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INTRODUCTION

1 INTRODUCTION

1.1 THEHIV-1 EPIDEMIC AND THE QUEST FOR AVACCINE

It is an undeniable fact that infection with Humlammunodeficiency Virus 1 (HIV-1)
has reached pandemic proportions. According tenteestimates by the World Health
Organization (WHO), approximately 33.3 million pémmre currently infected with
HIV-1 and more than 37 million individuals have pad away since the onset of this
pandemic (1). Nearly 90% of all new HIV-1 infect®are reported in resource-poor
countries of Africa, Asia and Latin America, whehe social, economic and political
consequences hit hardest (Figure 1.1) (1). The-aféected countries are located in
Sub-Saharan Africa, where approximately 60% opatiple infected with HIV-1 reside
(1). Although Highly Active Anti-Retroviral Thergp(HAART) has transformed HIV-
1 infection into a chronic disease, the complextyd costs of treatment limit its
application in those countries. Intense efforts trerefore being made to develop a
vaccine that is capable of preventing infectiorhwiliV-1. Each year, nearly 1 billion
dollars is spent globally on HIV-1 research and HIWaccine development (2).
However, despite these intense efforts, a safeeffiedtive vaccine against HIV-1 has

not been developed to this point.

No data <.1% 1%-<5% [l 5%-<1% [l 1%-<5% [W5%-<15% [l >15%-28%

Figure 1.1 Global prevalence of HIV-1 in 2009 (1).
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Most currently available antiviral vaccines induaepowerful neutralizing antibody
(nAb) response that either prevents initial infector assists in the eradication of the
infectious agent before it can cause disease. @Paste Il clinical trials with potential
HIV-1 vaccines have been unsuccessful and ratleapgdointing (2, 3). These trials
attempted to induce nAbs upon vaccination with Hi&/-1 surface subunit (SU)
glycoprotein 120 (gp120) as well as to generatetoyic T-lymphocyte responses
(CTL) using recombinant adenoviral vectors (4). s&h on the failure of the most
recent STEP trial, some leaders in the field of HlVaccine research have questioned
whether a vaccine can be realized based on thertlnowledge (5).

1.2 THE HUMAN IMMUNODEFICIENCY VIRUS

1.2.1 THeEDISCOVERY OFHIV

In 1983, the laboratory of Luc Montagnier at theistan Pasteur Institute in France
proclaimed the isolation of a virus he believethéathe cause of a new rising pandemic,
which had been named the Acquired Immunodeficiédggdrome (AIDS) (6). This
pandemic had initially been observed among homaderwen in New York and
California who had suddenly begun to develop rappodtunistic infections and
neoplasms. These findings had been accompanied bgpid loss of Cluster of
Differentiation 4 (CD4)-positive T lymphocytes ihadse patients. Shortly afterwards,
the laboratory of Robert Gallo re-confirmed theviweas findings (7). Both isolates
bore a strong resemblance to the Human T-lymphiatrdpus (HTLV), but the high
viral load and the rapid decline in CD4-positivéyinphocytes did not correlate with an
HTLV infection. In 1984, the laboratory of Jay lyexeported the isolation of a virus
from patients presenting with the very same symptdB). Comparative genomic
analysis confirmed that those three isolates beldrtg a novel group of retroviruses
and in 1984, the International Committee on theohaxny of Viruses announced the
official name for this new-found pathogen: Humamiumodeficiency Virus (9, 10).

In 1986, a related but less virulent and less infeaetrovirus was isolated from AIDS
patients in West-Africa. This isolate exhibited-@8@%6 sequence homology to HIV-1
and was hence named Human Immunodeficiency ViryseT¥ (HIV-2) (11). Until
today, it remains confined to this area.
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1.2.2 QASSIFICATION AND SEQUENCEDIVERSITY

Both human immunodeficiency virus (HIV) speciesdng to the lentiviral genus of the
subfamily of Orthoretrovirinae (12). Retroviruses such as HIV are defined as
enveloped viruses containing two copies of a pediti sensed, single-stranded
ribonucleic acid [(+)ssRNA] genome, which is tramised into double-stranded
deoxyribonucleic acid (dsDNA) upon infection of aget cell by the viral enzyme
reverse transcriptase (RT; p64) (13). Followingnment integration into the host
genome by the enzyme integrase (IN; p32), the vigpdicates by using the host’s
biosynthetic machinery to produce new virions (18])L retroviral genomes contain the
genesgag (group-specific antigen)ol (polymerase) an@énv (envelope), which are
flanked by long terminal repeats (LTRs) (13). ladition, HIV contains six other
genes. Lentiviruses are retroviruses charactedmed long incubation period and a
protracted course of disease (13).

Among the properties of HIV-1 that complicate vaecidevelopment its enormous
sequence diversity is most striking. Its remar&atdpacity for mutation and adaption
is due to an error-prone RT, a high chance of réwoation and a very rapid turnovier
vivo (14). Based on comparative genomic sequence @galilV-1 strains are
subdivided into four groups: M (main/major), O (), N (hon-M/non-O, new) and P,
which also vary in their geographical distributifi®). Group M represents the most
common group responsible for the vast majorityndéctions and is further subdivided
into eleven distinct clades or subtypes — basednmelope sequences — which differ in
geographical prevalence (A-H, J and K) (1). Cl&l€56%) has established rapidly
growing epidemics in the most populated countriésSab-Saharan Africa, Asia,
especially India and China, and Latin American ¢oas, such as Brazil, whereas clade
B (12%) remains confined to Europe and North Aneerit4). In addition, many
circulating recombinant forms (CRFs) have arisee thu simultaneous infections of

patients with different clades (15, 16).

1.2.3 HIV-1VIRION STRUCTURE

HIV-1 virions are round particles approximately 10 in diameter with viral spikes
on the surface (Figure 1.2). These viral spikggesent the heterodimeric trimer
complex of the heavily glycosylated surface subwpi20 and the transmembrane
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subunit (TM) glycoprotein 41 (gp41), which remaissaciated through weak non-
covalent bonds (13). Both envelope glycoproteires derived from the glycoprotein
160 (gp160) precursor molecule, which is cleavethdst cell proteases (17). The viral
envelope spike is embedded in a phospholipid biJayhich originates from the host
cell membrane and may thus also contain severdlrhembrane proteins, e.g. major
histocompatibility complex proteins (MHC) (17). oxg with the linked matrix proteins

(MA; p17), this membrane composes the outer cothefirion.

032 gp120  gp41
integrase =
p17
p24
ssRNA
p10
protease &=

Reverse transcriptase
(p64)

MHC proteins

Figure 1.2 HIV-1 Virion Structure (18).

The conical inner core of the virion (viral capsisl)constituted by capsid proteins (CA;
p24) and encloses the viral genome (13). The HIyehome consists of two 9.7
kilobases (kB) (+)ssRNA molecules, which are stabil by nucleocapsid proteins (NC;
p7) (13). The viral enzyme RT is bound to these (W)ssRNA molecules. In addition,
the capsid contains the viral enzymes IN and psatd®R; p10), two copies of the
transfer RNA lysine 3 (tRNA®} for initiation of reverse transcription, and the
additional proteins Nef (negative effector) and Wiiral infectivity factor). The three

remaining additional proteins Rev (regulator of megsion of virion proteins), Tat

(transactivator of transcription), and Vpu (viralofin u) are not part of the viral
particle and are synthesized upon infection othibst cell.
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1.2.4 THeEHIV-1 GENOME AND PROTEOME

The HIV-1 genome is approximately 9.7 kB in sizel @ontains open reading frames
(ORFs) for 16 different proteins, which are synthed from at least ten transcripts (19,
20). The integrated genome is flanked by long teamrepeats (LTRs), which are
composed of repetitive enhancer and promotor segsenThese regulatory elements
are required for reverse transcription of the viggehome, integration of the viral
dsDNA into the host genome, and regulation of wy@he expression (19). In addition
to the three classic retroviral gengesg pol, andeny the HIV-1 genome contains six
additional genes, which are important for the kgilon of the virus: genes encoding for
the two regulatory proteins Rev and Tat and founegeencoding for the accessory
proteins Nef, Vpr, Vpu, and Vif (19).

HIV-1 gag encodes for all structural proteins that congditilte viral core and matrix
and is first translated as Gag precursor polypmo{@r55), which is subsequently
cleaved by the viral PR (19). The genetic infolioraffor the three viral enzymes PR,
RT, and IN is encoded Ipol, which is translated as a gag-pol precursor pndi@il60)
that is cleaved into the above named enzymes bgsRRell (19). RT is responsible for
transcribing the viral (+)ssRNA genome into dsDN#kich is subsequently integrated
into the host cell DNA by the enzyme IN. The thaltaracteristic retroviral gerenv
encodes for the Env polyprotein gpl60 that undesgmdlular protease cleavage into
the surface subunit gp120 and the transmembranmggp41.

The regulatory HIV-1 proteins Rev and Tat are esakfor HIV-1 replication (19): Rev
mediates nuclear export of gag-pol, vif, vpr, amidi~env transcripts to the cytoplasm
and induces the transition between the early atedghases of viral gene expression,
whereas Tat functions as the main transcriptioegulator of the LTR. In contrast to
Rev and Tat, the remaining four accessory protdieg Vif, Vpr, and Vpu are not
necessary for viral replicatidn vitro, but play a significant role in viral replicati@amd

disease progressiom vivo (19, 20).

1.2.5 ELLULAR TROPISM ANDHIV-1 REPLICATION

HIV-1 enters the body through the exchange of lydiliids and is capable of infecting
a panel of immune cells, in particular T helpery)(Tymphocytes, macrophages,
microglial cells and dendritic cells (DCs) (13).hi3 cellular tropism is determined by
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the viral and host cell receptors: All HIV-1 strainse CD4 as the exclusive primary
receptor, whereas co-receptor selectivity depemndthe viral strain and the target cell
(19). After CD4 binding, the trimeric surface suoliu gpl20 undergoes a
conformational change, enabling binding to a ceptar of the chemokine receptor
family (Figure 1.3) (17). HIV-1 may either bind ke CC chemokine receptor CCR5,
which is mainly found on DCs, macrophages and T plyotytes, or the CXC
chemokine receptor CXCR4, which is exclusively essed on T lymphocytes (21).
Co-receptor binding then triggers a conformationgtange in the trimeric
transmembrane subunit gp4l, which induces exposiir¢he fusion peptide and
subsequent membrane fusion. Depending on theie@eptor selectivity, HIV-1 strains
are subdivided into the group of R5 strains (“mabamge-tropic” or M-tropic) and the
group of X4 strains (“T cell-tropic” or T-tropicR(l, 22). However, certain strains are
capable of using both co-receptors and are thlsdcAURS strains (dualtropic).

ERR RS AT E AR RN AL

l SN 8 s
wN I ralTEm Brane: i H
:wm'.'r.n:'ezf.f@mmlmh--:ﬂgﬁ?.t‘ﬁ'ﬂ:w
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gpdl trimer
gp120 trimer
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Figure 1.3 Interaction of HIV-1 Env with its primary receptor CD4 and its secondary

receptor CCR5 (23). Reproduction occurs with permissionin order to initiate
infection, the trimeric viral envelope gpl120 binds primary receptor CD4. The
resulting conformational changes in the gpl120-Cnmex allow binding to the
secondary receptor CCR5, which activates the trangral envelope gp41 to initiate
membrane fusion.

During the course of infection, co-receptor selastichanges as the patient progresses
towards AIDS: Initially, R5 strains dominate, whaseX4 strains tend to arise towards
the end of infection. This switch in co-recept@lestivity reflects the pathologic
processes during each stage of HIV-1 infection: Wjpdection of the patient, R5
viruses predominate, seemingly to establish a fateservoir in dendritic cells and

macrophages, which can pass the virus golymphocytes. With time, X4 viruses
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emerge to infect J lymphocytes and thus accelerate the progressimarts AIDS
(24). Regardless of differences among the varidié-1 clades, 90% of primary
infections occur via mucosal exposure and are dlregslusively initiated by R5
viruses [reviewed in (25)]. Clade C viruses, thedominant HIV-1 subtype, are almost
entirely confined to CCR5 as co-receptor at ajssaof infection, including AIDS.

T
{
|

Hature Reviews | Immunology

Figure 1.4 The HIV-1 Life Cycle (19). Reproduction occurs with permission

Once internalized, the viral capsid is uncoated t&d (+)ssSRNA genome is reverse
transcribed to a double-stranded complementary OIANA). Because RT lacks a
proof-reading function, the process of reversesiaption is highly error-prone and
results in a multitude of mutations. This conttésito the immense genetic variety of
progeny viruses (26). The viral cDNA is routedniacleopores — apparently along the
microtubule network — as part of the pre-integrattomplex of IN, MA, RT, Vpr and
host proteins that is docked at the nuclear eneelophis process does not depend on
cell division and nuclear membrane disintegratiorhe viral cDNA then crosses the
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nucleopore and is integrated into the genome oftainget cell, most commonly into
active euchromatin. This LTR-flanked provirus nmagnain latent for a long time.

The 5’ LTR functions as the promoter, whereas thiETR acts as the polyadenylation
and termination site. The level of proviral tramgtion is increased by cellular
activation, which is augmented by Tat. Rev medidtee nuclear export of singly
spliced and unspliced genomic transcripts to thepgsm where HIV-1 structural and
enzymatic proteins are synthesized and transptotélie plasma membrane to localize
in lipid rafts. Nef can support the process oavassembly. During the last step of the
HIV-1 life cycle, HIV-1 virions are assembled andhet processed envelope
glycoproteins gp120 and gp41l are transported teldEma membrane into which they
are anchored. Virion maturation may occur eitharirdy the budding process or
afterwards. During this last step of the HIV-Eldycle, protein cleavage by PR takes
place and the structural proteins assemble to gpeeto a fully matured virion, which

can now infect another cell.

1.3 HIV-1INFECTION ANDAIDS

1.3.1 ROUTES OFHIV-1 TRANSMISSION

HIV-1 is transmitted via the exchange of bodilyidlsl and approximately 90% of all
transmissions occur via sexual intercourse. Thbeeefthe genital or rectal mucosa is
the primary site of transmission, regardless dedénces among the HIV-1 clades (25).
It is known that mucosal transmissions are almastusively initiated by R5 viruses
(25), however, the mechanisms of mucosal transamsgmain poorly understood (27).
Other common possibilities of HIV-1 transmissio®:airansfusion with contaminated
blood or blood products; needle sharing as pamteiivenous drug abuse; and mother-
to-child transmission during childbirth or via bsedeeding. The likelihood of HIV-1
infection depends on virulence of the strain, viparticle concentration and host
susceptibility (28, 29).

1.3.2 THE COURSE OFHIV-1 INFECTION

HIV-1 patients undergo a three-stage transition ards AIDS with significant
interindividual variability (30): the acute stagaléwing infection, the chronic stage of
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clinical latency, during which patients remain klggasymptomatic, and the final stage
of clinical manifestation that results in AIDS (kg 1.5). During the progression
towards AIDS, viral diversity increases.

Increasing viral diversity

Chronic AIDS
-ﬁﬂﬂﬁﬁ‘ o B8 ‘
O oy f-}q_ﬁ :GQ ,é:ﬁd?

— Plasma viraemia
— CD4+ T lymphocytes

Viral set-paint

Viesks Years

MNature Reviews | Microbiology

Figure 1.5 The natural course of HIV-1 infection (3). Reproduction occurs with permission

The acute stage of HIV-1 infection may presentasaicute retroviral syndrome, which
resembles infectious mononucleosis and may ladvéate twenty weeks. During this
initial stage, the plasma viral load peaks and @Ddiive T lymphocyte numbers
decrease. After the first months of infection, spi@ viral load stabilizes at an
individual level (viral set-point) and the numbef @D4-positive T lymphocytes
normalizes. This subsequent chronic stage of fitleds characterized by continuous
viral replication at high levels. However, theipat remains asymptomatic despite a
constant decrease in CD4-positive T lymphocyte remnb During this stage, adaptive
Immune responses appear to control viral replicabod thereby select for escape
mutants, thus increasing viral diversity (27, 30)\fter an average time span of ten
years, the clinical hallmarks of AIDS manifest gratients present with opportunistic
infections and HIV-1l-associated malignancies. Tis& of opportunistic infections
increases significantly when CD4-positive T lympytecnumbers fall below 200 per

mm3, which goes along with the emergence of X4isira
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However, a small patient collective does not exhaby signs of disease progression for
more than ten years without any antiviral thera@everal mechanisms are discussed
for this long-term non-progressor (LTNP) statughsas:

= alower viral set point (31);

»= an increased diversity of tlavregion (32);

= mutations in the V3 loop of gp120 that result inmpaired co-receptor switch;

» increased secretion of natural CCR5 receptor lig4d82);

= difference in human leukocyte antigen (HLA) prddi&3);

= non-functional co-receptor proteins, such as th&&@B2bp deletion (34).
However, it has also been postulated that theseRAsThave developed an unusually
effective humoral immune response against HIV-her€&fore, a promising approach to
identify HIV-1 vaccine candidates is to dissect themoral immune response against
the virus in such patients to identify the proteetepitopes and induce the appropriate
antibodies (35).

1.4 THEHIV-1 ENVELOPEGLYCOPROTEIN

1.4.1 SNTHESIS ANDORGANIZATION ON THE VIRAL SURFACE

The antibody response to HIV4h vivo is directed against several viral proteins.
However, essentially all nAbs are directed agathst viral envelope glycoprotein,
particularly the surface subunit gp120 (17, 36)he viral envelope glycoprotein is
formed as a non-covalently linked, trimeric completween the surface subunit gp120
and the transmembrane subunit gp4l (17). Durireg inal life cycle, gp120 is
responsible for attachment of the virion to theyéarcell, whereas gp41 induces virus
and host cell membrane fusion.

Upon HIV-1 infection, the viral envelope glycoprisias first synthesized as a single
polypeptide precursor that subsequently undergdagonoerization and extensive
glycosylation in the Golgi apparatus (17). The gldation process is essential for
proper folding and conformational stability of thmotein (37). The resulting
glycoprotein has acquired a molecular mass of aqmeately 160 kilo Dalton (kDa)
and is subsequently cleaved in the trans-Golgi ownto gp120 and gp41 (17). The
glycoprotein complexes remain associated throughkwencovalent bonds and are
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then expressed on the surface of infected cellswrinD the process of budding, the
glycoprotein complexes are incorporated into thalvenvelope and displayed on its
surface as viral spikes (17). Although heterodim&imer complexes of gpl120 and
gp4l represent the functional envelope spike (88has been suggested that other
nonfunctional envelope species may also be presenhe surface of HIV-1, such as
monomers, dimers, or tetramers (39). These engedppcies may divert the humoral
immune response from the intact trimer.

On the virion surface, the HIV-1 envelope glycopmtshields its vulnerable conserved
regions (40). Therefore, conserved epitopes rarglguce antibodies (low
immunogenicity) and induced antibodies are rardbe aof binding to conserved
epitopes (low antigenicity). NAbs against consdregitopes are a particular threat to

HIV-1, as mutational escape is more difficult tianvariable epitopes.

1.4.2 TOPOLOGY OFGP120

Based on comparative sequence analysis, gpl20idediinto five conserved (C1-C5)
and five variable (V1-V5) segments; the latter arghly variable in sequence and
structure and thus allow the virus to escape imnmesponses (39, 41-44). Different
regions of gpl20 are responsible for interactiothwtD4 and co-receptors of the
chemokine family. These interactions induce aesedf conformational changes in
gp120, which subsequently also trigger conformatiarhanges in gp4l. Gp4l then
forms the coiled-coil form and exposes the fusiepte, which triggers fusion of the
host cell and viral membrane.

As determined by various crystal structures, thé&2@pcore is heart-shaped and is
divided into three areas: the inner domain, theelodbmain, and the bridging sheet
(Figure 1.6). The C1 and C5 regions are the mamponents of the inner domain,
which is largely devoid of glycans and generatesmiajor contact interface with gp41.
The inner and outer domains are linked by the mgigheet, which is composed of
four anti-parallelp-strands from the V1/V2 stem and the C4 regionsie Bridging
sheet engages in co-receptor binding and triggdrsegjuent conformational changes in
gpl120 and gp41 (43). Because it forms or is expaseer CD4 receptor binding, it is

also referred to as the “CD4-induced epitope” (44he outer domain constitutes the
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surface of gp120 and is largely covered by glycarsch reduces the immunogenicity

of the viral particle (39).

Bridging sheet

Outer
domain

#» CD4-binding
$, loop

b
!
Ilu
Figure 1.6 Ribbon diagram of a clade C core gpl120rsicture (CAP210) (45). Reproduction

occurs with permissianThis ribbon diagram shows the three main domaingpd®0:
the outer domain (blue), the inner domain (greyd #re bridging sheet (green). The
five variable loops and the CD4-binding loop (piaké indicated.

At the beginning of the interaction between gpl2d &€D4, certain residues on the
CD4 receptor, mostly phenylalanine 43 (Bhand arginine 59 (Arj), make contact

with a cavity formed at the interface of the outed inner domains and the bridging
sheet, which has been named Bfe43 cavityor the CD4-binding site (CD4bs) (43).
After binding the CD4 receptor, gp120 undergoesfarmational shift (V1/V2 and

V3 shifts), which unmasks the highly conserved eceptor binding site. Amino acids
important for the interaction with the co-recept@ve been mapped to the bridging

sheet and near the V3 stem (39). Due to the sbort-transitional exposure of the co-
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receptor binding site after CD4-binding, antiboddisected against this area exhibit

poor neutralization abilityn vitro without soluble CD4.

1.4.3 TopPoLOGY OFGP41

The transmembrane subunit of the viral envelopeagyotein gp4l is located in the
viral phospholipid bilayer and plays a pivotal rahethe process of virus and host cell
membrane fusion. The protein is more conserved ¢l 20 and is divided into three
major domains: the extracellular region (ectodomdime transmembrane domain, and
the cytoplasmic tail (Figure 1.7). The ectodomaimainly involved in the process of
membrane fusion and contains an N-terminal hydrbhoegion, which acts as a
fusion peptide, a polar region, twehelix repeat regions (N-terminal heptad repeat and
C-terminal heptad repeat), a disulfide-bridged byptiilic loop connecting the two
heptad repeats and containing the immunodominarCKiotif, and a tryptophan

(Trp)-rich region (membrane-proximal external regiMPER) (44, 46).

Ectodarmain
PR MPER ‘ CT
PPl NHR ] CHR
51 517 346 5Bl &IR &l (0] L] BS6

659-ELLELDKWASLWNWFDITNWLWYIK-683
2F5 4E10

Figure 1.7 Schematic illustration of gp41 domains ahthe epitopes of the human mAbs 2F5

and 4E10 (46). Reproduction occurs with permissioBee text for details.

1.4.4 MRAL DEFENSEMECHANISMS FORANTIBODY EVASION

Several structures of HIV-1 and Simian Immunodeficy Virus (SIV) envelope

gylcoproteins have illustrated how conserved regii@me shielded from antibody
recognition. The variable regions of gp120 plajuadamental role by diverting the
immune system and shielding conserved neutraliza@msitive elements (17, 47), such
as the co-receptor binding site (48). The envelgipeoprotein also frequently changes
its primary structure in response to selective sures and thus exhibits high variability.
Furthermore, the trimeric structure shields impartdomains of the protein core and
thereby protects them from antibody-mediated nématzon (49). In addition, the

highly neutralization-sensitive co-receptor bindsitg is only transiently uncovered by
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conformational Env re-orientation after CD4 recefitimding and immediately masked
during virus and host cell membrane fusion. Moezpheavy glycosylation on the
outside of gp120 protects the protein core fronibady recognition [reviewed in (39,
50)].

1.5 HIV-1/AIDSVACCINE DEVELOPMENT

1.5.1 RSTHIV-1 VACCINE TRIALS

To date, vaccination protects from many human vimédctions that may otherwise
cause severe disease, such as hepatitis causdn hepatitis B virus. All of these
clinically approved vaccines are based upon theaidtidn of a humoral immune
response. This includes the subunit vaccine agheystitis B (51), which inspired the
first attempt to develop a vaccine against HIVThis first vaccine was based upon the
surface subunit gp120 and successfully passed Phaskll clinical trials. The vaccine
was approved as safe and induced antibodies thétatized laboratory-adapted strains
of HIV-1 but failed to neutralize primary isolatg$2-54). Consequently, two
subsequent Phase lll clinical trials in the US andhailand did not show efficacy (54,
55).

Because of the observed difficulties in inducindosfgainst primary HIV-1 isolates by
vaccination, the pendulum of opinion swung to ttieeo extreme: the induction of CTL
responses only (44). During the following yeahg interest in pursuing nAb-response-
based vaccine strategies waned but was rekindlea aéveral groups proved that
infection could be prevented by means of passiveunization in primate models.
These studies were based upon the challenge afighmenkeys with Simian Human
Immunodeficiency Viruses (SHIVs) after administoatiof anti-HIV-1 nAbs [reviewed
in (56, 57)]. These experiments showed that nAlosieaare protective and even
provide complete protection when administered ast-prposure immunoprophylaxis
after mucosal challenge.

The most recently tested vaccine, a collaboratietween Merck and the National
Institutes of Health (NIH), had only been the setbhV vaccine candidate to complete
efficacy testing in humans. Unfortunately, thecomte was disastrous: The vaccine did

not only fail to prevent infection, but it also ¢dunot contain viral replication in those
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who became infected and even increased suscdptitnliinfection in patients with

preexisting antibodies to the adenovirus vectodusealeliver the HIV vaccine antigens

(5).

1.5.2 HRROTECTIVEEPITOPES OFHIV-1 ENV

Antibodies may prevent or modulate viral infecti@8, 59) by reducing the size of the
infecting inoculum and by neutralizing or elimimagivirions during the initial rounds
of replication, so that CTLs can expand and elita@nafected cells later in the course.
Passive immunization studies in primates that heehbchallenged with SHIVs have
shown that several neutralizing monoclonal antieednnmAbs) are able to completely
prevent infection [(60-68), reviewed in (69)]. Thepitopes recognized by these
antibodies can therefore be considered as progeepitopes. The nmAbs used in these
passive immunization experiments also neutralizadraber of primary strains of HIV-
1 of different cladesn vitro, particularly when used in combination (70-73),ickh
illustrates their broad reactivity. The followimgnAbs had been involved in passive
immunization studies and provided complete probectirom infection (Figure 1.8):
2G12, which binds to mannose residues on gpl2Q (48, an antibody against the
CD4bs (75, 76); as well as 4E10 and 2F5, which bindeighboring epitopes in the
MPER of gp41 (77). Unfortunately, three out of fdwman nmAbs seem to have
arisen as part of an autoimmune response (78)h 8610 and 2F5 cross-react with the
self-antigen cardiolipin, an important componentha inner mitochondrial membrane.
This observation might explain the inability to uwe 4E10/2F5-like nAbs (79, 80),
since repetitive boosting may eliminate autoreacBiymphocytes.

The protective epitopes of these antibodies may la¢spoorly immunogenic because of
their location in recessed regions of gp120 (CD4&vsheir transient accessibility (the
nmADbs targeting the extracellular domain of gp4ljurthermore, b12 contains an
unusually long, finger-like structure, which mighe difficult to induce with current
Immunization strategies (81).

Other important but less potent neutralizing moaoal antibodies (nmAbs) are 17b
and 447-52D (44). 17b is directed against the eoeptor binding site, but only
antigen-binding fragments of this monoclonal andpdmAb) are neutralizing because

of the close proximity to the viral membrane anel tbsulting steric interference. Intact
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immunoglobulin G (IgG) molecules specific for the-ieceptor binding site do not
neutralize primary isolates (23). The V3 loop @180 targeted by 447-52D is also
highly immunogenic, but antibody specificity broadeonly after extended antigen

stimulation.
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Figure 1.8 Modeling of the HIV-1 envelope spike shawg epitopes of broadly nmAbs (23).
Reproduction occurs with permissionThe HIV-1 trimeric envelope glycoprotein is
illustrated with gp120 and gp41 shown in blue arwhn, respectively. The epitopes of
the nmAbs are modeled on the structure: 4E10 (ygll@w5 (red), 2G12 (pink), b12
(grey), 17b (orange) and 447-52D (light blue).

1.5.3 THEV3 LoOOP AS ATARGET FORHIV-1 VACCINE DESIGN

Similar to the V2 loop, the V3 loop is highly vasla in its primary structure. However,
it differs from the V2 loop in its structural chataristics and function (44). Due to its
highly variable primary structure, many V3-spec#ictibodies are isolate-specific and
only induced early after infection or after brighmunization protocols (82-85).
Although some V3-specific mAbs from HIV-1 infectedndividuals show
crossreactivity, most exhibit poor neutralizatiactivdty for primary isolates (86-88).
Of note, these antibodies had been selected wiglaliV3 peptides.

However, broadly nAbs against the V3 loop have alsen isolated. These polyclonal

and monoclonal V3-specific antibodies are conforomasensitive rather than specific
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for linear epitopes in the V3 loop (89). The mbsbadly reactive of these nmAbs
neutralize many clade B HIV-1 primary isolates @&)-and also clade A and F viruses,
which, by definition, must have shared or crosdreaepitopes (89). Such antibodies
(similar to 447/52-D, 19b and 2182) seem to araerlin the course of infection as a
result of somatic hypermutation (94). Becausehef need for prolonged antigenic
stimulation, such antibodies may be difficult tauce with a vaccine (44). To this
point, clinical vaccine trials have not addressedether prolonged immunization
regimens induce more broadly reactive nAbs, in gdnand more highly crossreactive
V3-specific antibodies, in particular (44).

Structural and functional characteristics of the M8p offer an explanation for the
crossreactivity of such V3-specific antibodies agaiconformational epitopes. Despite
its name, the V3 loop is considered a semi-congemegion with many constant
features, such as a fixed size of approximatel33@mino acids, a conserved type Il
turn at its tip, a disulphide bond at its base, andet positive charge (48). These
conserved structural features reflect its fundaalerdle in co-receptor binding and
selectivity (95, 96). The conserved nature of W8loop is further explained by its
structural homology to natural ligands of the HI\E@&-receptors [reviewed in (44)].
These findings illustrate the essential functioriha V3 loop in virus infectivity and in
determining co-receptor selectivity and thus expi#gs conserved nature and the high
crossreactivity of antibodies directed against eovesd V3 motifs (44).

The past assumption that V3-specific antibodies isodate specific and unable to
neutralize primary isolates has also been questidne the observation that such
antibodies are produced early after infection omimization (82-84) and that broadly
reactive V3-specific nAbs are characteristic of arenmature immune response (89,
91). Furthermore, the assumption that V3-specditibodies are incapable of
neutralizing primary isolates is challenged by fiuet that HIV-1-positive sera had only
been depleted with linear V3 peptides and thusdato remove antibodies directed
against conformational epitopes of the V3 loop @8). Moreover, it has been shown
that epitopes in the V3 loop are not hidden but aréeast partially exposed on the
surface of R5 virions and R5-virus-infected ce1,(93, 99-102), and that V3-specific
mMADs can neutralize both R5 and X4 viruses (8992093, 103). In summary, the V3
loop may thus be a promising target for HIV-1 vaecdevelopment.
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1.5.4 NoN-HUMAN PRIMATE MODELS OFHIV-1/AIDS

There is strong evidence that HIV has evolved fiStW, a related retrovirus that
appears to have been transmitted from monkeys toahs at several independent
occasions. HIV-1 and SIVcpz are believed to haxeved from a common ancestor in
chimpanzees (104, 105), whereas HIV-2 is relate8I¥sm, a strain of SIV found in
sooty mangabeys (106). After the discovery that S8huses AIDS-like disease in
Asian macaques, non-human primates (NHP) have becoeny popular in HIV-
1/AIDS vaccine research [reviewed in (107)]. Ild@rto mimic human HIV-1/AIDS
pathogenesis, hybrid SIV strains containing HIVehegs Ypu, tat, rev, eny) have been
developed. These SHIV strains combine severalrddgas in comparison to natural
SIV strains [reviewed in (69)], such as the evatmtof vaccines based on HIV-1
envelope glycoproteins and the isolation of comesiing anti-HIV-1 antibodies.

In order to simulate human HIV-1 infection and AIDENHP as closely as possible,
SHIV challenge strains must mimic human HIV-1 trarssion as closely as possible
and thus fulfill several criteria [reviewed in (§9) SHIV strains have to exhibit
muscosal transmission, since 90% of all newly aeguHIV-1 infections result from
mucosal exposure through sexual contact or via emdtichild transmission.
Furthermore, SHIV strains need to be R5 tropic,cesimlmost all mucosally
transmissible HIV-1 strains exhibit R5 tropism (1a®9). In addition, SHIV strains
need to cause gradual rather than acute pathogeaiod need to be susceptible to
antibody-mediated neutralization.

Such a SHIV strain has been developed by the Rhptaboratory: SHIV-1157ip is a
highly replication competent, mucosally transmiksiiRS clade C SHIV strain,
equipped with the viral envelope glycoprotein ofemently transmitted HIV isolate
from a 6-month-old Zambian infant (HIV1157i) thaishbeen passaged through several

rhesus monkeys for host adaptation (110).

1.5.5 BITOPEIDENTIFICATION AND THE PHAGE DISPLAY APPROACH

In order to identify promising HIV-1 vaccine candtds, immunogenic regions of HIV-
1 Env must be identified and analyzed to show wdretiney are able to induce
protective antibodies in the host (44). X-ray tallsgraphy studies have revealed
important structural features of the HIV-1 envelgpetein and its sites of interaction
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with cellular receptors.  Unfortunately, conservedrts are masked and thus
inaccessible to the immune system (39, 111). Heweahese findings have not been
translated into a potent vaccine so far.

Valuable sources to study natural immune respoagasist HIV-1 Env are sera with
high-titer, cross-clade nAbs, such as those ohbdairen LTNPs (35). The analysis of
such effective humoral immune responses might belpask structures on the HIV-1
envelope glycoprotein that are conserved acrosy rmlades. The Ruprecht laboratory
has identified a cohort of rhesus macaques infestdd SHIV-1157ip, a chimera that
encodesenv of a recently transmitted HIV-1 clade C strain, tbe related SHIV-
1157ipd3N4 (110) that developed high-titer nAb meses against homologous SHIV
clade C as well as heterologous primary strain$ildf-1 of different clades. The
Ruprecht laboratory has used the phage displayntéatyy to identify the HIV-1 clade
C Env structures recognized by such broadly reacéra.

Phage display (112) is a commonly applied techniuenalyze humoral immune
responses (35, 113-118), to map antibody epitap@®, (119-121) or to identify protein
interaction sites in general (122). However, sotfze identification of conformational
epitopes was limited because of the difficulties pirojecting the linear mimotope
sequence onto a protein structure. Fortunatelynpcter programs have been
developed (123-128) that allow three-dimensiond))(&nalysis. These programs
project the linear peptide sequence onto the 3faseirstructure of target proteins by
using published protein structure files. The cotapprogram 3DEX (128), which is
used by the Ruprecht laboratory, maps conformationianotopes in 3D surface
structures of target proteins by using an algorittmt takes into account the
physicochemical neighborhood of individual aminadac Thereby, a discontinuous
epitope is localized within the 3D protein struettny searching for a 3D fit with partial
amino acid strings of a given mimotope in a predistance on the surface of the
protein. This algorithm is repeated for each gth amino acids until the full peptide

sequence is analyzed.
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1.6 AM OF THISWORK

The Ruprecht laboratory has dissected the humwmraline response of rhesus monkeys
with broadly reactive nAb responses by applying fiege display technology in
conjunction with 3DEX computational analysis (128%everal groups of linear and
conformational mimotopes of various regions of thdV-1 clade C envelope
glycoprotein have been identified. As part of thigrk, these mimotopes will be (1)
evaluated for cross-reactivity with other sera fromesus monkeys of the Top-Ten
Cohort and also (2) analyzed for immunogenicityaimew DNA prime/phage boost
immunization strategy. This immunization stratdggs been designed to focus the
humoral immune response on the regions represdngethese mimotopes. This
“immunofocusing” approach may yield new epitopekjol are capable of inducing the
very same broadly reactive nAbs. These epitopeghtrthen be incorporated into

potential HIV-1 vaccine candidates.
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2.1
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MATERIALS AND METHODS

MATERIALS

ANTIBODIES

Donkey anti-rabbit HRP conjugate (The Jackson Laiooy)
Goat anti-human HRP conjugate (The Jackson Lahgjato
Goat anti-human HRP conjugate (The Jackson Labgyjato
Mouse anti-M13 HRP conjugate (Amersham GE)

Rabbit anti-his-Tag mAb (kindly provided by MoBiT)ec
Rabbit anti-monkey HRP conjugate (Sigma-Aldrich)

BACTERIAL STRAINS

BL21(DE3) (Novagen)

E. coliK12 ER2738 (New England BioLabs Inc.)

One Shot MAX Efficiency DH&-T1 Competent Cells (Invitrogen)
XL1-Blue Competent Cells (Stratagene)

BJFFERS ANDSOLUTIONS

10x FastDigest Buffer (Fermentas)
10x Phosphate buffered saline (PBS) (GIBCO)
10x Tris/glycine buffer (Bio-Rad Laboratories, nAdded 20% methanol.
10x Tris/glycine/SDS buffer (Bio-Rad Laboratoriés;.)
1x Phosphate buffered saline (PBS)
1x Phosphate buffered saline (PBS) (GIBCO)
Binding/washing buffer:

= 50 mM sodium phosphate

= 300 mM sodium chloride

* 5 mM imidazole
Adjusted to pH 8.0 and autoclaved.
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Carbonate-Bicarbonate Buffer (Sigma-Aldrich)
Coomassie staining solution:

= 50% methanol

» 10% acetic acid

= 0.05% Brilliant Blue R-250
Dissolved dye in methanol before adding acetic aoid water.
Elution buffer:

= 50 mM sodium phosphate

= 300 mM sodium chloride

= 100 mM imidazole
Adjusted to pH 8.0 and autoclaved.
Laemmli Sample Buffer (Bio-Rad Laboratories, Inc.):
Added 1/2(3-mercaptoethanol.
PBS-CT:

= 0.5%: PBS

= 3% casein

= 0.5% Tween 20
PBS-T:

= 0.5%: PBS

= 0.5% Tween 20
Phage precipitation buffer

= 20% PEG-8000

= 2.5 M sodium chloride
Autoclaved and stirred while cooling.
Phosphate-Citrate Buffer, pH 5.0 at 25 °C (Sigmédri&h)

CGHEMICAL REAGENTS

Ampicillin (Sigma-Aldrich)

Bond-Breaker TCEP Solution, Neutral pH (Pierce 8abinology)

Bright-Glo luciferase substrate (Promega)
BugBuster Protein Extraction Reagent (Novagen)
DEAE-Dextran solution (Sigma-Aldrich)

22



MATERIALS AND METHODS

Ethidium bromide (Sigma-Aldrich)

Guanidine hydrochloride (Sigma-Aldrich)
Hydrochloric acid (Sigma-Aldrich)

Hydrogen peroxide (Sigma-Aldrich)

Imidazole (Sigma-Aldrich)

Incomplete Freund’s Adjuvant (Sigma-Aldrich)
Isopropyl$-D-thiogalactopyranosid (Invitrogen)
Methanol (Fisher Scientific)

Molecular Biology Grad Water (Sigma-Aldrich)
Monophosphoryl-Lipid A (Sigma-Aldrich)
N-Z-Case Plus (Sigma-Aldrich)

PEG-8000 (Fisher Scientific)

Sodium azide (Sigma-Aldrich)

Sodium chloride (Fisher Scientific)

Sodium dodecyl sulfate (Sigma-Aldrich)
Sodium hydrochloride (Sigma-Aldrich)
Sodium hydroxide, solid (Fisher Scientific)
Sodium phosphate (Sigma-Aldrich)

Tween 20 (Sigma-Aldrich)

B-mercaptoethanol (Bio-Rad Laboratories, Inc.)
o-Phenylenediamine (Sigma-Aldrich)

BNZYMES

FastDigest Acc65I (Fermentas)
FastDigest Asel (Fermentas)
FastDigest BamHI (Fermentas)

FastDigest Sphl (Fermentas)

EQUIPMENT

14 mi/50 ml Falcon Tubes (Becton Dickinson)
-20 °C Freezer (Marvel Scientific)

96-well round-bottom plates (Becton Dickenson)
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Adventurer SL AS1502 (scale) (OHAUS Corporation)
All-Purpose-Laboratory Wrap PVC (FISHERbrand)
AT261 Delta Range (scale) (Mettler-Toledo)

Avanti Centrifuge J-25 (Beckman Coulter)

Bar Seal (Nunc)

BD 5 ml/20 ml/30 ml Syringe (BD Bard-Parker)
Biological Safety Cabinet Class Il Type A/B3 (NYair
Buffer Dam (Bio-Rad Laboratories, Inc.)

Centrifugal Tubes Polycarbonate Thick Wall (Beckn@aulter)
ELISA-Platte, Microlon (ELISA plates) (Greiner Bione)
ELx 405 (ELISA plate washer) (BioTek)

Eppendorf 0.2 ml PCR tubes (Eppendorf)

Falcon Ten-twenty-nice Petri Dish (Becton Dickinson
Foodservice Foil (Durable Packaging International)
Fridge (Whirlpool)

HI-Flow 2000cc Suction Canister (Bemis)

MAXYMum Recovery 1000 pl max (Axygen Scientific)
Microfuge 18 Centrifuge (Beckman Coulter)
Microfuge 22R Centrifuge (Beckman Coulter)
Microvol. Tips 10 pl Filter Tip (Corning)

Mini PROTEAN 3 Cell (SDS-PAGE) (Bio-Rad Laboratarjénc.)
Mini Trans-Blot Filter Paper (Bio-Rad Laboratoriéisg.)
Parafilm “M” Laboratory Film (Pechiney Plastic Paging)
pH meter 440 (Corning)

pH Test Strips, 4.5-10.0 (Sigma-Aldrich)

Pipet Basin 50 ml, PVC, Non-Sterile, Bulk (Fisheal)
Pipetman 2 pl/10 pul/20 ul/200 ul/1000 pl (Gilson)
Precision-Gilde Needle (BD Bard-Parker)

Protected Disposable Scalpel (BD Bard-Parker)
Repeater Plus (Eppendorf)

RT7 Benchtop Centrifuge (Sorvall)

Safe-Lock Tubes 1.5 ml/2 ml (Eppendorf)
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Syringe Filters (Nalgene)

TipOne 1-200 pl Yellow Pipet Tips (USA Scientific)

TipOne Graduates Filter Tips (all sizes) (USA Stifa)

Trans-Blot Transfer Medium Supported Nitrocelluldgembrane (0.45 pm),
7x8.4 cm (Bio-Rad Laboratories, Inc.)

Transfer Pipets Disposable (Polyethylene) (Fislaartby

Turntable microwave oven (GE)

Vortex Genie 2 (Fisherbrand)

Whatman Schleicher & Schuell R-F Reaction Foldé/agtman)

KiTs

Amicon Ultra-15 Centrifugal Filter Devices — Ultedcl0 k (Millipore)
Amicon Ultra-4 Centrifugal Filter Devices — Ultrdd® k (Millipore)
AminoLink Plus Immobilization Kit (Pierce Biotechiogy)
Econo-Pac 10DG Columns (Bio-Rad Laboratories, Inc.)
GeneTailor Site-Directed Mutagenesis System (lagin)
NucleoSpin Extract Il (Macherey-Nagel)

NucleoSpin Plasmid (Macherey-Nagel)

Opti-4CN Substrate Kit (Bio-Rad Laboratories, Inc.)

Profinity IMAC Resin (Bio-Rad Laboratories, Inc.)

Qiagen HotMasterMix (2.5x) (Qiagen)

Quantum Prep Freeze ‘N Squeeze DNA Gel Extractmn Solumns (Bio-Rad
Laboratories, Inc.)

Quickstart Bradford Dye Reagent, 1x (Bio-Rad Labmnias, Inc.)
Rapid DNA Ligation Kit (Fermentas)

LADDERS AND LOADING DYES

6x Loading Dye Solution (Fermentas)

6x Orange Loading Dye Solution (Fermentas)
PageRuler Prestained Protein Ladder (Fermentas)

PCR Marker (New England Biolabs)

ZipRuler Express DNA Ladder Set, ready-to-use (fesrians)
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2.1.9 MeDIA

= 2X YT (Capsules) (MP Biomedicals)

= DMEM/10% FCS (Gibco)

= LB Broth (Tablets) (MP Biomedicals)

= LB Medium (Capsules) (MP Biomedicals)
= LB Medium (Powder) (MP Biomedicals)

= LB-Agar Medium (Plates) (Sigma-Aldrich)
= SOC Medium (Invitrogen)

2.1.10 PPEPTIDECLONING VECTOR1 (MOBITEC)

The pPEPTIDE Cloning Vector 1 is a fusion constiesed on the pET-3a expression
system and contains a novel sequence that indoeesxpression of recombinant target
proteins and, in particular, peptides as smaliasrisidues irkE. colias desired in this
experiment. The peptides are purified using a(bpady affinity tag. The original target
peptide sequence is flanked by restriction sitesBfamHI and Asel. Restriction with
these single-cutters results in excision of thegdarpeptide sequence, which can
subsequently be replaced by the sequence of theipraf interest. The expression of
the fusion protein is controlled by the T7 promotdihe pPEPTIDE Cloning Vector 1

contains an ampicillin resistance gene.
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Figure 2.1 Map of the pPEPTIDE Cloning Vector 1.
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2.1.11 RECASTGELS FORPAGE

All precast gels were ordered from Bio-Rad Labaiag) Inc.
» Precast Gel for 2D PAGE, 12% Tris-HCI
» Precast Gel for PAGE, 12% Tris-HCI, 10 well, 5Ccpimb
» Precast Gel for PAGE, 12% Tris-HCI, 15 well, 15cpimb

2.1.12 RIMERS

All primers were ordered from Invitrogen (5’ to 3’)
» Sequencing of M13 phage ssDNA: CCCTCATAGTTAGCGTAACG
= Amplification of phage mimotope DNA:
pPEPTIDE fwd. primer:
CGCCCGCGGATTAATGGCCCTTTAGTGGTACCTTTCTATTCTCACTCT
pPEPTIDE rev. primer:
GGCCCGGGGATCCTAACTTTCAACAGTTTCGGCCGAACCTCCACC
= Sequencing of recombinant plasmids:
= T7 fwd. primer: TAATACGACTCACTATAGGG
= T7 rev. primer: AAACCCCTCAAGACCCG
= Site-directed mutagenesis:
= SDM fwd. primer: CTGCGGACCAAGATGAATCATCTTAGAGTG
= SDM rev. primer: ATTCATCTTGGTCCGCAGCAGACTTTTCCG
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2.2 METHODS

2.2.1 HAGE AMPLIFICATION

2 ml of LB media were inoculated with 20 pl of ER870overnight culture (1:100) and
10 pl of the designated phage stock. The cultuas Wcubated at 37°C and 250 rpm
for 4.5 h.

2.2.2 HMAGEPRECIPITATION

The culture was centrifuged at 12,000 rpm and 4120 min. 1.5 ml of supernatant
were added to 500 pl 20% PEG-8000/2.5 M NaCl amdotighly vortexed. The

phages were incubated at 4°C overnight and cegédwat 12,000 rpm and 4°C for 20
min on the next day. The supernatant was subs#ywspirated and the phage pellet

was re-suspended in 200 ul PBS.

2.2.3 MEASUREMENT OFPHAGE CONCENTRATION

10 ul of the phage solution were diluted in 49®{uPBS (1:50), thoroughly vortexed,
and spin centrifuged. A wavelength scan was pewor between 240 nm and 320 nm

and the phage concentration was calculated usenfptlowing formula:

(Az69 — Azz0) X 6 x 101°
CPhageS = 7223

x 50(dilution factor)[phages/ml]

2.2.4 BOLATION OFPHAGE SPDNA

500 pl of supernatant of the overnight culture wadeled to 200 ul of 20% PEG-
8000/2.5 M NaCl after centrifugation (see phagecipr@ation) and thoroughly
vortexed. The suspension was incubated at 4°Cnigtdrand centrifuged at 12,000
rom and 4°C for 20 min on the following day. Thapsrnatant was subsequently
aspirated and the phage pellet was re-suspend&@dOinul iodide buffer and vortexed.
Afterwards, 300 ul of 100% ice-cold ethanol werededl and the mixture was
centrifuged at 12,000 rpm and 4°C for 20 min. $hpernatant was disposed and the
pellet was washed with 300 pul of 70% room-tempeedttnol. After 20 min of
centrifugation at 12,000 rpm and 4°C, the supemateas removed and the phage
ssDNA pellet was air-dried and subsequently rewuded in 15 pl of dpO.
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2.2.5 AVPLIFICATION OF PHAGE MIMOTOPEDNA VvIA PCR

The phage ssDNA was diluted 1:10 in dH20. 2 pthef diluted phage ssDNA were

added to the following reagents:

Qiagen HotMasterMix (2.5x): 20 pl
pPEPTIDE forward-primer (10 pmol/ul, final 200 nM): 1l
pPEPTIDE reverse-primer (10 pumol/ul, final 200 nM): 1l
dH,O: 26 pl
total volume incl. phage ssDNA: 50 pl

Afterwards, the PCR mixture was thoroughly vortexe@in centrifuged, and the

following PCR program was run:

94 °C 10s

94 °C 10s

53°C 10 s 30 cycles
65°C 10s

65°C 10 min

4°C o0

2.2.6 PRIRIFICATION OFPCRPRODUCTS

The PCR reaction was purified using the Nucleo$pitract Il Kit (Macherey Nagel),
according to the manufacturer’s instructions. TH¢A was eluted twice with 25 pl
dH,O each.

2.2.7 MEASUREMENT OFDNA CONCENTRATION

The 2 pl of each DNA sample were diluted in 98 fibdH,0O (1:50) and measured at

OD2g0280 The DNA concentration was determined by applyiregfollowing formula:

Cpna = 0D, X 50 X 50(dilution factor)[ng/ul].
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2.2.8 AVPLIFICATION OF FPEPTIDEVECTORDNA

XL1-Blue cells were transformed with 5 ng of pPEBEIVector DNA according to the
manufacturer’s instructions. Cells were platedL&mp plates and incubated at 37°C
overnight. Five colonies were picked using stepilgette tips and used to inoculate 3

ml of LBamp media. The clones were incubated at 37°C and@b0vernight.

2.2.9 BOLATION AND PURIFICATION OF PEPTIDEVECTORDNA (MINI-PREP)

pPEPTIDE Vector DNA was isolated and purified usthg NucleoSpifi Plasmid Kit
(Macherey-Nagel), according to the manufacturar&ructions. The DNA was eluted
twice with 25 pl dHO each.

2.2.10 DGESTION OFPHAGE MIMOTOPE AND FPEPTIDEVECTORDNA

1 pug of DNA was double-digested using the restittenzymes BamHI and Asel at

37°C for 1h in a water thermostat:

Phage Mimotope DNA/pPEPTIDE Vector DNA (1 pg): Ku
10x FastDigest Buffer: 2 pul
BamHI (1 U): 1l
Asel (1 U): 1l
dH,0: X ul
total volume: 20 pl

2.2.11 AIALYSIS AND PURIFICATION OF DIGESTEDDNA SAMPLES

Digested insert and vector DNA samples were rub0étV on 1.6% and 0.8% agarose
gels, respectively. The desired bands were exaised) a clean scalpel and the DNA
was eluted using the Freeze ‘N Squeeze Kit, acegrdo the manufacturer’s
instructions. The volume of the eluted sample wasasured and 1/10 volume of
NaOAc was added. The sample was vortexed and haxne of 100% ice-cold
ethanol were added. The sample was vortexed atubated at -20°C for 2 h.
Afterwards, the sample was centrifuged at 15,000 apd 4°C for 1 h. The supernatant

was aspirated and the pellet was washed with 506f kD% room-tempered ethanol.
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The sample was centrifuged at 15,000 rpm and 4f@@omin. The supernatant was
removed and the pellet was air-dried and subselyueasuspended in diO.

2.2.12 UGATION OF PHAGE MIMOTOPEDNA AND PPEPTIDEVECTORDNA

1.8 ng of digested mimotope insert DNA were ligatedh 100 ng of digested
pPEPTIDE Vector DNA (ratio 3:1), using the Rapid PNigation Kit, according to

the manufacturer’s instructions:

Purified phage mimotope DNA (1.8 ng): X ul
Purified pPEPTIDE Vector DNA (100 ng): X ul
5x Rapid DNA Ligation Buffer: 4 ul
T4 DNA Ligase (5 u): 1l
dH,0: X ul
total volume: 20 pul

2.2.13 TRANSFORMATION OFDH5A CELLS

DH5a Cells were transformed with 5 pl of the ligationxtare, according to the
manufacturer’s instructions. After transformatitime cells were plated on L&, agar

plates and incubated at 37 °C overnight.

2.2.14 ONTROLDIGESTION OFRECOMBINANT DNA

16 colonies were picked on the day following transfation and used to inoculate 4 mi
of LBamp media. Cultures were incubated at 37°C and 2&0apernight. In order to

determine successful recombination, isolated pldsBINA was digested with the
restriction enzyme Eagl, according to the manufacts instructions. The digestion

reaction was mixed with 4 pl 6x Loading Dye and omna 1% agarose gel.

2.2.15 £QUENCING

600 ng of isolated plasmid DNA were supplementethwine T7 forward primer,
thoroughly vortexed, and spin centrifuged. Sequmnevas conducted by the Dana-
Farber Sequencing Core Facility. Sequences wezekel for correctness, using the

freeware Finch TV.
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2.2.16 $TE-DIRECTEDMUTAGENESIS

Site-directed mutagenesis was performed accorditiget manufacturer’s instructions.

2.2.17 TRANSFORMATION OFBL21(DE3)CELLS

BL21(DE3) cells were transformed with 5 ng of pladnDNA, according to the

manufacturer’s instructions.

2.2.18 &LECTION OFHIGH-LEVEL EXPRESSIONCLONES

Seven distinct colonies were chosen and used touiae 3 ml of 2x YT media
supplemented with 100 pg/ml ampicillin. The cudsiwere grown until OD = 1.2, at
which a 100 pl sample was taken for subsequent BBSE analysis. Afterwards, the
cultures were induced with 0.4 mM IPTG (final contcation) and further incubated for
5 h. Another 100 pl sample was taken and the ssmpére centrifuged for 5 min at
14,000 rpm. The supernatant was decanted and dhet pe-suspended in 50 pl
Laemmli buffer and 25 pl di. The mixture was boiled for 15 minutes and afteds
centrifuged for 5 min at 14,000 rpm. 15 pl of suyéant were run on a 12%
polyacrylamide gel at 200 V. Afterwards, the gelswstained with Coomassie dye for 1
h and later boiled in diD for 10 min to destain. The high level expressitome was
chosen based upon the largest amount of proteidupenl after 5 h. This clone was
used to make a 50% glycerol stock.

2.2.19 KXPRESSIONKINETICS

The high level expression clone was used to inteeul ml of 2x YT media

supplemented with 100 pg/ml ampicillin. The cu#tuvas grown until OD = 1.2.

Afterwards, a 100 pl sample was taken for subsaq8&8-PAGE analysis and the
culture was induced with 0.4 mM IPTG (final conaatibn) and grown for 8 h. 100 pl
samples were taken every hour and centrifuged fanid at 14,000 rpm. The
supernatant was decanted and the pellet re-sugph&@n8® pl Laemmli buffer and 25 pl
dH,O. The mixture was boiled for 15 minutes and ¢erged for 5 min at 14,000 rpm.
50 ul supernatant were run on a 12% polyacrylamgaleat 200 V. Afterwards, the gel
was stained with Coomassie-dye for 1 h and latéedban dHO for 10 min to destain.
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2.2.20 ROTEIN EXPRESSION

Recombinant BL21(DE3) cells from the glycerol staodre used to inoculate 30 ml of
2x YT media supplemented with 100 pg/ml ampicillinThe culture was grown
overnight and centrifuged on the next morning 808,rpm and 4°C for 20 min. The
cells were re-suspended in 300 ml of fresh medigpleumented with 100 pg/ml
ampicillin and grown until OD = 1.2. Afterwards, 10 pl sample was taken for
subsequent SDS-PAGE and the culture was induced @4 mM IPTG (final
concentration) and grown for 5 h. Another 100arhple was taken and the culture was
centrifuged at 10,000 rpm and 4°C for 10 min. Ehpernatant was decanted and the

pellet was frozen at — 20°C for ensuing proteimamtion and purification.

2.2.21 OLUMN PREPARATION

20 ml of Profinity™ IMAC Resin slurry (pre-charged with Nj were transferred to a
147 ml glass column (Bio-Rad). After the storagéuon had been removed, the
column was washed with three column volumes of@H20 ml of dHO were added to

make a 50% slurry.

2.2.22 RIRIFICATION OF HIS-TAGGED FUSION PROTEINS

The bacterial pellet was re-suspended in room tesype BugBuster reagent, using 5
ml of reagent per gram of wet cell paste, and #lesuspension was incubated on a
rotating mixer at a slow setting for 20 min at rodsemperature. The lysate was
centrifuged at 16,000x g and 4°C for 20 min and shpernatant was subsequently
mixed with an equal volume of 2x binding/washingffeu supplemented with 8 M
GuHCI to reach a final concentration of 4 M GuHdlhe lysate was filtered applying
Millipore Steriflip® Sterile 50 ml Disposable Vacuum Filtration Sys&enording to the
manufacturer’s instructions and the clarified lgsamls added to the column. The resin-
lysate mixture was gently swirled in the column amclibated at 4°C for 30 min on a
rocking platform. Afterwards, the resin was allaw® settle. Flow-through samples
were collected for subsequent SDS-PAGE analystse ¢blumn was washed with five
column volumes of binding/washing buffer and wasdctions were collected. The
protein was eluted with five column volumes of elatbuffer. The eluates were saved

for further analysis.
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Afterwards, the column was sanitized with five cotuvolumes of 0.5 M NaOH. The
solution was rinsed from the column with five columolumes of dk&D/0.02% NalN

for storage.

2.2.23 AIALYSIS OFELUTED FRACTIONS

15 pl samples of all fractions were mixed with Zaeinmli buffer, boiled for 5 min, and
run on a 12% polyacrylamide gel. Afterwards, teéwas stained with Coomassie dye

for 1 h and later boiled in di@ for 10 min to destain.

2.2.24 ESALTING AND BUFFEREXCHANGE

Following purification, the elution steps contaigithe highest amount of protein were
used for desalting and buffer exchange using EdaB-10DG columns, according to
the manufacturer’s instructions. Proteins wer¢eelin PBS.

2.2.25 (ONCENTRATING OFFUSION PROTEIN SAMPLES

Protein solutions were concentrated using Amicbiitra Centrifugal Devices (30 kDa
MWCO), according to the manufacturer’s instructions

2.2.26 BRADFORD-ASSAY

20 ul of concentrated protein solution were dilubed®80 pl of Bradford Quick Dye

Solution (1:50) and incubated at room temperatorel® min. The amount of total

protein was calculated using the following formataording to the standard curve with
BSA:

_ 0D595—0.051
T 0.0007

X

2.2.27 MMUNIZATION OF MICE (carried out by Robert Rasmussen)

Recombinant phages were allocated according tofsriato groups of 5-6 phages with
similar but not identical peptide sequences. Phageach group were combined and
used as five different mixtures for immunizatioklice were primed once with SHIV-
1157ipenvDNA intramuscularly (100 pg in 100 pl PBS) and &ted subcutaneously
(s.c.) with 187 phage particles in 100 pl PBS/MPL every 4-5 wee8grum samples
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were collected 2-5 weeks after each boost. Afber fphage boosts, serum samples
were tested for their neutralizing capacity agaiidt-1sri62 sand SHIV-1157ip. In a
pilot study, 11 mice were given an additional boegh trimeric SHIV-1157ip gp160
s.c. [20 pg in 100 pl PBS with incomplete Freuratiguvant (IFA)] and their sera were
tested for the presence of neutralizing antibodies.

2.2.28 NEUTRALIZATION ASSAY (carried out by Helena Ong)

SHIV-1175ip was prepared in rhesus monkey PBMC, IgludieC was prepared in
human PBMC and HI¥i62. spseudovirus (kindly provided by David Montefiowas
prepared using cotransfection of 293T cells witheam expression plasmid ansenv
backbone vector. TZM-bl cells encode the lucifergene under the control of the
HIV-1 promoter; both CD4 and CCR5 are also expmresse the cell surface (AIDS
Research and Reference Program, Division of AIDRID, NIH). A total of 5,000
cells/well were seeded overnight in 100 pul DMEM/16%S. Serial 2-fold dilutions of
immune sera were prepared in triplicates in 96-walind-bottom plates. In parallel,
the pre-immune sera were serially diluted and us®dontrols. “Virus only” wells
received 50 pl medium. The virus was diluted (0:5@ SHIV-1157ip: 36 ng/ml p27,;
1:500 for HIV piIndieC: 35 ng/ml p24; 1:300 for HdMie2. s 300 ng/ml p24) and 50 ul
of virus was added to all wells. The plate wasubated for 1 h at 37°C in 5% GO
after which time 10 pl of a 400 pg/ml DEAE-Dextrapiution was added to all wells
and the entire mixture was transferred into thev@8-flat—bottom plate with the seeded
TZM-bl cells. The next day, medium was replacethvitesh medium and incubated
another 24 h. Bright-Glo luciferase substrate iffirga, Madison WI, USA) was added
to the plate the following day and luciferase attiwas measured. The percent
neutralization was calculated using the followingi&tion:

Luciferase immune serum

%Neutralization = [1 — ( )] X 100.

Luciferase pre—immune serum

2.2.29 WESTERN-BLOTS

40 ug of protein were run on a 12% polyacrylamide(BioRad) at 200 V. Afterwards,
the gel, the nitrocellulose membrane, the fiberspaat the filter pads were incubated in
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transfer buffer for 15 min and the protein transtexs conducted for 60 min at 100 V
using a wet blot apparatus. The membrane wastwtsirips, blocked with 3% PBS-
CT for one hour and individual strips were incublatéth the appropriate sera/primary
antibodies in 3% PBS-CT at 4°C overnight (rhesushkey sera: 1:200; primary
antibodies: 1:1,000). On the following day, thetlwas washed three times with PBS-
T and incubated with the adequate HRP-conjugatdithcaty for one hour at room
temperature (1:2,000 in 3% PBS-CT). Afterwards, ot was washed five times with
PBS-T and developed with Opti-4CN substrate, agngrdo the manufacturer’'s

instructions.

2.2.30 RUSIONPROTEINELISA

The ELISA plates were coated overnight at 4°C i@ ng/well native or reduced (10
mM TCEP/1% SDS; boiled for 2 min) proteins in 100005 M carbonate coating
buffer. The ELISA plates were washed three timéh @00 ul dHO on the following
day, and blocked with 200 ul PBS-CT for one hourcatm temperature. Afterwards,
the plate was washed three times with 300 pQlEnd incubated with the appropriate
sera, diluted in 100 pl/well 3% PBS-CT (monkey:0D8mouse: 1:175); and incubated
overnight at 4°C. The ELISA plates were subseduewdshed three times with 300 pl
dH,O and incubated with the appropriate HRP-conjugatsmbndary antibody diluted
1:2,000 in 100 pl/well 3% PBS-CT for 1 h at roommpeerature. Afterwards, the plate
was washed five times with 300 pl B and incubated with 100 pl of ODP in
phosphate-citrate buffer for six minutes. The tieacwas stopped using 100 pl/well 1
N H,SO, and read at 490 nm and 620 nm (corrected OD vaut30 — 620 nm). All

reactions were run in duplicates.

2.2.31 SATISTICAL ANALYSIS

Statistics were calculated using a two-tailed mhir¢est and only applied to matching
pairs of mice comparing the significance betweenpbst-phage boosts and post-gp160
boost.
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3 RESULTS

3.1 HRELIMINARY RESULTS

These experiments have been performed by MichawbEd, Helena Ong, and Robert

Rasmussen.

3.1.1 SRIAL PASSAGE OFSHIV-1157P RHESUSMONKEYS

The Ruprecht laboratory has generated several cag&&-tropic SHIV's based upon
envof a Zambian pediatric isolate of HIV-1 clade &t the beginning of these studies,
the parental infectious proviral clone, SHIV-115&ias passaged through five rhesus
monkeys to generate the adapted SHIV-1157 ip (Eigufl) (129). Several rhesus
monkeys infected with SHIV-1157ip or the relatedelasolate SHIV-1157ipd3N4
produced high-titer, broadly reactive nAbs agaihsmologous SHIV-C as well as
heterologous primary strains of HIV-1 of other @dadTable 3.1) (110). High nAb
titers against the early isolate SHIV-1157ip, thke lisolate SHIV-1157ipd3N4 (110), as
well as against a heterologous R5 SHIV-C (SHIV-28p3 were detected. All of these
sera were also tested against a spectrum of hegend HIV clade C and B strains
(Table 3.1) and cross-clade nAbs against variowsinst were detected, including
HIV pindiea HIVsris21s and HIWwa3.  The serum of rhesus monkey RKI-8 was
particularly effective at neutralizing a broad gpem of viruses of both clade C and B.
This cohort of rhesus monkeys, which has been aale “Top-Ten Cohort”, is a
precious source to study natural humoral immunpareses against the HIV-1 envelope
glycoprotein, and might help to identify novel censed structures, which may then
serve as immunogens to be incorporated into palerdccine candidates.

Because of the breadth and strength of its hunioralune response to HIV-1 Env,

animal RKI-8 was chosen to select HIV-C Env-speaifimotopes.
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Animal # (%)) n I N N N (%)) n I T
RKI-8° 2,048 >640 2,048 24 160 26 >64C 96 3,741 512
RA0-8° 2,048 >640 128 <20 42 <20 >64( <40 220 32
RJa-¢ 1,800 >10,240 | 128 <20 59 22 2,04¢ 68 35,770 | 12¢
RMf-9° 2,048 >640 128 <20 <20 35 >64( 78 18,303 12¢
RTs-7 2,048 >640 128 n.d. n.d. n.d. >64C n.d. n.d. 32
RHy-8 600 >10,240 | 90 <20 <20 <20 >64( n.d. 173 n.d

*IC s, 50% inhibitory concentration given as reciprogedum dilution for 50% neutralizatiol

'determined in TZMbl assays.
%determined in human PBN-based assays.

®phage display selection performed; n.d. not detezchi
ZM135M, ZM233M.PB6, and ZM109F are primary HIV cla@dsolates from Zambia. No neutralization was sagainst five HIV clde C isolate

from South Africi and four others from Zambia (not shown). S-2873Nip is a Tier 1 (i.e. neutralizat-sensitive) R5 virus that encodenvof a
recently transmitted, R5 HIV clade C isolated fronZambian infant(130) SHIVsgiep3iSs @ Tier 2 virus (i.e. more difficult to neutradizand

representative of most primary HIV isolates), Iseis2.< iS @ Tier 1 virus

Table 3.1 IC 5o for selected rhesus monkeys with hic-titer nAb activity.
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3.1.2 ELECTION OFHIV-C ENV-SPECIFICMIMOTOPES

To select HIV-C Env-specific mimotopes, polycloigt from RKI-8 was used. RKI-8
serum IgG was immobilized on paramagnetic beadsuaed to screen three different
phage-displayed random peptide libraries (7merlicyener, 12mer) (summarized in
Figure 3.2). For each screening, 94 single clovese tested in a phage ELISA for their
specificity by using SHIV-positive and SHIV-negatigerum in parallel. The positive
clones were then amplified and sequenced. Thesponding peptide insert sequences
were allocated to different groups according to pleptide motifs and analyzed for
linear homology to gpl&P-1157p By using monkey RKI-8 serum (110), 78 different
clones were isolated. Thirty-eight of these mirpe® resembled three regions on
gp120: the V2 loop (9 clones), the V3 loop (21 elgnand the C-terminal domain (8
clones). Thirty-four of the 78 clones resemblediors on gp4l: The majority
represented a subdomain of the immunodominant meg@i@R), which is referred to as
the immunodominant loop (44) and contains the KhiGtif (20 clones); seven clones
exhibited homology to IDR outside the immunodominlaop as well as several amino
acid residues of the N-terminal heptad repeat. eSeadditional clones showed
homology to the MPER. The remaining six phage risséailed to show linear
homology to gp16&hv-1157ip
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Figure 3.2 Selection of HIV-1 clade C Env-specific imotopes. Paramagnetic beads were

coated with a rabbit anti-monkey IgG. Coated beadse pre-incubated with rhesus
monkey serum and subsequently incubated with tiggnai phage-displayed peptide
library. Biopannings of all three libraries (7meayclic 7mer and 12mer) were
performed in parallel using separate tubes. Beesle washed to remove unbound
phages and bound phages were eluted by pH shiftlowing neutralization, eluted
phages were subjected to negative selection asiloed@bove using pooled sera from
non-infected control monkeys. Phages remainingnftbe negative selection were
amplified inE. coliand used for a second and third round of selectifter the third
positive selection, the phages were titered, angleiclones were picked and tested by
phage ELISA for specific binding. Positive clonesrevamplified and sequenced to

deduce their peptide insert.

Several mimotopes exhibited only minimal linear lobmgy to gp166iv-1157ip Since

these mimotopes might represent conformationalopp on the HIV-1 envelope
glycoprotein, computational analysis with 3DEX wasformed. Using the software
3DEX (128) and a published structure of gp120 (1&f)interesting V3 mimotope with
combined linear and structural homology was iderdif Table 3.2, clone A12.2; Figure
3.3). Comparison of the primary envelope sequesfcthe structure file (PDB-ID:

2B4C; HIV-1 subtype B strain JR-FL) and SHIV-115%mowed that the amino acids in
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this segment of the V3 loop are almost identicabéguence (inset Figure 3.3). By

performing 3DEX analysis, two motifs were identifie- each spanning four amino

acids — at the crown of the V3 loop (Figure 3.3loy@orange) and nearby (Figure 3.3,

green). Although these eight amino acids are dtstoous, they could be located on

neighboring spots on the surface of gp120.

Position (2B4C) | 303 | 304 | 305 | 306 | 307 | 308 | 309 | 312 | 313 | 314 | 315 [ 316 [ 317 [ 318 | 319
SHIV-1157ip 1F R|K]| S I R | G P G Q Al F| Y A
2B4C (JR-FL) T R K| s |k H 1 G P G R A F Y 1
A12.2 G[P[S|K|IT|F|T|W|G|W|AI|F

Figure 3.3 Location of mimotope Al12.2 on gpl20 (132)3DEX analysis (6) was used to find

structural homology between A12.2 (yellow, orangel green) and the surface of
gpl120 (PDB ID: 2B4C) with the CD4 binding site shoim red and CCR5 coreceptor
contact sites in blue. The inset table shows par8asequences for SHIV-1157ip, the
protein structure used for 3DEX analysis (2B4C), &i®.2. Amino acid residues

resembling the parental sequence but too few tm farlinear epitope are shown in
yellow and orange. Residues identified by 3DEXamnsng 3D homology are shown

in green. All amino acids are in close proximity the molecule’s surface and form a
potential conformational mimotope of gp120.
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Group Number | Sequence
| |

AlV3p12.7 | IR[PIH|P|G[H|M|Y|Y]|S|W
Group 1 AlV3p12.5 Q|V|IRIM|G|P|G|Q|P|D|Y|L

Alll12.11 VIR|L|P|P|G|A|S|G|Y|T|P
V3 loop AlV12.1 3 IIR|P|G|P|A|A|G|G|Y|P|A
gp120 AlV12.4 2 KM|I |[H|L|G|P|Q|Q|T|F|P

Al2.2 12 GP|S|K|I |[F|T|W[G|W|A|F

Groun 2 Alll7.7 KITIL|R[I|A[P
roup AIV7 1 4 KILIL|R[T[A[P
Coterminus AIV7.5 4 ATIW[R[T[G|P
9p120 Alll7.5 KIDIV[-|--]-|-|R[I|A[P
AllI7.9 KIVIVI-[-[-[-|-[R[T[E[P
Groun 3 Alll12.10 2 SILIL|Y|S|S[E|Y|S|G|I |w
roup Alll12.14 2 KILIL[S|SIN[T|Y[G[1|w|m
DR Alll12.13 KILIL|G|Y|T|T[S|AlG|T|w
apal AlV3p12.10 LIC[Y|H|R|D|G[S|Y|P|T|S
AlV12.8 SILILIK|A[S|L|S[A|G]1 W
Grou 4 Alllc.1 12 SIH|GIK[LL[A
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A7.4 W[ s|w|G|w|M[A
Table 3.2 Alignment of mimotopes selected with semn from monkey RKI-8 with the

sequence of homologous gpl6@..11s7p. Phage peptide sequences (clones) were
grouped according to their motifs (V3, gpl120 C-tewms, gp4l immunodominant
region (IDR), KLIC, and membrane proximal externagion (MPER)) and aligned to
gpl60SHIV-1157ip (grey rows). Linear homologies ahaded grey. Numbers in
parentheses indicate how many times a given mineoteas selected independently.
Mimotopes were considered linear if they exhibitedre than 50% linear amino acid

identity.




RESULTS

3.1.3 DENTIFICATION OF ACONFORMATIONAL MIMOTOPE OFHIV-1 CLADE C ENV

In order to confirm that mimotope Al12.2 represeatzonformational epitope and
antibody binding thus depends on the structuragrty of the target HIV-1 clade C
envelope glycoprotein, antibody binding was comgarsing both native and reduced
protein. By using immobilized recombinant phaghs, corresponding antibodies were
isolated from the polyclonal rhesus monkey serurouph affinity purification. The
obtained phage-affinity-purified antibodies wererthsubjected to a dot spot analysis
with homologous, trimeric gpl6Qwv-1157p Which was spotted under native and
denaturing conditions (Figure 3.4). When the protwas denatured, binding of
antibodies specific for clone Al12.2 was not detegateigure 3.4, field A1 and B1l),
although specific binding was shown to the nativetgin. As control, antibodies
specific for a phage clone with greater linear himgyp to the V3 loop were purified
(AlV12.4). Antibody binding to the protein was @bpged both under native and
denaturing conditions (Figure 3.4, field A2 and B2The negative control without
spotted protein (Figure 3.4, row C) did not shomspecific antibody interaction with
the membrane. As an additional positive controtj-monkey IgG was used (Figure

3.4, row D) to confirmed that equal amounts oflamtiies had been applied to all strips.

1 2 3 4 protein spotted:

7 SHIV-1157ip gp160
A multimeric, native

B | SHIV-1157ip gp160
| denatured

PBS only
Cc | no gp160

anti-monkey IgG
(detection control)

=]

RM ab affinity-
purified with
conformational
mimotope
A12.2 (V3 loop)
linear mimotope
AIV12.4 (V3 loop)
wildtype phage
incubated with
RKI-8 serum
linear mimotope
AIV12.4 incubated
with naive serum

Figure 3.4 The conformational dependence of mimotop&12.2 by dot spot analysis with
phage affinity-purified serum antibodies (132). The following were spotted onto the
membrane: row A, native gpl&6.11s7ix row B, denatured gp16Qy-11s7ip row C, no
protein spotted; row D, anti-rhesus monkey IgG. cblumns 1-4, rhesus monkey
antibodies affinity-purified with the following rgants were applied: (1) recombinant
phage A12.2 encoding mimotope identified as con&iomal by 3DEX analysis; (2)
phage AIV12.4 encoding linear mimotope; (3) WT piagnd (4) AlV12.4 incubated

with naive rhesus monkey serum.
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3.2 RESULTS

3.2.1 MDOLECULAR CLONING AND EXPRESSION OFFUSION PROTEINS

In order to analyze if the HIV-1 Env mimotope mogfoups represent common
antibody epitopes found in Top-Ten Cohort rhesuskayg sera with broadly reactive
nAbs (Table 3.1) and to assess the success ahtinenization studies in mice, selected
mimotopes of all groups (except MPER) were clomed fusion proteins and analyzed
with Western blots and enzyme-linked immunosorlaesays (ELISAS).

In order to produce the desired mimotopes as phartusion proteins, the phage
mimotope DNA, encoding for the mimotope expressadtiee M13KE phage, was
cloned into the pPEPTIDE Cloning Vector 1. ThenKimg sequences framing the
mimotope were also included to ensure that the nupe would reach the identical
conformation as expressed on the M13KE phage. owolg ssDNA extraction, the
phage mimotope DNA was amplified via PCR (Figur&).3. As controls for the
Western blot and ELISA experiments, a random phagert obtained during negative
selection (Nc.19; cyclic 7mer) was used.

Y3 Varable Loop C-Terminus IDR KL Contol |:IH_L'.I
o
P ] 23 @
o o - i o o -
o B - [T i = -4 = -
? & & = = = b B - = i = o = @ g
] = = I = = = = S = = = = = o 2
= z =z = z = = < < e Z < < =z z =
-
—

Figure 3.5 Amplification of phage mimotope DNA via P®. All phage mimotope DNA samples
were successfully amplified via PCR. No contamisame seen in the d8 control.

Phage mimotope DNA and pPEPTIDE Cloning Vector 1ADWere both double-
digested using the restriction enzymes BamHI angl &screate complementary sticky
ends for ligation. The digested phage mimotope Dddédnples were run on a 1.6%
agarose gel (Figure 3.6, exemplary for group 1 niqpe samples and Nc.19). The
digested samples run at a smaller size than thegested sample, proving that the
digestion was successful. The digested phage ropeosamples were extracted from
the agarose gel and purified.
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W3 Variable Loop Cantrol
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Figure 3.6 Digestion of phage mimotope DNA samplesAll samples were double-digested with
BamHI and Asel. As expected, all digested sampies slightly lower than the

undigested samples.

The digested pPEPTIDE Cloning Vector 1 DNA was nma 0.8% agarose gel to
analyze the digestion. As shown in Figure 3.7, plesmid DNA was successfully
digested, resulting in two bands at 5022 bp and H24representing the pPEPTIDE
Cloning Vector 1 backbone and the excised targetepr insert. The backbone was

extracted from the agarose gel and purified.

o -

124 bp

Figure 3.7 Digestion of pPEPTIDE Cloning Vector DNA. The samples was double-digested
with BamHI and Asel. The excised insert DNA ruhtha expected size of 124 bp.

45



RESULTS

Phage mimotope samples and pPEPTIDE Cloning Vdcigere ligated in a 3:1 rat
and 5 pl of the ligation mixture were subsequerithnsformed intoDH50™-T1R
competencells.

Phages of the random peptide library requireE. coli strain ER2738 as their hos
This bacterial strain has a reduced genetic « it encodes all 20 amino acids w
only 32 codons< thereby increasing the relative frequy of residues with a sing
codon, as well as removing two of the three stajpos. The DNA of phage AlV12
contains such a removed stop codon (T, whick encodes for the amino ac
glutamine in ER2738. However, the BL21(DE3) stnased for proteinxpression doe
not employ a reduced genetic code. In this str@f( encodes for a stop codc
resulting in a truncated fusion protein. This stgolon was removed by <-directed
mutagenesis: The first base thymine was exchangbdcytosine to procce the codol
CAG, encoding for glutamine. The mutated plasmigse sequenced and succes

mutagenesis was analyzed using the freeware Bi¢Editire 3.8A and Figure 3.8B

Figure 3.€ Site-directed mutagenesis In order to remove the st-codon, ite-directed
mutagenesis was conducted. Thymine at base 25reydaced by cytosine, thi

exchanging the st-codon for the original amino acid glutami

Sixteer colonies of each transformation were picked an@mdxnant plasmid DN/
was isolated froman overnight culture. 1 pg of recombinant plasNA was
digested with the restriction enzyme Eagl in order check for successf
recombination. Successful recombination yielded bands at 3956 bp and 1157 t
Figure 3.9 shows the restriction arsis of the obtained AIV3pl2.7 plasmid DM
samples isolated frc DH5a™-T1R competentells. Restriction digestion of plasmi
of several clones yielded two bands at 3956 bpldad bp (see #1, #2, #4, #5, #6,
#8, #9, #10, #11, #13, #14). Several negativeed@inowed bands running at differ
sizes (#3, #12, #15, #16). Clone Apl2.7 #1 was chosen for subseqt
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transformation of BL21(DE3) cells. Clones defiresl positive by restriction analysis

were also sequenced to screen for potential matatio

* @
~
|
— —
& &
= =
< <

3956 bp —

1157 bp —

Figure 3.9

ANIP12.T #3
AIVIp12.7 #4
AlV3p12.7 #5
AIVIp12.7 #6
AIVIp12.7 #7
AlV3p12.7 #8
AlV3p12.7 #9
AV3p12.7 #10
AlV3p12.7 #11
AlV3p12.7 #12
AIV3p12.7 #13
AIV3p12.7 #14
AIV3p12.7 #15
AIV3p12.7 #16

Restriction analysis of AlV3p12.7 plasmidDNA samples. Purified plasmid DNA
samples were digested with Eagl to screen for pesitlones. As shown for
AlIV3p12.7, most clones could be defined as positiyegwo bands running at 3956 bp
and 1157 bp.

Transformed bacteria do not produce protein in kequantities upon induction. Thus,

in order to select a clone with high protein expras for purification, an expression

screen was performed. Using AlV3pl12.7 as an exaifgge Figure 3.10), some clones

show poor expression of the fusion protein (#2, é@npared to others (#3, #5, #7).

For each mimotope fusion protein, a high level egpion clone was selected (here #5)

and conserved for protein expression and puribealy preparing a 50% glycerol stock

for further usage.

Figure 3.10

Wapld T 85

:
§

ATV 2T 8
FANIQIZ T 8T
ANIpIZ T 8

ANIpIZ T 8l

ANIoE T 8

SANIpILT #)

SANIpIZT &2

Expression screenln order to determine the clone with the highestein expression,
nine clones were induced with IPTG and protein eggion was compared after 5 h. As
shown for mimotope AIV3pl2.7, protein expressiomiec markedly. In this case,

clone AIV3p12.7 #5 was selected for protein puaifion.
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Protein purification is shown for fusion protein\VAp12.7 (Figure 3.11). Little protein
is lost during the filtering process and in thewfithrough and washing steps. Most
protein is eluted during the elution steps E1 a@d Ehe elution fractions containing
the highest amount of protein were pooled for sqbsget buffer exchange and ensuing
protein concentration. The amount of total profamnified from a 300 ml culture varied
between 5 to 10 mg. As shown for the proteinshef¥3 loop, most samples lacked

other contaminating proteins (Figure 3.12).

AnEr Suparnatsm T Wi w3 E1 E2 E3 [T}
Filtering
' v T2
. 8
43
B (g =
e e e _- - - FL ]
-
1w
Figure 3.11 Protein purification. As shown for mimotope fusion protein AlV3p12.itilé protein

is lost during in the flow through (FT) and washistgps 1 (W1) and 3 (W3). Most
protein is eluted during elution step 1 (E1) andE2), which were combined for

subsequent protein gel elution.

ANIp1E.5
A12.2

Me 18
pPEPTIDE
Markar

AlllZ.11
AIVIZA
ANTZ 4

ANIpI27

Figure 3.12 Purified proteins of V3 loop group and bth controls. As shown for all fusion
proteins of the V3 loop group and both controls.@9cand pPEPTIDE) most samples

were free of major contaminants.
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3.2.2 ReaACTIVITY PROFILE OFMIMOTOPES IN THECONTEXT OFFUSION PROTEINS

In order to assess whether the mimotopes are rexamijas part of a fusion prote
Wester blots were performed. R-8 sera of different time points between 2004
2007 were used, as well a panel of rhesus monkey sera with broadly neutraji
activity against different HI-1 clades (To-Ten Cohort (Figures 3.13— 3.15).
Specific bindilg to the mimotopes in the contextthreefusion proteins was observe
especially AIV12., whichwas recognized by R-8 sera of various time points as w
as several other rhesus monkey sera. Batle control sera (RJi2, CF12) did not bi
to the mmotope fusion protein, whereas the positive-His antibody control detecte
the fusion protein migrating at a MW of 26 kDa. the case of AlV12.4, parent
serum from the HIV115-infected human (1157MVP41 taken at 41 months of &
and a serum pocof HIV-C-infected individuals recognized the mimotope asl
(Figure 3.14).

Ki-8 Sera Top-Ten Moitkey Sera {2007) Contiois

RKI-8 December 2004 |

REKI-8 January 2037
arti-His-Tag Ab

RIME-9
RPo-10

= =
o o

RKI-8 2004
¢ | RKI-8 February 2004

| RKI-& Mav 2007
RAC-&
a

| Rile-10

| Rily-¢
RLU-9
RCE-10
I Rdi-z

I CF1Z

| RTs-7

:

26 kDA —» =
|
E=ENRFEEENFE==NEEBE==EEEE EKN==-= KLkl Ers == ElEErd KN ===
== Il Il il —— il i =—— i DS A =—— hail Al =——— Dl AN i =——

Figure 3.1z Detection of AlIV3pl2.5 with RKI-8 sera and sera of the Tc-Ten Cohort by
Western blot. Mimotope fusion protein AlV3p12.5 was detected HyR&KI-8 rhesus

monkeysera samples and serunthe rhesus monkeRTs-7.
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Figure 3.1 Detection of AIV12.4 with RKI-8 sera and sera of the Tc-Ten Cohort by Western
blot. Mimotope fusion protein AlV12.4 was detected by tmR&I-8 rhesus monke
sera samples. Particularly serumthe rhesus monkeyRA0-8, RHy-9, and RT-7
detected the mimotope fusion protein as well ashwman sera sample
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Figure 3.1°% Detection of AIV3pl2.6 with RKI-8 sera and sera of the Tc-Ten Cohort by
Wesiern blot. Mimotope fusion protein AlV3p12.6 was detected HyR&KI-8 rhesus
monkey sera samples as well as all sera of the-Ten Cohort excepfor rhesus

monkeyRHy-9.
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To assess whether the mimotopes in the contexfudian protein have conserved th
structure, ELISAs with sera from R-8 were performed. All mimotope fusion prote
were recognized by serum antibodies of I-8, including the conformational mimotc
A12.2 (Figure 3.16). In order to-confirm that recognition of the mimotope Al:
depends on its structural integrity, a conformalo&LISA was performed. A
mimotopes except Al2.2 showed similar signals botider native and reduc
conditions. Hwever, for A12.2 the signal was reduced when tlo¢efom was denature
(Figure 3.17).

(¥
m

Birling (G0 490-620 rim)

000000 OO
0000000 -
100000 OO AR

Ryl

Figure 3.1¢ Reactivity profile of mimotope fusion proteins by EISA. All mimotope fusior
proteins were tested by ELISA with sera from rhesoskays RK-8 and CF12rve).
RKI-8 sera recognized all fusion proteins except fo¥3d12.6. A fusion protein wit
a random phacdisplayed peptide (Nc.19) and the original vectackbone were use

as negative controls
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Figure 3.17 Reactivity profile of V3 loop mimotope fusion proteins under native and reducec
conditions by ELISA. Detection of mimotope fusion proteins of the V3 gdogroup
under native and reduced conditions did not varyrkedly except for thi
conformational mimotope A12.2 whose detection wasrebsedunder reduce
conditions. A fusion protein with a random ph-displayed peptide (Nc.19) and t

original vector backbone were used as negativer@isni

The binding pattern for RI-8 was confirmed with sera taken at different tinoénfs
between 2003 nd 2007 (Figure 3.1~ 3.21). Interestingly, the reactivity of R-8
serum samples taken from different years with AlMlZaried as this anim
progressed to AID{(110,12€). Bath Western blot and ELISA analysis showed a |
affinity for the early time point in 2004. Howeyeeactivity with this linear mimotog
variec with serum samples taken ater time points (2005 to 2007)Similar results
were observed with mimotope ion proteins Alll12.11 and AlV12.1
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25

Binding (OD 490-620 nm)

Figure 3.1¢

08

Binding (OD 490-620 nm)

0.6
0.4

02

Figure 3.1¢

2004/ 2004/ 2004/11 20051 2005/11 2005/11 2007/ 2007/11

Cross-reactivity of mimotope fusion protein Alll12.11 with RKI-8 sera of different
time points. Sera of n&ve rhesus monkeys -2 and CF12 were used as nega

controls.

2004/1 2004/11 2004/111 2005/1 2005/11 2005/111 2006 2007/1 2007/11

Cross-reactivity of mimotope fusion protein AlV12.1 with RKI-8 sera of different
time points. Sera of n&ve rhesus monkeys -2 and CF12 were used as nega
controls.
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08

Binding (OD 490-620 nm)!

06

0.4

0,2

2004/ 2004/ 2004/11 20051 2005/11 2005/11 2006 2007/ 2007/11

Figure 3.2( Cross-reactivity of mimotope fusion protein AlV12.4 with RKI-8 sera d different
time points. Sera of n&ve rhesus monkeys -2 and CF12 were used as nega

controls.

o
o

Figure 3.21 Cross-reactivity of mimotope fusion protein AlV3p12.6 with RKI-8 sera of
different time points. Sera of n&ve rhesus monkeys -2 and CI12 were used ¢

negative controls
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In order to analyze whether the k-1 Env mimotope motif groups represent comr
antibody epitopes found in sera with broadly reactmAbs, all fusion proteins we
tested by ELISA analysis using T-Ten Cohort rhess monkey sera with broad
neutralizing activity against different H-1 clades (Table 3.1, Figures 3.— 3.24).
Individual serum samples froithree rhesus monkeywere use. Notably, rhesu
monkey sera recognized selected V3 loop mi and the mimotce representing tr
KLIC motif. Mimotope AIV12.4 was shown to be most c-reactive.

In summary, the Western blot and ELISA results skimat the mimotopes expressec
the context of fusion proteins have conserved tteirctural integrity and were tected
by the rhesus monkey serum fr which they had been selected as well as by other

from the cohort.
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Binding (OD 490-620 nm)
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AIN3p12.7
AlV3p12.5
AllM2.11
AlV12.4
AIV3p12.10
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T AIV3p12.6
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pPEPTIDE
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V3 Variable Loop C-Terminus

Mimotopes Controls

Figure 3.22 Cross-reactivity of RA0-8 serum with mimotope fusion proteins Serum of rhesu
monkey RA«8 cros-reacted with mimotope fusion oteins Alll12.11, AIV12.1, ani
AIV12.4 of the V3 loop group, and AlV3p12.6 reseiflthe KLIC motif.
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Figure 3.2 Cross-reactivity of RTs-7 serum with mimotope fusion proteins Serum of rhesu
monkey RA«-8 cros-reacted with mimotope fusion proteiniV3p12.5, Alll12.1, anc
AIV12.4 of the V3 loop group, and AlV3p12.6 reseinglthe KLIC motif.
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Figure 3.2¢ Cross-reactivity of RJa-9 serum with mimotope fusion proteins Serum of rhesu
monkey RA«-8 cros-reacted with mimotope fusion proteins AlV1iof the V3 loog
group, and AlV3p12.6 resembling the KLIC mot
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3.2.3 MMUNIZATION STUDIES INMICE

In order to analyze whether the identified mimo®pee immunogenic, a vaccine study
in mice was performed. One DNA inoculation wasdute prime the immune system
with the entire HIV-1 envelope glycoprotein, folled by phage boosting to focus the
antibody response to a certain area of the mold€udgire 3.25).

Recombinant phages were grouped according to thegatide motifs and selected
phages were combined into five mixtures to immumazee (Table 3.2). All mice
received one initial priming immunization with a BNector encoding gp16&Qiv-1157ip
this single DNA inoculation was previously shownhbi® insufficient to induce binding
antibodies or nAbs (133). After one DNA prime, milce were boosted four times with
recombinant phage particles (intervals of 4-5 wgdksgure 3.25). The obtained
immune sera were checked for binding antibodiestlh@gresence of nAbs.

Immunization
\o V11 V15 Voo Vos | kY weeks
A° A3 A7 A22 A 29 A 34
pre i 1 2 3 4 5
Biood coiieciion
v DNA prime (SHIV-1157ip) ‘ bleeds
V phage mimotope boost ‘ post-phage only
' protein boost (gp160gyy.1157ip) A post-protein
Figure 3.25 Schedule for immunizations and blood clglctions in mouse study (132). After

collecting the initial pre-bleed samples, all misere primed with SHIV-1157ignv
DNA (white triangle; Methods) and subsequently inmized with four phage boosts
(grey triangles) every 4-5 weeks. Blood sampleewdeawn 2-5 weeks after each boost
(black/red/orange triangles). Furthermore, 11 mémeived a final boost with trimeric

gP16Qyv-1157ip (green triangle).

Antibody binding titers for each group against héwgous gpl66&.v-1157 ip Were
measured after the four phage boosts using ELIS#ysais (Figure 3.26A). The mean
titers ranged from 1:125 to 1:1362, and almositratle developed antibodies against the
viral envelope glycoprotein. The lowest titer walserved in the MPER group,
whereas the highest was observed for the C-terndoatain. However, antibody
binding to HIV-1 gp160 does not necessarily coteehaith neutralization of HIV-1.
Therefore, post-phage boost serd' fdeed) were analyzed for neutralization of a
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heterologous HIV-1 clade B strain, HiMe2 s indeed, 59% of the animals had

developed cross-clade anti-HIV-1 nAbs (Figure 3.26Bhe mean 1€ in all groups

ranged from 1:19 to 1:70. Of note, four out of #iemice immunized with mimotopes

representing the C-terminal domain had nAbs, inalgidwvo animals with 16 values >

1:100.
A SHIV-1157ip gp160 B HIV SF162.LS
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V3  C-erminal IDR KLIC  MPER V3  C-terminal IDR KLIC  MPER
post-phage boosts (4" bleed) post-phage boosts (4" bleed)
Figure 3.26 Analysis of post-phage boost {4bleed) mouse immune sera (132)(A) Anti-Env
titers. Reciprocal serum dilution of each mouse tfomeric SHIV-1157ip gp160 is
shown. (B) Neutralization. Bleeds were tested50% neutralization (I63) against

heterologous HIV-dr162.5 1Cso Of each group are shown. Groups represent mirastop
from the V3 loop (V3) and C-terminal domain of gpl(Z-terminal); immunodominant
(IDR), KLIC, and membrane proximal external regidfPER) of gp41l. Red symbols

indicate the use of thé®bleed due to limited serum availability.

In order to assess whether additional boosting wative, multimeric gp160 could
enhance nAb responses, the mice with the highess {6 from the V3, 1 from the C-
terminal, 2 from each, the IDR and KLIC group) wdé@osted with gpl6&v-1157ip
The sera obtained after completion of the DNA prfe@mbinant phage boosts were
compared with the sera obtained after the additipratein boost. Mean Env-ELISA
titers were 1:1,220 after four phage-boosts contpanel:2,748 after the additional
protein boost. This increase did not reach stedissignificance (p = 0.1574, Figure
3.27A).
1sris2..sWere not significantly raised either (p = 0.854 @ = 0.3935, respectively;

NADb titers against both homologous SHI\5Zip and heterologous HIV-

Figure 3.27B), which suggests that maximal immuasponses had already been
induced by DNA prime/phage boosting. Therefore ligher ELISA antibody titer
after the additional protein boost did not correlaith higher neutralizing ability.
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A SHIV-1157ip gp160 B Neutralization
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Figure 3.27 Analysis of immune mouse sera after DNAprime/phage boosting or DNA

prime/phage + gpl160 boosting (132)(A) Anti-Env titers. Reciprocal serum dilution
of each mouse for the post-phage boosts and pasBgpoost is shown. Red symbols
indicate 3rd vs. 5th bleed, green symbol indicat@snatching 5th bleed, both due to
serum restrictions. (B) Neutralization with mousenune sera. Bleeds were tested for
50% neutralization (IC50) against homologous SHINAip and heterologous HIV-
1SF162.LS. Post-phage boosts (triangles) are cadparpost-gpl60 boost (squares).
(C, D) Vaccination-induced antibody responses ajagonformational and linear
mimotopes. Mimotopes were cloned and expressedsianf proteins. The latter were
DNA
priming/phage+gpl160 boosting (squares) of mice inddced antibodies against the

used to test whether DNA priming/phage boostingiarftles) or
original phage-encoded peptide mimotopes. Sera fwo selected mice were tested
for reactivity to each of the mimotopes used inithenunization mixture. (C) Mouse
#1.4, immunized with potential conformational V3pmimotopes. (D) Mouse #2.5,

immunized with linear C-terminal mimotopes.
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3.2.4 ANALYSIS OFVACCINATION-INDUCED ANTIBODIES

In further experiments, it was tested whether awlibs induced by the different
immunogens reacted differently with native versenhatured HIV-1 gpl60. It is
possible that the mixture of similar but not ideati mimotopes may broaden the
immune response and induce antibodies against coafmnal rather than linear
epitopes. The V3 mimotopes show incomplete lineamology to gpl60 and may
contain conformational homologies, whereas the QpC2terminal mimotopes are
linear.

The post-protein boost sera"(bleed) were analyzed for reactivity against natinel
reduced HIV-1 gpl60 by ELISA analysis (Figure 3.28)Two sera from mice
immunized with V3-loop mimotopes showed decreasedig to denatured Env (7-
14-fold). In contrast, the signal obtained withruse from the mouse boosted with
mimotopes representing the HIV-1 gp120 C-terminesrelased only 1.7-fold. These
findings suggest that the V3-loop mimotopes inducadtibody responses to
conformational regions, whereas the gpl20 C-terimmanotopes mainly induced
linear antibody responses.

Mimotope-induced antibodies against the gp4l IDRyFe 3.28; mouse #3.2) showed
slightly higher binding upon denaturation of gpd&@.11s7i Whereas serum antibodies
from mouse #4.2 immunized with the potentially @ynfational KLIC motifs exhibited
decreased binding to denatured protein (Figure)32&gesting that they recognize

conformational epitopes on the viral envelope ghyrotein.
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Figure 3.28 Reducing Env ELISA (132). Mouse immune sera were tested for binding toveati

(blue/orange bars) and reduced Env (black bard)reel mice were immunized with
potential conformational mimotopes (#1.2, 1.4 an#; élue), two mice with linear

mimotopes (#2.5 and 3.2; orange).

3.2.4 MANTI-MIMOTOPEANTIBODIES

In order to analyze whether the last boost witmefic gp16@uiv-1157ip €nhanced the
immune response against the actual mimotopes, eal svere tested against the
mimotope fusion proteins by ELISA analysis. Dudinated availability of mouse sera,
one mouse from each group was selected and ‘thand %' bleeds were used for
analysis (#1.4 and #2.5) (Figure 3.27 C and D)vds$ shown that the protein boost did
not increase binding antibody titers against tlkensiimotopes representing the V3 loop
(Figure 3.27 C). In contrast, the HIV gpl160 bosighificantly increased the immune
response against the linear mimotopes of the Citatngp120 domain by 6 to 9-fold
(Figure 3.27 D). These findings suggest that tefarmational V3-loop mimotopes
induced structure-specific antibody responses Wexe stimulated maximally by the
one-time DNA priming followed by recombinant phageosting. As mentioned above,
the additional Env protein boost did not increadeé fiters.
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These findings support the data shown in Figur@ 812t mainly antibodies to linear
epitopes were boosted by the additional gpl160 prdteost, which resulted in higher
binding antibody titers. However, gp160 boost-icell antibodies did not significantly
improve the neutralization capacity as shown inufeg 3.27 B. Potentially
conformational anti-mimotope responses (as repteddny the V3 and KLIC groups)
were not boosted by the last protein boost (Fi@2& C; data for KLIC not shown). It
seems that the DNA prime/phage boost strategy dlraahieved maximum responses
in nAb titers, although the binding titers showeddmrate but still insignificant
increases after the additional boost with the ergiotein.

The antibody induction against the individual miopgs of each group was also
analyzed with ELISA studies (Figures 3.29 — 3.3&) ee-confirmed the previous result.
It was shown that an additional protein boost witimeric gp16@uv-1157ip further
augmented the antibody response to linear mimotagpebe C-terminal domain of
gp120, the IDR, or the KLIC motif. However, thevas no additional increase in nAbs
(Figure 3.27 B). In contrast, the antibody resgotts mimotopes of the V3 loop on
gpl120 was not enhanced by the additional proteiostyowhich re-confirmed the
previous observation that only linear epitopes vierested by trimeric gp16Qi-1157ip
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4  DISCUSSION

4.1 IDENTIFICATION OF PROTECTIVEEPITOPES

Passive immunization studies in primates challengyétl recombinant SHIVs have
provided strong evidence that antibodies providmmete protection from infection.
These animal studies studies were based on théewpal of primates with SHIVs
before or after passive administration of severah&éin nmAbs (60-68) [reviewed in
(69)]. The corresponding epitopes that have indubtese nmAbs can therefore be
considered as protective. Additionial vitro neutralization studies also proved the
broad reactivity of these nmAbs. These nmAbs aimgd many primary strains of
HIV-1 of various clades alone and particularly wehen used in combination (70-73).
One way to identify such antibodies and their cogrepitopes, is to analyze sera with
high-titer, cross-clade nAbs. Conformational gpé® are of particularly high interest,
as they might represent conserved regions on tkielHinvelope glycoprotein.

One such epitope is A12.2, which had been idedtibig computational analysis. Its
dependence on structural integrity had been coefirhy dot spot analysis, which
demonstrated recognition of native HIV-1 clade CL&p by phage affinity-purified
rhesus monkey antibodies, but none when the pretagndenatured. By screening sera
with high-titer, cross-clade nAbs with random pdptiphage display libraries in
conjunction with computational analysis for confatronal epitopes, it is possible to
select disease-specific mimotopes that may leadth® identification of novel

immunogens.

4.2 Al2.2— A CONFORMATIONAL MIMOTOPE

Despite its sequence variability, the V3 loop appda have a highly specific and
conserved structure because of its role in co-tecapteraction and selectivity (134,
135). Its specificity in co-receptor interactioraynpose a target for antibody-mediated
neutralization (92, 136). The V3 loop mimotopesritified as part of these studies may

represent conformational mimics of this loop andcsssfully induced nAbs in mice.
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Binding of these nAbs to HIV-1 Env was significantreduced after protein
denaturation, which suggests that they are spdoificonformational epitopes on HIV-
1 Env. This finding was further confirmed by ELISfudies with recombinant fusion
proteins. In contrast, sera from mice boosted witinotopes that represent the linear
HIV-1 gpl20 C-terminus failed to show significanifferences in binding upon
denaturation of Env. This finding implies that tM3-loop mimotopes induced
conformational antibody responses, whereas the@g@terminus mimotopes induced
predominantly linear antibody responses. Becabiseeoimportance of the V3 loop in
co-receptor selectivity and its conserved strugtthrese results provide new impulses

for HIVV-1 vaccine research.

4.3 TIME-DEPENDENTVARIATION IN MIMOTOPE RECOGNITION
AND CROSSRECOGNITION OFMIMOTOPES

Mimotope fusion proteins Alll12.11, AlIV12.1, AIV12.of the V3 loop group, and
mimotope AlV3p12.6 representing the KLIC motif exited the highest recognition by
other sera samples from different time points. B KLIC motif, this is not
surprising, given the overall immunogenicity ofstlatructural element. More detailed
analyzes of mimotope recognition across the coofsbe disease and their correlation
with the viral load might provide additional insigds to how strongly these antibodies
correlate with protection of disease progression.

Since all rhesus monkeys of the Top Ten-Cohort tiegeloped high-titer, broadly
reactive nAbs, cross-recognition of the RKI-8 miopss in the context of fusion
proteins was tested by ELISA for rhesus monkeys BABRTs-7, and RJa-9. Cross-
recognition was observed for mimotopes of the V8ploexcept for mimotopes
AlV3pl12.7 and A12.2. Particularly mimotope AlV12e4hibited high cross-reactivity
with all three sera. Interestingly, all mimotopegpresenting the conserved C-terminus
of gpl20 did not show binding to other rhesus mgnkera. Similar results for
mimotope AlV12.4 were obtained with Western bloalgsis. Comparative analysis of
the humoral immune response of sera from rhesukeysrnor patients with high-titer,
broadly reactive nAbs may lead to the identificatiof commen epitopes that have

induced the very same antibodies that conveyecegtion. Of course, this approach
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would yield the greatest success if conducted lamge scale basis, which might not be
feasible in an academic setting.

Epitopes or mimotopes cross-recognized by varieua §om HIV-infected individuals
with high nAb-titers are frequently considered ®vuinerable elements of HIV-1 Env
that may induce effective abs. Dissection of thenbral immune response of such
patients, e.g. by phage display analysis, usuadlgults in the identification of
immunodominant regions, such as the KLIC motif, ethipredominantly induce
antibodies (118). The immunodominance of suchoregis frequently correlated with
vulnerability to neutralization. However, the fusmmcy of epitope-detection is not
linked to neutralization and mimotopes with litthe no cross-reactivity may be of
greater use for the generation of nAbs. The rhesuskey of the Top Ten-Cohort may
have developed an unusually effective immune resp@ygainst the HIV-1 envelope
glycoprotein in the context of natural infectiorerpaps due to the fact that the SHIV
strain, SHIV-1157ip, encodes tlenv gene of a recently transmitted virus. Newly
infected partners from a cohort of HIV discordantgles were shown to be infected
with HIV-1 clade C strains that were more easilytngized than contemporaneous
virus from the person that transmitted the virughiem, but the recently transmitted
HIV-1 clade C isolated also had shorter V-loops7(1838). Env molecules of recently
transmitted HIV-1 clade C viruses may exhibit a enopen configuration with a higher
likelihood of inducing broadly reactive nAbs. Theesus monkey sera with broadly
nAbs from the Top Ten-Cohort may help identify nommunodominant but structurally
conserved domains of HIV-1 Env. Although this ntidie a rare response in the
context of a natural infection, it may be inducathwnimotopes that direct the immune

response only to the part linked to nAbs.

4.4 IMMUNIZATION OF MICE WITH SELECTEDMIMOTOPES

Past immunization studies with whole phage pagicteenerated peptide-specific
antibodies and protective immune responses in dsi(88, 139, 140). However, these
studies were of limited efficacy. Thus, a novel ®Nrime/recombinant phage boost
strategy was developed as part of this work instehdising serial immunization

regimens with recombinant phages expressing minestopAn initial, single priming
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with a DNA vector encoding for the entire gp160 ewmile was introduced, which has
not been shown to induce binding or nAb respon&88)( This initial, single DNA
priming was intended to imprint the immune systeith\whe correct image of native
gpl60 structures, without diverting antibody resms to immunodominant but
ultimately insignificant regions of the viral engpke glycoprotein. It was hypothesized
that the subsequent multiple phage immunizationth wmimotopes of a defined,
singular Env region would focus the humoral immuesponse on significant structural
domains. This immunofocusing strategy was showbeasuccessful and resulted in
anti-Env antibodies. The repetitive immunizatiorihmdistinct mimotopes to focus the
immune response on one or a few neutralizing epgapight yield a larger proportion
and higher titer of nAbs. Although the use of stdd epitopes or mimotopes as
vaccines to focus the humoral immune response atralieging domains is still in its
beginning, several studies have shown the sucdesgfuction of nAbs against V2
and/or V3 (141-143). The phage boosts in thisystuere performed with five different
mimotope groups, each corresponding to designatglons of the envelope
glycoprotein, and helped identify novel HIV Env i@gs that are capable of inducing
nAbs in the absence of the overpowering and distpibfluence of immunodominant
regions, which would have otherwise diverted thenime response: For the first time,
the C-terminal domain of gp120, which had previgusten identified as immunogenic
but never linked to nAb responses, was shown tadadADbs. It is important to note
that the DNA prime/phage mimotope boosts strateggms to have induced the
maximal nAb response to a given domain, since mhdit boosting with native,

multimeric gp160 failed to produce higher nAb titer

4.5 (ODONCLUDING REMARKS

To conclude, these results confirmed the succe8ssohovel approach to induce cross-
clade neutralizing antibodies against HIV-1 Env wmanunofocusing. By combining
phage display and 3DEX analysis, the humoral imnmasponse of a rhesus monkey
with broadly reactive nAbs was dissected and navgigenic mimics that represent
functionally conserved Env domains, such as thdoép or the C-terminus of gp120,

were identified. The employed DNA prime/phage hagisategy yielded cross-clade
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nAbs against HIV clades B and C and was able to tive C-terminus of gp120 to
antibody-mediated neutralization in mice for thstftime.

Given the time-dependent differences in epitop@geition, it might be interesting to
isolate mimotopes from various time points afteleation. This might lead to the
identification of epitopes that are recognized tgtoout the course of infection, which
either may protect from disease progression oresgmt immunodominant regions that
induce antibodies that do not convey protection.

These findings suggest that it might be usefulitead the humoral immune response to
well-defined neutralizing epitopes rather than riamiunize with native molecules or
constructs based on entire molecules. Large migleaontain both neutralizing and
non-neutralizing epitopes and the latter might ditlee humoral immune response. In
addition, most neutralizing epitopes are confororatiependent, which has not been
incorporated into HIV-1 vaccine design so far. tREpimmunogens representing linear
epitopes might therefore fail to induce antibodiesconserved regions and rather
promote the induction of antibodies to regions timaty easily escape the selective
pressure exerted by the immune system.

The results further strengthen the hypothesis thatV3 loop represents a “semi-
conserved region” on HIV-1 Env. Although its primatructure is not well-conserved,
its conserved tertiary structure and conformatiomalify the V3 loop as a promising
target for the development of a HIV-1 vaccine. c8irseveral rhesus monkeys of the
Top-Ten Cohort recognized mimotopes representiegB loop, it may be proposed
that such antibodies play a fundamental role irtrotlimg infection in these animals.
Since the induction of antibodies against HIV-Imite does not necessarily correlate
with the induction of similar and equally potentibadies in human beings, potential
vaccine candidates need to be tested in non-hum@aage models for the induction of
nAbs prior to testing in patients. This requiretnsnemphasized by the fact that the
adenovirus-based vaccine of the STEP trial showenhiging results in mice, but failed
in clinical trials. Therefore, non-human primateodrls will have to be further
optimized to mimic HIV-1 infection in human beings closely as possible.
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5 SUMMARY

ENGLISH

Despite intense research efforts, a safe and eféekllV-1/AIDS vaccine still remains
far away. HIV-1 escapes the humoral immune respdmough various mechanisms
and until now, only a few nAbs have been identifiedl promising strategy to identify
new epitopes that may elicit such nAbs is to dissed analyze the humoral immune
response of sera with broadly reactive nAbs. Tdentified epitopes recognized by
these antibodies might then be incorporated int@acine to elicit similar nAbs and
thus provide protection from HIV-1 infection.

Using random peptide phage display libraries, thprBcht laboratory has identified the
epitopes recognized by polyclonal antibodies ofhasus monkey with high-titer,
broadly reactive nAbs that had been induced afiection with a SHIV encodingnv

of a recently transmitted HIV-1 clade C. The laiory analyzed phage peptide inserts
for conformational and linear homology with compidaaal assistance. Several of the
identified peptides mimicked domains of the origikdlV-1 clade Env, such as
conformational V3 loop epitopes and the conseniedal region of the gpl120 C-
terminus.

As part of this work, these mimotopes were analyipedross-reactivity with other sera
obtained from rhesus monkeys with nAbs and antibmebognition was shown for
several mimotopes, particularly those representitg V3 loop. In addition, these
mimotopes were incorporated into a novel DNA priph@Qge boost strategy to analyze
the immunogenicity of such phage-displayed peptidbice were primed only once
with HIV-1 clade C gpl60 DNA and subsequently bedstwith mixtures of
recombinant phages. This strategy was designEtts the humoral immune response
on a few, selected Env epitopes (immunofocusing) iaduced HIV-1 clade C gp160
binding antibodies and cross-clade nAbs. Furtheemthe C-terminus of gpl120, a
conserved HIV Env region, was linked to the indoictof nAbs for the first time. The
identification of such conserved antigens may lieetthe development of a vaccine that
is capable of inducing broadly reactive nAbs thajhhconfer protection form HIV-1

infection.
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DEUTSCH

Trotz enormer Forschungsleistungen liegt ein smhend effektiver Impfstoff gegen
HIV-1/AIDS immer noch in weiter Ferne. HIV-1 entkont der humoralen
Immunantwort aufgrund mehrerer Mechanismen und daheden bis zu diesem
Zeitpunkt nur wenige neutralisierende Antikorpegntfiziert. Eine vielversprechende
Strategie zur ldentifizierung neuer Epitope, dietraisierende Antikérper induzieren
konnten, ist die Analyse von Seren mit solchen irper. Die dabei identifizierten
Epitope konnten dann zur Herstellung eines Impfstoferwendet werden, der ahnliche
neutralisierende Antikdrper induziert und damit earer Infektion mit HIV-1 schutzt.
Mittels Phage-Display hat das Labor von Ruth Rupirecehrere solcher Epitope von
polyklonalen Antikorpern aus Rhesus Affen mit hdicigien, breit-neutralisierenden
Antikdrpern identifiziert. Diese Antikorper wurdemach einer Infektion mit einem
SHIV induziert, das das virale Hullprotein eines#ich tUbertragenen HIV-1 clade C
Virus enthielt. Die Phagenpeptide wurden auf komielle und lineare Homologie
mittels einer Computer Software untersucht. Mehrdreser Peptide entsprachen
Doménen des viralen Hullproteins, wie z.B. konfolten&3 loop Epitope and Epitope
des linearen C-Terminus von gp120.

Im Rahmen dieser Arbeit wurden diese Mimotope atduKreaktivitat mit anderen
Seren von Rhesus Affen mit neutralisierenden Amgkén untersucht. Dabei wurden
insbesondere die Mimotope des V3 loops von and8exen erkannt. Des Weiteren
wurden diese Phagen-Mimotope im Rahmen einer n&eA prime/phage boost
Strategie zur Immunisierung verwendet. Mause wureiemalig mit HIV-1 clade C
gpl160 DNA immunisiert und anschlieend mehrfach meikombinanten Phagen
geboostet. Mittels dieser Strategie sollte dasumsgstem auf einige, spezielle Epitope
des viralen Hullproteins fokusiert werden (Immurmfsing). Hierbei wurden HIV-1
clade gp160-bindende Antikorper und breit-neuti@lende Antikdrper induziert.

Des Weiteren konnten zum ersten Mal neutralisiezeAatikorper gegen den C-
terminus von gpl120, einer konservierten Region deden Hillproteins, induziert
werden. Die Identifikation solcher konserviertemMtope kann zur Entwicklung von
einem HIV-1 Impfstoff beitragen, der breit neutssdrende Antikoérper induziert, die

vor einer Infektion schitzen kdnnen.
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