides characterized in the present study would be to elicit a broadly reactive
neutralizing antibody response that would be directed against a conserved region of the
exposed gp120 protein. Used in conjunction with other vaccine components that elicit a
CTL response, this type of vaccine could be very effective in defending against HIV.

As a side note, the results reported in chapter four represent a good example of
how phage display technology works and the unexpected results that ére sometimes
obfained. While screening for peptides which bind to mAb F105, the elucidation of the
second consensus sequence QSYP allowed for an opportunity to think “outside tﬁe ‘box”
and determine what else could be present in a mAb sample t.hat would bind a phage
display peptide sequence. The characterization of the QSYP peptide as a specific bovine

IgG binding motif solved an interesting puzzle as to the origin of this sequence. The
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ability to bind contaminating bovine IgG with a peptide could bé used in a number of
applications, either involving purification of fetal bovine serum to remove IgG, or
purification of mAb samples to remove the contaminating bovine antibodies. The peptide
QSYP could easily be used to produce an extremely low IgG bovine serum which can be
used in hybridoma cell cultures, where the presence of bovine IgG could be de_trimentaL |
Low IgG fetal bovine serum can be currently purchased (HyClone, Low IgG Fetal Bovine
Serum) but at two to three times the price of normal FBS. The peptide could also be used
directly to purify mAb samples already contaminated with bovine IgG, especially in cases
where a high degree of purity is needed, i.e. crystallographic studies. Wifh regard to
phage display experiments, if it is known that the screened mAb is contaminated, a
preincubation of the mAb with the QSYP peptide would prevent any QSYP phage clone
from binding and would guarantee that such clones w'ould not overwhelrﬁ the population
of phage specific for\ the mADb of interest. Put together, there are a number of very
interesting applications and’possiBly even products which could be developed to utilize

such a peptide.

Future Studies with HIV peptides

There are a number of directions which can be taken to continue to study the
immunogenicity and antigenicity of the characterized peptides. Presently, Anﬁ Ir;tamaso,
a fellow graduate student in the M. Teintze laboratory, has been working to develop an
immunogenic system in which the characterized peptides, or other sequences, can be

placed on the surface of the Cowpea Chlorotic Mottle Virus (CCMV). This is an RNA
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plant virus whose capsid is comprised of 180 identical subunits of the outer coat protein.
Ann is in the process of covalently attaching these peptides to the surface of the virus by a
disulfide linkage. Cysteine residues were substituted by site-specific mﬁtagenesis in |
exposed portions of the CCMV coat protein and conjﬁgated to peptides which were
synthesized with an additional cysteine residue on the C-terminus. As discussed in
chapter three, previous immunization studies were done with KLH conjugated peptides,
resulting in serum with cross-reactivity against gp120. The reason behind developing
another conjugate such as CCMV would be to improve the immunogenicity of such' a |
construct. CCMV, if fully conjugated, would display the peptide of interest in an ordered,
180 copy format, which might be more advantageous than the KLH presentation of the
peptide. Currently, KLH conjugation is dependent upon attachment of the peptide to
exposed lysine residues that have been conjugated with maleimide linkers which can
vary between 100-300 linkages per molecule of KLH. Ann has results in which mouse
sera to CCMV-conjugates cross-react with gp120 as effectively as the KLH-conjugates
reported in chapter three (A. Intamaso, personal communication). This is encouraging
since so far there has only been about a 20-30% conjugation rate associated with these
constructs. If all or a higher percentage of the coat proteins of CCMV could be
conjugated, this could represent a more immunogenic display system for the peptide.
One of the most important future studies which can be done is the further.
characterization of the anti-gp120 response of sera obtained from mice immunized with
the peptide constructs. The studies so far have demonstrated that there is cross-reactivity

between anti-peptide sera and gp120 but further work needs to be done to better




115

characterize this response. To show that the response is directed against residues
conserved in the CD4bs of gp120, anti-peptide sera should be able to inhibit binding of
.gp120 to CD4 in ELISA experiments. Also, the sera can be used to screen a number. éf
different strains of HIV gp120 to dete:rmine how broad the specificity of the antibody
response is. Further characterization would also include neutralization studies to
determine whether the antibodies in the sera will bind to gp120 on intact virions and
prevent infection of naive cells by the virus. This experiment would entail preincubation
of the sera with HIV after which the mixture would be placed in contact with naive cells
and allowed to incubate. Rate of virus infection of the naive cells would Be measured and
compared in the sera treated versus untreated control samples.

A prime boost immunization experiment could be used to compare the response
elicited by gp120 and peptide conjugate. This experiment would involve an initial
priming (immunization) with the peptide conjugate followed by a boost using gp‘120.

The response elicited would then be compared to a control immunization using gp120 for
both the initial priming and following boost. The antibody response from this type of
experiment would whether there was any benefit from using a more sequence directed
peptide antigen versus the whole protein gp120.

If the mAb-bound confoﬁnation of the peptide could be determined, it would
enable us to design a peptide constrained in a more gp120-mimetic conformation. This
could be accomplished by X-ray crystallography of a Fab/peptide complex. This

experiment is being planned using the mAb F105 Fab co-crystallized with the peptide
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44Fg. Hopefully useful information will be determined that can then be used to direct
future synthesis and conjugation studies.

The screening of mAb F91 selected a phage clone that bound specifically to thé
mAb and wﬁs competed off by the addition of the antigen gp120, but the displayed
peptide was not active as a synthetic peptide. Possible reasons for this have been
described previously in this chapter; one reason discussed was that the peptide expressed
on the pIII protein did not have the predicted sequence. We are in the process of isolating
the pIII protein from the phage and digesting it with trypsin to generate a series of
peptides. These peptides would then be subject to mass spectrometry analysis to
determine their identity. The mass of the peptide which contains the N~terminus would
determine whether the predicted residues are attached or help to identify the peptide
expressed on the protein.

There is also the possibility of screening more mAbs that bind to the CD4 binding
site of gp120 to determine possible peptides which could be used as antigens. We have
mainly chosen the mAbs in this study based upon their availability as well as their
broadly neutralizing capability, but other broadly neutralizing mAbs could be obtained for -

similar studies.

Future Studies with the QSYP peptide

There are some studies Wthh can be done that would further characterize this
peptide. It is unknown exactly where this peptide binds to bovine IgG. Presumably it

must bind to a constant region but whether it binds the heavy and lights chains, or a site
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that includes bqth, is still unknown. Also in question is whethér the QSYP peptide is
isotype specific. Known bovine IgG isotypes include IgG1, IgG2a, and IgG2b (Tewari
and Mukkur, 1975; Estes et al., 1996; Kacskovics and Butier, 1996) but these isotypes are
not available commercially and few laboratories have isolated them. So far we have been
unable to obtain any pufe bovine IgG isotype. All three isotypes bind protein G with the |
approximately the same affinity, so it is difficult to tell if the QSYP peptide binds
specifically to an'y or all isotypes (Bastida-Corcuera et al., 1999; Eliasson et al., 1939). It
is also unknown which is the predominate isotype found in fetal calf serum. These are

some of the more interesting questions which have potential as future studies in this area.




118

References Cited

Adamus, G., Zém, Z.S., Arendt, A., Palczewski, K., Mcdowell, J.H., Hargrave, P.A.
(1991) Anti-rhodopsin monoclonal antibodies of defined specificity:
characterization and application. Vision Res. 31, 17-31.

Allan, J.S., Coligan, J.E., Barin, F., McLane, M.F., Sodroski, J.G., Rosen, C.A.,
Haseltine, W.A., Lee, T.H., Essex, M. (1985) Major glycoprotein antigen that
induce antibodies in AIDS patients are encoded by HTLV-IIL Science 228, 1091-
1094.

Baba, T.W., Jeong, Y.S., Pennick, D., Bronson, R., Greene, M.F., Ruprecht, R.M. (1995)
Pathogenicity of live, attenuated SIV after mucosal infection of neonatal
macaques. Science 267, 1820-1825.

Baba, T.W., Liska, V., Khimani, A.H., Ray, N.B., Dailey, P.J., Penninck, D., Bronson, R.,
Greene, M.F., McClure, H.M., Martin, L.N., Ruprecht, R.M. (1999) Live
attenuated, multiply deleted simian immunodeficiency virus causes AIDS in infant
and adult macaques. Nature Med. 5, 194-203.

Baba, T.W., Liska, V., Hofmann-Lehmann, R., Vlasak, J., Xu, W., Ayehunie, S.,
Cavacini, L.A., Posner, M.R., Katinger, H., Stiegler, G., Bernacky, B.J., Rizvi,
T.A., Schmidt, R., Hill, L.R., Keeling, M.E., Lu, Y., Wright, J.E., Chou, T.C.,
Ruprecht, R.M. (2000) Human neutralizing monoclonal antibodies of the IgG1
subtype protect against mucosal simian-human immunodeficiency virus infection.
Nature Med. 6, 200-206.

Bachelder, R.E., Bilancieri, J., Lin, W. and Letvin, N.L. (1995) A Human Recombinant
Fab Identifies a Human Immunodeficiency Virus Type 1-Induced Conformational
Change in Cell Surface-Expressed CD4, J. Virol. 69, 5734-5742.

Bailey, B. Ph.D. thesis, Montana State University, 2001.
Barbas, C.R., III, Kang, A.S., Lerner, R.A., Benkovic, S.J. (1991) Assembly of
combinatorial antibody libraries on phage surfaces: The gene IlL site. Proc. Natl.

Acad. Sci. 88, 7978-7982.

Barbas, C.R., I, Burton, D.R., Scott, J.X., Silverman, G.J. (2001) Phage Display: a
Labortory Manual. New York: Cold Spring Harbor Laboratory Press.




119

Barre-Sinoussi, F., Chermann, J.C., Rey, F., Nugeyre, M.T., Chamaret, S., Gruest, J.,
Dauguet, C., Axler-Blin, C., Vezinet-Brun, F., Rouzioux, C., Rozenbaum, W.,
Montagnier, L. (1983) Isolation of a T-lymphocyte retrovirus from a patient for
acquired immunodeficiency syndrome (AIDS). Science 220, 868-871.

Bastida-Corcuera, F.D., Nielsen, K.H., Corbeil, LB (1999) Binding of bovine IgG2a and
IgG2b allotypes to protein A, proteinG, and Haemophilus somnus IgBPs. Vet.
Immunol. Immunopathol. 7, 143-149.

Berkower, L., Smith, G., Giri, C., Murphy, D. (1989) HIV-1: predominance of a group-
specific neutralizing epitope that persists despite genetic variation, J. Exp. Med.
170, 1681-1695.

Binley, J.M., Wyatt, R., Desjardins, E., Kwong, P.D., Hendrickson, W., Moore, J.P.,
Sodroski, J. (1998) Analysis of the interaction of antibodies with a conserved
enzymatically deglycosylated core of the HIV type 1 envelope glycoprotein 120..
AIDS Res. Hum. Retrovir. 14, 191-198.

Boots, L.J., Mckenna, P.M., Arnold, B.A., Keller, P.M., Gorny, M.K., Zolla-Pazner, S.,
Robinson, J.E., Conley, A.J. (1997) Anti-human immunodeficiency virus type 1
human monoclonal antibodies that bind discontinous epitopes in the viral
glycoprotein can identify mimotopes from recombinant phage peptide display
libraries. AIDS Res Hum Retrovir. 13, 1549-1559.

Borrow, P., Lewicki, H., Hahn, B.H., Shaw, G.M., Oldstone M.B. (1994) Virus- specrﬁc
CD8+ cytotoxic T-lymphocyte activity associated with control of viremia in
primary human immunodeficiency virus type 1 infection. J. Virol. 68, 6103-6110.

Brown, S. (1992) Engineered iron oxide-adhesion mutants of the Escherichia coli phage
Jambda receptor. Proc. Natl. Acad. Sci. 89, 8651-8655.

Buchacher, A., Pred], R., Tauer, C., Purtscher, M., Gruber, G., Heider, R,, Steindl, F.,
Trkola, A., Jungbauer, A., Katinger, H. (1992) Human monoclonal antibodies
against gp41 and gp120 as potential agents for passive immunization. Vaccines
92,191-195.

Buchacz, K.A., Wilkinson, D.A., Krowka, J.F., Koup, R.A., Padian, N.S. (1998) Genetic
and immunological host factors associated with susceptibility to HIV-1 infection.

AIDS 12 (Suppl A), S87-94.

Bukrinsky, M.I., Stanwick, T.L., Dempsey, M.P., Stevenson, M. (1991) Quiescent T
lymphocytes as an inducible virus reservoir in HIV-1 infection. Science 254, 423-

427.




120

Burritt, J.B., Quinn, M.T., Jutila, M.A., Bond C.W., Jesaitis, A.J. (1995) Topological
mapping of neutrophil cytochrome B epitopes with phage-display libraries. J.
Biol. Chem. 270,16974—-16980. ‘

Burritt, J.B., Bond, C.W., Doss, K.W., Jesaitis, A.J .(1996) Filamentous Phage Display of
Oligopeptide Libraries. Anal. Biochem. 238, 1-13.

Burritt, J.B., Busse, S.C., Gizachew, D., Siemsen, D.W., Quinn, M.T., Bond, C.-W.,
Dratz, E.A., Jesaitis,A.J. (1998) Antibody imprint of a membrane protein surface.
Phagocyte flavocytochrome b, J. Biol. Chem. 273, 248477-24852.

Burritt, J.B., Fritel, G.N., Dahan, 1., Pick, E., Roos, D., Jesaitis, A.J., (2000) Epitope
identification for human neutrophil flavocytochrome b monoclonals 48 and 449.
Eur. J. Haematol. 65, 407-413.

Burritt, J.B., Deleo, F.R., McDonald, C.L., Prigge, J.R., Dinauer, M.C., Nakamura, M.,
Nauseff, W.M., Jesaitis, A.J.. (2001) Phage display epitope mapping of human
neutrophil flavocytochrome b558. Identification of two juxtaposed extracellular
domains. J Biol Chem 276, 2053-2061.

Burton, D.R., Barbas, C.F., I, Persson, M.A.A., Koenig, S., Chanock, R. M., Lerner,
R.A. (1991) A large array of human monoclonal antibodies to type 1 human
immunodeficiency virus from combinatorial libraries of asymptomatic
seropositive individuals. Proc. Natl. Acad. Sci. 88, 10134-10137.

Burton, D.R., Pyati, J., Koduri, R., Sharp, S.J., Thorton, G.B., Parren, P.W.H.I, Sawyer,
L.S.W., Hendry, R M., Dunlop, N., Nara, P.L., Lamacchia, M., Garratty, E.,
Stiehm, E.R., Bryson, Y.J., Cao, Y., Moore, J.P., Ho, D.D., Barbas, C.F., 11l
(1994) Efficient neutralization of primary isolates of HIV-1 by a recombinant
human monoclonal antibody. Science 266, 1024-1027.

Carotenuto, P., Looij, D., Keldermans, L., de Wolf, F., Goudsmit, J. (1998) Neutralizing
antibodies are positively associated with CD4+ T-cell counts and T-cell function
in long-term AIDS-free infection. AIDS 12, 1591-1600.

Cavacini, L.A., Samore, M.H., Gambertoglio, J., Jackson, B., Duval, M., Wisnewski, A., -
Hammer, S., Koziel, C., Trapnell, C., Posner, M.R. (1998) Phase I study of a
human monoclonal antibody directed against the CD4-binding site of HIV type 1
glycoprotein 120, AIDS Res. Hum. Retroviruses 14, 545-550.

. Centers for Disease Control and Prevention. (1981) Kaposi’s sarcoma and Prneumocystis
pneumonia among homosexual men in New York and California. Mort. Morb.

Wkly. Rep. 30, 305-308.




121

Chamat, S., Nara, P., Berquist, L., Whalley, A., Morrow, J.W., Koehler, H., Kang, C.
(1992) Two major groups of neutralizing anti-gp120 antibodies exit in HIV-
infected individuals. J. Immunol. 149, 649-654.

Chan, D.C., Fass, D., Berger, J.M., Kim, P.S. (1997) Core structure of gp120 from the
HIV envelope glycoprotein. Cell 89, 263-73.

Chan, D.C., Kim, P.S. (1998) HIV entry and its inhibition. Cell 93, 681-684.

Cohen, D.E., Walker, B.D. (2001) Human immunodeficiency virus pathogenesis and
prospects for immune control in patients with established infection. Clin. Infect.
Dis. 32, 1756-1768.

Collier, A.C., Coombs, R.W., Schoenfeld, D.A., Bassett, R.L., Timpone, J., Baruch, A.,
Jones, M., Facey, K., Whitacre, C., McAuliffe, V.J., Friedman, H.M., Merigan,
T.C., Reichman, R.C., Hooper, C., Corey, L. (1996) Treatment of human
immunodeficiency virus infection with saquinavir, zidovudine, and zalcitabine.
AIDS Clinical Trials Group. N. Engl. J. Med. 334, 1011-1017.

' Connor, R.I., Korber, B.T.M., Graham, B.S., Hahn, B.H., Ho, D.D., Walker, B.D.,
Neumann, A.U., Vermund, S.H., Mestecky, J., Jackson, S., Fenamore, E., Cao,
Y., Gao, F., Kalams, S., Kunstman, X.J., McDonald, D., McWilliams, N., Trkola,
A., Moore, J.P. and Wolinsky, S.M. (1998) Immunological and virological
analyses of persons infected by human immunodeficiency virus type 1 while

participating in trials of recombinant gp120 subunit vaccines, J. Virol. 72,
1552-1576.

Cwirla, S.E., Peters, E.A., Barrett, R W., Dower, W.J. (1990) Peptides on phage: A vast
library of peptides for identifying ligands. Proc. Natl. Acad. Sci. 87, 6378-6382.

Dalgeish, A.G., Beverley, P.C., Clapham, P.R,, Crawford, D.H., Gfeaves', M.F., Weiss,
R.A. (1984) The CD4 (T4) antigen is an essential component of the receptor for
the AIDS retrovirus. Nature 312, 763-767.

Dalgleish, A.G., Marriott, J.B., Souberbielle, B., Montesano, C., Sheikh, J., Sidebottom,
D., Westby, M., Austen, B. (1999) The role of HIV gp120 in the disruption of the
immune system. Immunol. Lett. 66, 81-87.

Daniel, M.D., Kirchhoff, F., Czajak, S.C.; Sehgal, P.K,, Desrosiers, R.C. (1992)
Protective effects of a live attenuated SIV vaccine with a deletion in the nef gene.
Science 253, 1938-1941.




122

Deacon, N.J., Tsykin, A., Solomon, A., Smith, K., Ludford-Menting, M., Hooker, D.J.,
McPhee, D.A., Greenway, A.L., Ellett, A., Chatfield, C., Lawson, V.A., Crowe,
S., Maerz, A., Sonza, S., Learmont, J., Sullivan, J.S., Cunningham, A, Dwyer D.,
Dowton, D., Mills, J. (1995) Genomic structure of an attenuated quasi species of
HIV-1 from a blood transfusion donor and recipients. Science 270, 988-991.

De Berardinis, P., Sartorius, R., Fanutti, C., Perham, R.N., Del Pozzo, G Guardiola, J.
(2000) Phage display of peptide epitopes from HIV-1 elicits strong cytolytic
responses. Nat. Biotech. 18, 873-876.

Denisova, G., Raviv, D., Mondor, L, Sattentau, Q.J. and Gershoni, J.M. (1997)
Conformational transitions in CD4 due to complexation with HIV envelope
glycoprotein gp120, J. Immunol 158, 1157-1164.

Devlin, J.J., Panganiban, L.C., Devlin, P.E. (1990) Random peptide libraries: a source of
specific protein binding molecules. Science 249, 404-406.

Ditzel, H.J., Parren, P.W:H.L., Binley, J.M., Sodroski, J., Moore, J.P., Barbas III, C.F,,
Burton, D.R. (1997) Mapping the protein surface of human immunodeficiency
virus type 1 gp120 using human monoclonal antibodies from phage display
libraries. J. Mol. Biol. 267, 684-695..

Dyer, W.B., Geczy, A.F., Ken,t S.J., Mclntyre, L.B., Blasdall, S.A., Learmont, J.C.,
Sullivan, J.S. (1997) Lymphoproliferative immune function in the Sydney Blood
Bank Cohort, infected with natural nef/long terminal repeat mutants, and in other
long-term survivors of transfusion-acquired HIV-1 infection. AIDS 11, 1565-
1574.

Eliasson, M., Andersson, R., Olsson, A., Wigzell, H., Uhlen, M. (1989) Differential IgG-
binding characteristics of staphylococcal protein A, streptococcal protein G, and a
chimeric protein AG. J. Immunol. 142, 575-581.

Estes, M.D., Templeton, J.W., Hunter, D.M., Adams, L.G. (1990) Production and use of
murine monoclonal antibodies reactive with bovine IgM isotype and IgG
subisotypes (IgG1, IgG2a and IgG2b) in assessing immunoglobulin levels in
serum of cattle. Vet. Immunol. Immunopathol. 25, 61-72.

Feng, F., Broder, C.C., Kennedy, P.E., Berger, E.A. (1996) HIV-1 entry cofactor:
functional cDNA cloning of a seven-transmembrane, G protein-coupled receptor.
Science 272, 872-877.

Ferrari, G., Humphrey, W., McElrath, M.J., Excler, J.L., Duliege, A.M., Clements, ML,
Corey, L.C., Bolognesi, D.P,, Weinhold, K.J. (1997) Clade B-based HIV- 1




123

vaccines elicit cross-clade cytotoxic T lymphocyte reactivities in uninfected
volunteers. Proc. Natl. Acad. Sci. USA 94, 1396-1401.

Finzi, D., Blankson, J., Siliciano, J.D., Margolick, J.B., Chadwick, K., Pierson, T., Smith,
K., Lisziewicz, J., Lori, F., Flexner, C., Quinn, T.C., Chaisson, R.E., Rosenberg,
E., Walker, B., Gange, S., Gallant, J., Siliciano, R.F. (1999) Latent infection of
CD4+ T cells provides a mechanism for lifelong persistence of HIV-1, even in
patients on effective combination therapy. Nat. Med. §, 512-517.

Fouts, T.R., Binely, J.M., Trkola, A., Robinson, J.E., Moore, J.P., (1997) Neutralization
of the human immunodeficiency virus type 1 primary isolate JRFL by human
monoclonal antibodies correlates with antibody binding to the oligomeric form of
the envelope glycoprotein complex. J. Virol. 71, 2779-2785.

Furuta, R.A., Wild, C.T., Weng, Y., Weiss, C.D. (1998) Capture of an early fusion-active
conformation-of HIV-1 gp41. Nat Struct Biol 4, 276-279.

Gallo, R.C., Salahuddin, S.Z., Popovic, M., Shearer, G.M., Kaplan, M., Haynes, B.F.,
Palker, T.J., Redfield, R., Oleske, J., Safai, B., White, G., Foster, P., Markham,
P.D. (1984) Frequent detection and isolation of cytopathic retroviruses (HTLV-
1) from patients with AIDS and at risk for AIDS. Science 224, 500-503.

Glee, P.M., Pincus, S.H., McNamer, D.K., Smith, M.J., Burritt, J.B., Cutler, J.E. (1999)
Peptide ligands that bind IgM antibodies and block interaction with antigen. J.
Immunol. 163, 826-833.

Graham, B.S., McElrath, M.J., Connor, R.L, Schwartz, D.H., Gorse, G.J., Keefer, M.C,,
Mulligan, M.J., Matthews, T.J., Wolinsky, S.M., Montefiori, D.C., Vermund,
S.H., Lambert, J.S., Corey, L., Belshe, R.B., Dolin, R., Wright, P.F., Korber, B.T.,
Wolff, M.C., et al. (1998) Analysis of intercurrent human immunodeficiency virus
type 1 infections in phase I and II trials of candidate AIDS vaccines. AIDS
Vaccine Evaluation Group, and the Correlates of HIV Immune Protection Group,
J. Infect. Dis. 177, 310-319.

Greene, W.C. (1990) Regulation of HIV-1 gene expression. Annual Review of
Immunology 8, 453-476.

Greenough, T.C., Sullivan, J.L., Desrosiers, R.C. (1999) Declining CD4 T-cell counts in
a person infected with nef-deleted HIV-1. N. Engl. J. Med. 340, 236-237.

Greenwood, J., Willis, A.E., Perham, R.N. (1991) Multiple display of foreign peptldes on
a filamentous bacteriophage. Peptides from Plasmodium Falciparum :
circumsporozoite protein as antigens. J. Mol. Biol. 220, 821-827.




124

Grmek, M..D. (1990) History of AIDS: emergence and origin of a modern pandemic.
Princeton University Press, Princeton NJ.

Grothaus, M.C., Srivastava, N., Smithson, S.L., Kieber-Emmons, T., Williams, D.B.,
Carlone, G.M., Westerink, M.A. (2000) Selection of an immunogenic peptide
mimic of the capsular polysaccharide of Neisséria meningitidis serogroup A using
a peptide display library. Vaccine 18, 1253-1263.

Hahn, B.H., Shaw, G.M., De Cock, K.M., Sharp, P.M. (2000) AIDS as a zoonosis:
Scientific and public health implications. Science 287, 607-614.

Haigwood, N.L., Barker, C.B., Higgins, K.W., Skiles, P.V., Moore, G.K., Mann, K.A.,
Lee, D.R., Eichberg, J.W. and Steimer, K.S. (1990) Evidence for Neutralizing
Antibodies Directed Against Conformational Epitopes of HIV-1 gp120, Vaccines
90, 313-320.

Haigwood, N.L., Nara, P.L., Brooks, E., van Nest, G.A., Ott, G., Higgins, K.W., Dunlop,
N., Scandella, C.J., Eichberg, J.W., and Steimer, K.S. (1992) Native but Not
Denatured Recombinant Human Immunodeficiency Virus Type 1 gp120
Generates Broad-Spectrum Neutralizing Antibodies in Baboons, Journal of
Virology 66, 172-182. '

Harrer, T., Harrer, E., Kalams, S.A., Barbosa, P., Trocha, A., Johnson, R.P., Elbeik, T.,
Feinberg, M.B., Buchbinder, S.P., Walker, B.D. (1996) Cytotoxic T lymphocytes
in asymptomatic long-term nonprogressing HIV-1 infection. Breadth and
specificity of the response and relation to in vivo viral quasispecies in a person
with prolonged infection and low viral load. J. Immunol. 156, 2616-2623.

Henrard, D.R., Phillips, J., Windsor, L, Fortenberry, D., Korte, L., Fang, C., Williams,
A.E. (1994) Detection of human immunodeficiency virus type 1 p24 antigen and
plasma RNA.: relevance to indeterminate serologic tests. Transfusion 34, 376-380.

Hofmann-Lehmann, R., Vlasak, J., Rasmussen, R.A., Smith, B.A., Baba, T.W., Liska, V.,
Ferrantelli, F., Montefiori, D.C., McClure, H.M., Anderson, D.C., Bernacky, B.J.,
Rizvi, T.A., Schmidt, R., Hill, L.R., Keeling, M.E., Katinger, H., Stiegler, G.,
Cavacini, L.A., Posner, M.R., Chou, T.C., Andersen, J., Ruprecht, R.M. (2001)
Postnatal passive immunization of neonatal macaques with a triple combination of
human monoclonal antibodies against oral simian-human immunodeficiency virus
challenge. J Virol. 75:7470-7480. :

Iannold, G., Minenkova, O., Petruzzelli, R., Cesareni, G. (1995) Modifying filamentous
phage capsid: Limits in the size of the major capsid protein. J. Mol. Biol. 248,
835-844. '




125

Izard, J.W., Kendall, D.A. (1994) Signal peptides: exquisitely designed transport
promoters. Mol. Microbiol. 13, 765-773.

Javaherian, K., Langlois, A.J., McDanal, C., Ross, K.L., Eckler, L.L, Jellis, C.L., Profy,
A.T., Rusche, J.R., Bolognesi, D.P., Putney, S.D., Matthews, T.J. (1989) Principal
neutralizing domain of the human immunodeficiency virus type 1 envelope
protein, Proc. Natl. Acad. Sci. U. S. A. 86, 6768-6772.

Jesaitis, A.J., Gizachew, D., Dratz, E.A., Siemsen, D.W., Stone, K.C. and Burritt, I.B.
(1999) Actin surface structure revealed by antibody imprints: evaluation of
phage-display analysis of anti-actin antibodies, Protein Sci. 8, 760-770.

Jin, X., Bauer, D.E., Tuttleton, S.E., Lewin, S., Gettie, A., Blanchard, J., Irwin, C.E.,
Safrit, J.T., Mittler, J., Weinberger, L., Kostrikis, L.G., Zhang, L., Perelson,
A.S., Ho, D.D. (1999) Dramatic rise in plasma viremia after CD8(+) T cell
depletion in simian immunodeficiency virus-infected macaques. J. Exp. Med. 189,
991-998.

Kacskovics, 1., Butler, J.E. (1996) The heterogeneity of bovine IgG2-VIIL The complete
cDNA sequence of bovine IgG2a (A2) and an IgG1. Mol. Immunol. 33, 189-195.

Kang, A.S., Barbas, C.F., Jahda, K.D., Benkovic, S.J., Lerner, R.A. (1991) Linkage of
recognition and replication functions by assembling combinatorial antibody Fab
libraries along phage surfaces. Proc. Natl. Acad. Sci. 88, 4363-4366.

Klein, M. (2001) Current progress in the development of human immunodeficiency virus
vaccines: research and clinical trials. Vaccine 19, 2210-2215.

Korber, B., Muldoon, M., Theiler, J., Gao, F., Gupta, R., Lapedes, A., Hahn, B.H.,
Wolinsky, S., Bhattachary, T. (2000) Timing the ancestor of the HIV-1 pandemic
strains. Science 288, 1789-1796. .

Kurth, R., Norley, S. (1996) Why don’t the natural hosts of SIV develop AIDS? J. NIH.
Res. 8, 33-37. '

Kwong, P.D., Wyatt,R., Robinson,]., Sweet,R.W., Sodroski,J. and Hendrickson, W.A.
(1998) Structure of an HIV gp120 envelope glycoprotein in complex with the
CD4 receptor and a neutralizing human antibody, Nature. 393, 648-659.

Kwong, P.D. Wyatt, R., Majeed, S., Robinson, J., Sweet, R.W., Sodroski, J.,
"Hendrickson, W.A. (2000) Structure of HIV-1 gp120 envelope glycoproteins from
laboratory-adapted and primary isolates. Structure 8, 1329-1339.




126

Learmont, J.C., Geczy, A.F., Mills, J., Ashton, L.J., Raynes-Greenow, C.H., Garsia, R.J.,
Dyer, W.B., McIntyre, L., Oelrichs, R.B., Rhodes, D.L, Deacon, N.J., Sullivan,
J.S. (1999) Immunologic and virologic status after 14 to 18 years of infection with
an attenuated strain of HIV-1. A report from the Sydney Blood Bank Cohort. V.
Engl. J. Med. 340, 1715-1722.

Levy, J.A. (1998) HIV and the pathogenesis of AIDS, Second Edition. ASM Press,
Washington D.C.

Li, A., Katinger, H., Posner, M.R., Cavacini, L., Zolla-Pazner, S., Gorny, M.K., Sodroski,
J., Chou, T.C., Baba, T.W., Ruprecht, R.M. (1998) Synergistic neutralization of
simian-human immunodeficiency virus SHIV-vpu+ by triple and quadruple
combinations of human monoclonal antibodies and high-titer anti-human
immunodeficiency virus type 1 immunoglobulins. J. Virol. 72,3235-3240.

Lu, Z., Murray, K.S., Van Cleave, V., LaVallie, E.R., Stahl, M.L., McCoy, J.M. (1995)
Expression of thioredoxin random peptide libraries on the Escherichia coli cell
surface as functional fusions to flagellin: A system designed for exploring protein-
protein interactions. Bio/Technology 13, 366-372.

Lucas, C., Nelson, C., Peterson, M.L., Frie, S., Vetterlein, D., Gregory, T., Chen, A.B.
(1988) Enzyme-linked immunosorbent assays (ELISAs) for the determination of
contaminants resulting from the immunoaffinity purification of recombinant
proteins. J. Immunol. Methods 113, 113-122.

Lyles, R.H., Munoz, A., Yamashita, T.E., Bazmi, H., Detels, R., Rinaldo, C.R.,
Margolick, J.B., Phair, J.P., Mellors, J.W. (2000) J. Infect. Dis. 181,872-880.

MacKenzie, D., Molday, R.S. (1982) Organization of rhodopsin and a high molecular
weight glycoprotein in rod photoreceptor disc membranes using monoclonal
antibodies. J Biol Chem 257, 7100-7105. :

Magierowska, M., Theodorou, L, Debre, P., Sanson, F., Autran, B., Riviere, Y., Charron,
' D., Costagliola, D. (1999) Combined genotypes of CCRS5, CCR2, SDFI, and HLA
genes can predict the long-term nonprogressor status in human immunodeficiency
virus-1-infected individuals. Blood 93, 936-941. -

Malik. P., Terry, T.D., Gouda, L.R., Langara, A., Petukov, S.A., Symmons, M.F., Welch,
L.C., Marvin, D.A., Perham, R.N. (1996) Role of capsid structure and membrane’
protein processing in determining the size and copy number of peptides displayed
on the major coat protein of filamentous bacteriophage. J. Mol. Biol. 260, 9-21. .




127

Markowitz, M., Saag, M., Powderly, W.G., Hurley, AM., Hsu, A., Valdes, J.M., Henry,
D., Sattler, F., La Marca, A., Leonard, J.M., Ho, D.D. (1995) A preliminary study
of ritonavir, an inhibitor of HIV-1 protease, to treat HIV-1 infection. N. Engl J.
' Med. 333, 1534-1539.

Mascola, J.R., Snyder, S.W., Weislow, O.S., Belay, S.M,, Belshe, R.B., Schwartz, D.H.,
Clements, M.L., Dolin, R., Graham, B.S., Gorse, G.J., Keefer, M.C., McElrath,
M.J., Walker, M.C.;, Wagner, K.F., McNeil, J.G., McCutchan, F.E., Burke, D.S.
(1996) Immunization with envelope subunit vaccine products elicits neutralizing
antibodies against laboratory-adapted but not primary isolates of human
immunodeficiency virus type 1. The National Institute of Allergy and Infectious
Diseases AIDS Vaccine Evaluation Group. J. Infect. Dis. 173, 340-348.

Mascola, J.R., Stiegler, G., VanCott, T.C., Katinger, H., Carpenter, C.B., Hanson, C.E,,
Beary, H., Hayes, D., Frankel, S.S., Birx, D.L., Lewis, M.G. (2000) Protection of
macaques against vaginal transmission of a pathogenic HIV-1/SIV chimeric virus
by passive infusion of neutralizing antibodies. Nature Med. 6, 207-210.

McKeating, J., Gow, J., Goudsmit, J., Pearl, L., Mulder, C., Weiss, R. (1989)
Characterization of HIV-1 neutralization escape mutants, AIDS' 3, 777-783.

Mellors, J.W., Rinaldo, C.R. Jr, Gupta, P., White, R.M,, Todd, J.A., Kingsley, L.A.
(1996) Prognosis in HIV-1 infection predicted by the quantity of virus in plasma.
Science 272, 1167-1170.

Michael, N.L. (1999) Host genetic influences on HIV-1 pathogenesis. Curr. Opin.
Immunol. 11, 466-474.

Montagnier, L., Clavel, F., Krust, B., Chamaret, S., Rey, F., Barre-Sinoussi, F.,
Chermann, J.C. (1985) Identification and antigenicity of the major envelope
glycoprotein of lymphadenopathy-associated virus. Virology 144, 283-289.

Moore, J.P., McKeating, J.A., Huang, Y., Ashkenazi, A., Ho, D.D. (1992) Virions of
primary human immunodeficiency virus type 1 isolated resistant to soluble CD4
(sCD4) neutralization differ in sCD4 binding and glycoprotein gp120 retention
from sCD4-sensitive isolates. J. Virol. 66, 235-243.

Moore, J.P., Ho, D.D. (1993) Antibodies to discontinuous or conformationally sensitive
epitopes on the gp120 glycoprotein of human immunodeficiency virus type 1 are
highly prevalent in sera of infected humans. J. Virol. 67, 863- 875.

Moore, J.P., McCutchan, F.E., Poon, S.W., Mascola, J., Liu, J., Cao, Y., Ho, D.D. (1994) -
Exploration of antigenic variation in gp120 from clades A through F of human




128

immunodeficiency virus type 1 by using monoclonal antibodies.J. Virol. 68, 8350-
8364. '

Moore, J.P., Sodroski, J. (1996) Antibody cross-competition analysis of the human
immunodeficiency virus type 1 gp120 exterior envelope glycoprotein. J. Virol. 70,
1863-1872.

Moore, J.P. (1997) Coreceptors: implications for HIV pathogenesis and therapy. Science .
276, 51-52.

Musey, L., Hughes, J., Schacker, T., Shea, T., Corey, L., McElrath, M.J. (1997)
Cytotoxic-T-cell responses, viral load, and disease progression in early human
immunodeficiency virus type 1 infection. N. Engl. J. Med. 337,1267-1274.

Mushens, R.E., Guest, A.R., Scott, M.L. (1993) Quantitation of monoclonal antibodies by
ELISA: The use of purfied mouse IgG and mouse IgM monoclonal antibodies as
standards in a quantitative ELISA measuring monoclonal antibodies produced by
cell culture. J. Immunol Methods 162, 77-83.

Muster, T., Steindl, F., Purtscher, M., Trkola, A., Klima, A., Himmler, G., Ruker, F.,
Katinger, H. (1993) A conserved neutralizing epitope on gp41 of human
immunodeficiency virus type 1. J. Virol. 67, 6642-6647.

Myszka, D.G., Sweet, R W, Hensley, P., Brigham-Burke, M., Kwong, P.D.,
Hendrickson, W.A., Wyatt, R., Sodroski, J., Doyle, M.L. (2000) Energetics of the
HIV gp120-CD4 binding reaction. Proc Natl Acad Sci U § A 97, 9026-9031.

Nabel, G.J.(2001) Challenges and opportunities for development of an AIDS vaccine.
Nature 410, 1002-1007.

Nara, P.L., Robey, W.G., Arthur, L.O., Asher, D.M., Wolff, A.V., Gibbs, C.J., Gajdusek,
D.C., Fischinger, P.J. (1987) Persistant Infection of Chimpanzees with Human -
Immunodeficiency Virus: Serological Responses and Properties of Reisolated
Viruses, Journal of Virology 61, 3173-3180.

Nara, P.L., Robey, W.G., Pyle, S.W. Hatch, W.C,, Dunlop, N.M., Bess, J.W., Kelliher,
J.C., Arthur, L.O., Fischinger, P.J. (1988) Purified Envelope Glycoproteins from
Human Immunodeficiency Virus Type 1 Variants Induce Individual,
Type-Specific Neutralizing Antibodies, Journal of Virology 62, 2622-2628.

Palker, T.J., Clark, M.E., Langlois, A.J., Matthews, T.J., Weinhold, K.J., Randall, R.R.,
Bolognesi, D.P., Hayes, B.F. (1988) Type-specific neutralization of the human




129

immunodeficiency virus with antibodies to env-encoded synthetic peptides, Proc.
Natl. Acad. Sci. USA 85, 1932-1936.

Pantaleo, G., Graziosi, C., Fauci, A.S. (1993) New concepts in the immunopathogenesis '
of human immunodeficiency virus infection. N. Engl. J. Med. 328, 327-335.

Pantaleo, G., Fauci, A.S. (1995) New concepts in the immunopathogenesis of HIV
infection. Annual Review of Immunology 13, 487-512.

Peters, B.S. (2002) The basis for HIV immunotherapeutic vaccines. Vaccine 20, 688-705.

Petrenko V.A., Smith, G.P., Gong, X., Quinn, T. (1996) A library of organic landscapes
on filamentous bacteriophage. Protein Eng. 9, 797-801.

Pilgrim, A.K., Pantaleo, G., Cohen, O.J., Fink, L.M., Zhou, J.Y., Zhou, J.T., Bolognesi,
D.P., Fauci, A.S., Montefiori, D.C. (1997) Neutralizing antibody responses to
human immunodeficiency virus type 1 in primary infection and
long-term-nonprogressive infection. J. Infect. Dis. 176, 924-932.

Pincus, S. H., Messer, K. G., Schwartz, D. H., Lewis, G. K., Graham, B. S., Blattner, W.
A., and Fisher, G. (1993) Differences in the antibody response to human
immunodeficiency virus-1 envelope glycoprotein (gp160) in infected laboratory
workers and vaccinees. J. Clin. Invest. 91, 1987-1996.

Pincus, S. H., Messer, K. G., Nara, P. L., Blattner, W. A., Colclough, G., and Reitz, M.
(1994a) Temporal analysis of the antibody response to HIV envelope protein in
HIV-infected laboratory workers. J. Clin. Invest. 93, 2505-2513.

Pincus, S. H., Messer, K. G., and Hu, S-L. (1994b) Effect of nonprotective vaccination
on antibody response to subsequent HIV infection. J. Clin. Invest. 93, 140-146.

Pincus, S.H., Messer, K.G., Cole, R., Ireland, R., VanCott, T.C., Pinter, A., Schwartz,
D.H., Graham, B.S., Gorse, G.J\. (1997) Vaccine-specific antibody responses
induced by HIV-1 envelope subunit vaccines. J. Immunol. 158, 3511-3520.

Pincus, S.H., Smith, M.J., Jennings, H.J., Burritt, J.B., Glee, P.M. (1998) Peptides that
mimic that group B streptococcal type III capsular polysaccharide antigen. J.
Immunol. 160, 293-298.

Pinter, A., Honnen, W.J., Racho, M.E., Tilley, S.A. (1993) A potent, neutralizing human
‘monoclonal antibody against a unique epitope overlapping the CD4-binding site
of HIV-1 gp120 that is broadly conserved across North American and African
virus isolates. AIDS Res. Hum. Retroviruses 9, 985-996.




130

Poignard, P., Klasse, P.J., Sattentau, Q.J. (1996) Antibody neutralization of HIV-1.
Immunol. Today 17, 239-246.

Poignard, P., Sabbe, R., Picchio, G.R., Wang, M., Gulizia, R.J., Katinger, H., Parren,
P.W., Mosier, D.E., Burton, D.R. (1999) Neutralizing antibodies have limited
effects on the control of established HIV-1 infection in vivo. Immunity 10,431-
438,

Posner, M.R., Hideshima, T., Cannon, T., Mukherjee, M., Mayer, K.H., Byrn, R.A.
(1991) An IgG human monoclonal antibody that reacts with HIV-1/gp120,
inhibits virus binding to cells, and neutralizes infection, J. Immunol. 146,
4325-4332. ‘

Potts, B.J., Field, K.G., Wu, Y., Posner, M.R., Cavacini, L., White-Scharf, M. (1993)
Synergistic inhibition of HIV-1 by CD4 binding domain reagents and V3-directed:
monoclonal antibodies. Virology 197, 415-419. -

Rizzuto, C.D., Wyatt, R., Hernandez-Ramos, N., Sun, Y., Kwong, P.D., Hendrickson,
W.A., Sodroski, J. (1998) A conserved HIV gp120 glycoprotein structure
involved in chemokine receptor binding. Science 280, 1949-1953.

Robert-Guroff, M., Brown, M., Gallo, R. (1985) HTLV-III neutralizing antibodies in
patients with AIDS and AIDS-related complex, Nature 316, 72-74.

Royce RA, Sena A, Cates W Jr, Cohen MS. (1997) Sexual transmission of HIV. N. Engl.
J. Med. 336, 1072-1078.

Sanders, R.W., Venturi, M., Schiffner, L., Kalyanaraman, R., Katinger, H., Lloyd, K.O.,
Kwong, P.D., Moore, J.P. (2002) The mannose-dependent epitope for neutralizing
antibody 2G12 on human immunodeficiency virus type 1 glycoprotein gp120. J.
Virol. 76, 7293-7305.

Saphire, E.O., Parren, P.W.H.I, Pantophlet, R., Zwick, M.B., Morris, G.M., Rudd, P.M.,
Dwek, R.A., Stanfield, R.L., Burton, D.R., Wilson, L. A. (2001) Crystal structure
of a neutralizing human IgG against HIV-1 : A template for vaccine design.
Science 293,1155-1159. :

Sattentau, Q.J., Moore, I.P., Vignaux, F., Traincard, F., Poignard, P. (1993)
Conformational changes induced in the envelope glycoprotein of human and
simian immunodeficiency virus by soluble receptor binding. J. Virol. 64, 7383-
7393.




131

Sattentau, Q.J. (1998) HIV gp120: double lock strategy foils host defences. Structure
6:945-949.

Schacker, T., Little, S., Connick, E., Gebhard-Mitchell, K., Zhang, Z.Q., Krieger, J., -
Pryor, J., Havlir, D., Wong, J.K., Richman, D., Corey, L., Haase, A.T. (2000)
- Rapid accumulation of human immunodeficiency virus (HIV) in lymphatic tissue
reservoirs during acute and early HIV infection: implications for timing of
antiretroviral therapy. J. Infect. Dis. 181, 354-357.

Schembri, M.A., Kjaergaard, K., Klemm, P. (1999) Bioaccumulation of heavy metals by
fimbrial designer adhesions. FEMS Microbiol Lett. 170, 363-371.

Schmitz, J.E., Kuroda, M.J., Santra, S., Sasseville, V.G., Simon, M.A., Lifton, M.A.,
Racz, P., Tenner-Racz, K., Dalesandro, M., Scallon, B.J., Ghrayeb, J., Forman,
M.A., Montefiori, D.C., Rieber, E.P., Letvin, N.L., Reimann, K.A. (1999) Control
of viremia in simian immunodeficiency virus infection by CD8+ lymphocytes.
Science 283, 857-860.

Scott, J.K., Smith, G.P. (1990) Searching for peptide ligands with an epitope library.
Science 249, 386-390.

Smith, G.P. (1985) Filamentous fusion phage: Novel expresssion vectors that display
cloned antigens on the virion surface. Science 228, 1315-1317.

Smith, G.P., Scott, J.K. (1993) Libraries of peptides and proteins displayed on
filamentous phage. Meth. Enzymol. 217, 228-257.

Smith, G.P., Petrenko, V.A. (1997) Phage display. Chem. Rev. 97, 391-410.

Speck, R.F., Wehrly, K., Platt, E.J., Atchison, R.E., Charo, LF., Kabat, D., Chesebro, B.,
Goldsmith, M.A. (1997) Selective employment of chemokine receptors as human
immunodeficiency virus type 1 coreceptors determined by individual amino acids
within the envelope V3 loop. J. Virol. 71, 7136-7139.

Steimer, K.S., Scandella, C.J., Skiles, P.V., Haigwood, N.L. (1991) Neutralization of
Divergent HIV-1 Isolates by Conformation-Dependent Human Antibodies to
gp120, Science 254, 105-108.

Sullivan, N., Sun Y, Li J., Hofmann, W., Sodroski, J. (1995) Replicative function and
neutralization sensitivity of envelope glycoproteins from primary and T-cell
line-passaged human immunodeficiency virus type 1 isolates. J. Virol. 69,
4413-4422.




132

Tewari, U.J., Mukkur, T.K.S. (1975) Isolation and physico-chemical characterization of
bovine serum and colostral immunoglobulins G (IgG) subclasses.
Immunochemistry 12, 925-930.

Thali, M., Moore, J.P., Furman, C., Charles, M., Ho, D.D., Robinson, J., Sodroski, J.
(1993) Characterization of conserved human immunodeficiency virus type 1
gp120 neutralization epitopes exposed upon gp120-CD4 binding. J. Virol. 67,
3978-3988.

Thali, M., Furman, C., Ho, D.D., Robinson, J., Tilley, S., Pinter, A., Sodroski, J., (1992)
Discontinuous, conserved neutralization epitopes overlapping the CD4-binding
region of human immunodeficiency virus type 1 gp120 envelope glycoprotein. J.
Virol. 66,5635-5641.

Thali, M., Olshevsky, U., Furman, C., Gabuzda, D., Posner, M., Sodroski, J. (1991)
Characterization of a discontinuous human immunodeficiency virus type 1 gp120
epitope recognized by a broadly reactive neutralizing human monoclonal
antibody. J. Virol. 65, 6188-6193.

Tilley, S.A., Honnen, W.J., Racho, M.E,, Hilgartrier, M., Pinter, A. (1991) A human
monoclonal antibody against the CD4-binding site of HIV-1 gp120 exhibits
potent, broadly neutralizing activity. Res. Virol. 142, 247-259.

Trkola, A., Dragic, T., Arthos, J., Binley, J.M., Olsen, W.C., Allaway, G.P., Cheng-
Mayer, C., Robinson, J., Maddon, P.J., Moore, J.P. (1996a) CD4-dependent,
antibody-sensitive interactions between HIV-1 and its co-receptor CCR-5. Nature
384, 184-187.

Trkola, A., Purtscher, M., Muster, T., Ballaun, C., Buchacher, A., Sullivan, N.,
Srinivasan, K., Sodroski, J., Moore, J.P., Katinger, H. (1996b) Human
monoclonal antibody 2G12 defines a distinctive neutralization epitope on the .
gp120 glycoprotein of human immunodeficiency virus type 1. J. Virol. 70, 100~
1108. :

VanCott, T.C., Bethke, F.R., Burke, D.S., Redfield, R.R., Birx, D.L. (1995) Lack of
induction of antibodies specific for conserved, discontinuous epitopes of HIV-1
envelope glycoprotein by candidate AIDS vaccines, J. Immunol 155, 4100-4110.

Verhoeven, A.J., Bolscher, B.G.J.M., Meerhof, L.J., van Zwieten, R., Keijer, J., Weening,
R.S., Roos, D. (1989) Characterization of two monoclonal antibodies against
Cytochrome b558 of human neutrophils. Blood 73, 1686-1694.




133

Weiss, R., Clapham, P., Weber, J., Dalgeish, A., Lasky, L., Berman, P. (1986) Variable
and conserved neutralization antigens of HIV, Nature 324, 572-575.

Weiss, R.A. (2001) Gulliver’s travels in HIVland Nature 410, 963-967.

Weissenhorn, W., Dessen, A., Harrison, S.C., Skehel, J.J., Wiley, D.C. (1997) Atomic
structure of the ectodomain from HIV-1 gp41. Nature 387, 426-30.

Wolf, K., Fischer, E., Mead, D., Zhong, G., Peeling, R., Whitmire, B., Caldwell, H. D.,
(2001) Chlamydia pneumoniae major outer membrane protein is a surface
exposed antigen that elicits antibodies primarily directed against conformation-
dependent determinants. Infect. Immun. 69, 3082-3091.

World Health Organization (WHO) and Joint United Nations Programme on HIV/AIDS
(UNAIDS) AIDS epidemic update: December 2001.

Wrin, T., Loh, T.P., Vennari, J.C., Schuitemaker, H., Nunberg, J.H. (1995) Adaptation to
persistent growth in the H9 cell line renders a primary isolate of human
immunodeficiency virus type 1 sensitive to neutralization by vaccine sera. J.
Virol. 69, 39-48.

Wyand, M.S., Manson, K., Montefiori, D.C., Lifson, J.D., Johnson, R.P., Desrosiers, R.C.
(1999) Protection by live, attenuated simian immunodeficiency virus against
heterologous challenge. J. Virol.73, 8356-8363.

Wyatt, R., Kwong, P.D., Desjardins, E., Sweet, R.W., Robinson, J., Hendrickson, W.A.,
Sodroski, J.G. (1998) The antigenic structure of the HIV gp120 envelope
glycoprotein. Nature 393, 705-711.

Wu, L., Gerard, N.P., Wyatt, R., Choe, H., Parolin, C., Ruffing, N., Borsetti, A., Cardoso,
A.A., Desjardin, E., Newman, W., Gerard, C., Sodroski, J. (1996) CD4-induced
interaction of primary HIV-1 gp120 glycoproteins with the chemokine receptor
CCR-5. Nature 384, 179-183.

Xiao, Y.,Lu, Y., Chen, Y. (2001) Epitope-vaccine as a new strategy against HIV-1
mutation. Immunol. Lett. 77, 3-6.

Zaitseva, M., Blauvelt, A., Lee, S., Lapham, C.K., Klaus-Kovtun, V., Mostowski, H.,
Manischewitz, J., Golding, H. (1997) Expression and function of CCRS5 and
CXCR4 on human Langerhans cells and macrophages: implications for HIV
primary infection. Nat. Med. 3, 1369-1375.




134

Zwick, M.B., Bonnycastle, L.L.C., Menendez, A., Irving, M.B., Barbas III, C.F., Parren,
W.H.L, Burton, D.R., Scott, J.K. (2001) Identification and characterization of a
peptide that specifically binds the human, broadly neutralizing anti-human
immunodeficiency virus type 1 antibody b12. J. Virol. 75, 6692-6699.




135

APPENDIX A

GRANTED PERMISSION AND
LICENSE AGREEMENT
FORMS




July 26, 2002

136

MMS Reference Number: PS - 2003 - 0393;

MMS Invoice Number: RY - 2003 -

BASIC PROVISIONS OF GRANT OF PERMISSION

This permission applies only to copyrighted material that the Massachusetts Medical Society owns, -
and not to any previously copyrighted material or illustrations from other sources which may be
incorporated into the selections being used.

All content reproduced by your organization from original and copyrighted text owned by the
Massachusetts Medical Society remains the full and exclusive copyrighted property of the MMS. The
right to grant permission to a third party is reserved solely by the MMS.

This permission is a non-exclusive grant limited to the specific use, format(s) and edition specified
herein, on a one-time only or life-of-an-edition basis. It is not a “blanket” permission allowing further
use of this material in any future reproductions, editions, revisions, ancillary products, translations, or
other derivative works. .

Unless otherwise specified, this permission gives distribution rights throughout the world in the
English language only.

Unless otherwise specified, no adaptations of content are allowed, including the removal of legends or
explanatory material from figures and tables, or the removal of abstracts from full-text articles.

CREDIT LINE: This permission requires a credit line on the same page where MMS text or illustration
will appear. This credit line must include a reference to the original article in standard citation format,
together with the following notice of copyright ownership: Copyright @ 19xx [year of publication]
Massachusetts Medical Society. All rights reserved. Permissions which include adaptations or
translations must include the phrase “Adapted (translated) with permission,” and must also include the
year of adaptation or translation within the notice of copyright ownership.

Trademarks owred by the MMS, including publication names, covers, and logos, may not be used
without written permission. No copyrighted material owned by the MMS may be used in any manner
implying endorsement or promotion of any product or service by the MMS or one of its publications.
Authors’ names may not be used on promotional materials without an author’s individual permission.

Unless otherwise specified, no storage, reproduction or distribution of any copyrighted content owned
by the MMS in digital (electronic) form is granted by this permission. Hence, MMS-copyrighted
content may not be stored, reproduced, or distributed on CD (compact disk) formats, within databases,
on local area networks (LANS), on wide-area computer networks, within on-line ot proprietary
computer services, on the Internet (including via e-rnail or via the Wide World Web), or on broadcast,
videotape, or any other media.

This permission is contingent on payment in a timely manner of any fees associated with this use.

Department of Permissions & Licensing
860 Winter Street, Waltham, Massachusetts 02451-1413 USA
Telephone: (781) 434-7382 fax: (781) 434-7633

0393.

Page 2




The Publishing Division
of the Massachusetts Medical Society

Publishers of
The New England Journal of Medicine, Journal Watch Newsletters,
& AIDS Clinical Care

Grant of Permission

July 26, 2002 MMS Reference Number: PS - 2003 - 0393
MMS Invoice Number: RY - 2003 - 0393

Montana State University '

Mr. Jon Jacobs

Dept of Chemistry/Biochemistry

Gaines Hall 32

Bozeman, MT 59717

Dear Mr. Jacobs,

Thank you for your interest in our copyrighted material, and for requesting permissions
for its use. : . -

Permission is granted for limited, non-exclusive, educational use of the material requested,
subject to the terms and conditions outlined throughout this document. Please review

all of the following pages including the "Basic Provisions of Grant of Permission” as well as
"Ttems Covered by Grant of Permission." A Permissions Invoice is included as the last page:

Thank you for your patience while your request was processed. If you wish to contact us
futher, please use the address below, and cite our reference numbers on any correspondénce.

Sincerely,
Jennifer Moran

ot fuun

Senior Rights & Permissions Representative

Page 1

Department of Permissions & Licensing
860 Winter Street, Waltham, Massachusetts 02451-1413 USA
Telephone: (781) 434-7382 fax: (781} 434-7633




i el

Items Covered by Grant of Permission

The Publishing Division
of the Massachusetts Medical Society
Department of Permissions & Licensing
860 Winter Street, Waltham, Massachusetts 02451-1413 UéA
Telephone: (781) 434-7382 fax: (781) 434-7633

MMS Reference Number:PS - 2003 - 0393

MMS Invoice Number: RY - 2003 - 0393

! . Source Information Further Conditions
Source: The New England Journal of Medicine T § Customer
Volume Pages Tub. Date Author(s) Article Title Type | Item Format Language Adapted | Amount | Reference
T8 [ 3277 335 [02/04/93 | Pantaleo,G Graziosi,C & The Immunopathogenesis of Tuman F Fi Print English N " $0.00
Fancim, AS Immunoficiency Virus Infection : -
328 | 327- 335 {02/04/93 |Pantaleo,G Graziosi,C & The Immunopathogenesis of Human F F1 Microfiche English N $0.00
Fancim, AS Immunoficiency Virus Infection -
= Loy
) . oo
. The following information has been provided for us in your letter of request.
Year of Publication: 2002
Publisher: UMI Dissertation Publishing End Use:
Title of Work: Doctoral thesis: "HIV Vaccine Development” .
Chapter Title: . User:
Author: Jon Jacobs . : Sponsor:
Editor: . S Date of Use:
Edition: N/A ) Number of Copies:
D A - Abstract, F.- Figure, FT-Full Text, I - Images in Clinical Medicinie, T - Table, Q - Excerpt/Quote . Page3- |




Terese Winslow, Medical Illustration 714 S. Fairfax Street. Alexandria. Virginia 22314
Phone (703) 336-9121 Fax (703) 336-3715

LICENSE AGRLEIyAKkrmsIotv@mmdsprmg com
May 21,2002

Jon Jacobs

Montana State University at Bozeman, MT.
Dept of Chemistry/Biochemistry

Gaines Hall, Room 32

Bozeman, MT 59717

Copyright rights transferred hereby are limited, non-exclusive, and non-transferable,
one-time reproduction rights to original medical illustration entitled “H IV virion”
that originally appeared on the cover o lScience magazine, June 28,1996.

Illustration may be used in your doctoral thesis entitled, “The Developmentofa HTV
Vaccine Candidate Using a Phage Display Library" as a visual picture of the HTV
virus to be printed in 2002 for the Montana State University at Bozeman, MT. The
license shall expire at the end of print run of the thesis.

A slide may also be made of the artwork for use in presenting the thesis.
Transparencies, slides, digital files and/or any other media used for the reproduction
ofthe illustration licensed in this Agreement with Jon Jacobs shall not be sold,
transferred or shared with any other party (licensee, web site, affiliate or other)
without the express prior written permission of the Illustrator. The digital file
provided for reprographic purposes, shall be destroyed by licensee after use.
Alterations and derivations ofthe image herein licensed, except for additions of
typography, are not permitted.

Credit byline, placed adjacent to the illustration(s), shall read as follows: © 1996
Terese Winslow.

Ownership of original artwork, copyright, and all rights not specifically transferred
herein remain the exclusive property ofthe Illustrator. Additional license(s) are
required for ancillary usage(s) and shall require payment of a mutually agreed upon
additional fee for each subsequent usage subject to all terms. All images are protected
by copyright law and may not be used in any way without prior permission in writing
and payment in full for each such use.

The signature of both parties shall evidence acceptance of these terms. This
agreement shall remain in force unless canceled by one of the parties in writing. I1f so
canceled, all ownership and reproduction rights shall automatically and exclusively
revert to and be vested in the Illustrator.

Consent!

Illustrator, Terese Winslow

iture, Jon Jacobs


mailto:Kkrinslotv@mindspring.com

Y.13.2002 10:59AM NO.673  P.1/2
140

:

CftTta
TCf

=

NO

£
=

Permissions Letter
Ref# 02-1152
DATE: Monday, May 13, 2002

TO: JonJacobs
Montana State University
Dept of Chemistry/Biocbcmistry
Bozeman, MT 59717

FROM: Karen Lentz, Permissions Assistant
RE: Your request for permission dated 05/08/02

Regarding your request, we are pleased to grant you non-exclusive, non-transferable permission, but
limited to print and microform formats only, and provided that you meet the criteria below. Such
permission is for one-time use and therefore does not include permission for future editions, revisions,
additional printings, updates, ancillaries, customized forms, any electronic forms, braille editions,
translations, or promotional pieces. We must be contacted for permission each time such use is planned,
This permission does not apply to figures / artwork that are credited to non-AAAS sources. This
permission does not include the right to modify AAAS material.

Print the required copyright credit line on the first page that the material appears: "Reprinted
(abstracted/excerpted) with permission from [FULL REFERENCE CITATION], Copyright [YEAR]
American Association for the Advancement of Science."” Insert the appropriate information in place of the
capitalized words,

Permission is limited to the number of copies specified in your request or your first printing.

AAAS must publish the full paper prior to use of any text.

AAAS does not supply photos or artwork. Use of the AAAS material must not imply any endorsement by
the American Association for the Advancement of Science. This permission is not valid for the use of the

AAAS and/or SCIENCE logos.

Thank you for writing. If you have any questions please call me at (202) 326-6765 or write to me via fax at
(202) 682-0816, For international calls, +1 is the country code for the United States.

Headquarters: 1200 New York Avenue NW, Washington, DC 20005 USA
Permission is valid for use of the following AAAS content only:

Hahn et al., Science 287, 611 (2000) fig. 3
For use in: The Development of a HTV Vaccine Candidate Using a Phage Display Library



AAAAAAAAAAAAAAAAAAAAAAAAAA

[REgHN

379231



