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The development of an effective prophylactic human immunodeficiency virus (HIV)
vaccine is a critical global health priority. Howeverdate, all efforts to design an
HIV vaccine have been met withpaucity ofsuccessThe design of an effective HIV
vaccine is challenging, however, the recent isolation of potent broadly neutralizing
antibodies (bNAbs) capable of neutralization across multiple HIV strains suggests
that a properly designed HIV immunogen could develop ant effective vaccine.
The work presented here describes the synthesis of a series of HIV antigens for
functional studies as well as potential immunogens. Five projects are described
herein, probing both the role of carbohydrates in defining the epitd@agiHIV
carbohydrate reactive proteins, as well as approaches to reconstitute these
carbohydratdased epitopes in a synthetic format. In Chapter 2, a series of
oligomannoserirus-like particle (VLP) conjugates representing the bNAb 2G12

epitope wereynthesized and used to probe the specific binding preferences of 2G12.



The synthetic glycaprotein conjugates we highly antigenic toward 2G1Zhapter

3 describes a general method developed to chemoenzymatically synthesize
differentially glycosylated HY-related glycopeptides in a sitefined manner. The
method was used to synthesize of series of glycopeptide antigens of the bNAb PG9.
The method developed was applied in in Chapter 4 toward the synthesis of
multivalently displayed glycopeptides on a VE@affold as PG9 immunogens. The
multivalent glycopeptide display significantly enhanced the antigenicity compared to
monomeric glycopeptidetn Chapter 5 the synthesis of an oligomannose library
containing all intermediate oligomannose glycans M&icNAc: is described

including the associated glycgamnotein conjugatesreliminary binding studies

against a panel of mannesactive lectins and anlitilV bNADbs revealed binding
preferences consistent with the given oligomannose display. Similarly, ineCléaat
library of highly-branched, bisected Galactosedbttylglucosamine terminal glycan
protein conjugateweresynthesizedThe conjugates were designed to present
potential cryptic Nglycan HIV epitopes for use in serum screening studies to identify
novel glycan binding proteins. The work presented has yielded important information
regarding the reconstitution of HIV glyegpitopes using synthetic protein conjugates.
Together, these insights should facilitate the rational design of immunogens that are

better able to mimic the native gp120 epitopes.



DESIGN, SYNTHESIS, AND ANTIBODY BINDING STUDIES OF HIV
ASSOCIATED CARBOHYDRATE ANTIGENS

by

Christian Lawrence Toonstra

Dissertatiorsubmitted to the Faculty of the Graduate Schothef
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2017

Advisory Committee:
Professotai-Xi Wang, Chair
Professor Jeffery Davis
Professor C. Allen Bush
Professor Myés Poulin
Professor Xiaoping Zhu



© Copyright by
Christian Lawrence Toonstra
2017



Dedi cati on

| dedicate this work to my beautiful wife Amy. You have been so patient during this

entire process. Your support helped to complete this dissertation.



Acknowl edgement s

I would like to sincerely thank my advisor, Dr. Eé1 Wang, for his help and
support during my dissertation research. | learned so much under his mentorship. |
would also like to thank the membeifstioe Wang research group for their scientific

mentorship.



Tabl e of Content s

(D= To [ o3 11 o] o VAP RRRRRRY i.
ACKNOWIEAGEMENTS.... ..ot s ii.
Table Of CONIENLS......uueiiiie e \Y
IS o T [ = SR Vi
LiSt OFf SChEMIB......eeiii e e Ix
List Of ADDIEVIAtIONS........ooiiiiii e e e e e e e e e eaan Xi
Chapter LINTrOUCTION........eeiiiiiiiiieiieeee e 1
1.1 Human ImmunodefiCiency VIrUS..........coooiiviiiiiiiieeee e e 1
1.2 HIV INTECHVITY .. 3
1.3 HIV Structure and GEeNOMIE...........ooeiiuiiiiiiiinrersniiibiiieeeeeeeeeeesannsereeeesd 4
1.4 HIV Transmission and Pathogenesis.........ccccccvviiiiieeeiiiiiieeee 7
1.5 Host Immune Response to HIV INfeCtion............ccccoeeiiiiiiecciicieeenn 9
1.6 Current Therapeutic Options (HAART Therapy): Advantages and
[T 011 2= [0 1SRRI 13
1.7 Structure and Function of Env: Viral spike is the main antigenic determinant
for the host ImMmuUuNE SYSLEIML............ovviiii e 15
1.8 ENV Glycan Shield............oooviiiiiiiiiiiee e 17
1.9Role ofHIV Glycan Shieldn Immune ESCa€.............cccoevvrvvrrviiieeneenennn. 20
1.10 Non-CarbohydrateMediated HIV Immune Evasion.............cccccccevvvneen 21
1.11 The Env Glycan Shield as an Immunological Target........................ 24
1.12 HIV-1 VacCiNg DESIQN.........ccoiiiiiiiiiiiiieeee st eeers e 33
1.13 Challenges of Carbohydrdiased Vaccine Design.............ccccceeeennne.. 36
1.14 AntibodyGuided Approach to Vaccine Design.............ccevvvvvviiieeeennee. 38
1.15 LongTerm Vaccination Strategi€S..........ccceeieeeeieeeceeeiiiieeee e e 38
I G 0] o] 11 (0] o U SUUPSPR ¥ |
1.17 REFEIENCES. ...ttt 44

Chapter 22G12Epitope Vaccine Design: Synthesis of Triazbieked
OligomannoseBacteriophage (§) Conjugates to Probe the Speci@ontribution of

the Chitobiose Core on 2G12 Vaccine Serum Recognition of gpl12Q.............! 62
P20 N 1)1 0 To [ o3 1o o S 62
2.2RESUIS AN DISCUSSION. .....uniienieii et e et e e e e e e et e s e sreeseaseeaeasnnes 75
ARG T 0] Tod [0 (o] = 89
2A EXPEINMENTAL......uiiiiiiiiiiiiiiii et 90
S R A=Y= (=] o= 100

Chapter 3Site-Selective Chemoenzymatic Glycosylation of an HIVolypeptide
Antigen with Two Distinct NGlycans via af©rthogonal Protecting Group Strategy

....................................................................................................................... 108
G 70 I [ 04 0 To (W o 1 o] I 108
3.2RESUILS ANT DiSCUSSION. ....uuiieiiiii i et eeeee et e e e e ereme e e et e eaans 110
G TR T O 0] 11 (115 (0] 1= 122
3.4 ACKNOWIEAGEMENLS. ......uiiiiiiiiiiiiiiie ettt 122
S5EXPEeriMENtal..........oi i 123



BB REIBIBNCES. ... ittt 141
Chapter 4Synthesis and binding studies of an a#it¥ PG9 neoglycoprotein
immunogen mimic of gpl2@ttiary structure incorporating synthetic V1V2 loops.

....................................................................................................................... 145
2t I [ ) o Yo U1 o o 145
4.2ReSUItS aNd DISCUSSION......ccuuniiiiiiieiiteceeee e et e et e s et e e e s mmmaa e s eraaeees 152
T @0 o3 11170 1 =S 165
O 01T 11T ] = 166
Y =] (=] (=] [T 172

Chapter 5:Chemoenzymatic synthesis of diverse highnnose Nylycan library and
related neoglycoproteins through tdpwn enzymatic trimmingfaa natural Nglycan

....................................................................................................................... 179
LT A [ 0o (U o 1 o] I 179
5.2RESUILS AN DISCUSSION.....u.ciiviiiiiiiieeetme et e et e s b s seemr e e e eaaaans 182
LIRS O 0] 13 1115 (0] 1 196
N d o 1= ] 41T o = 197
5.5 ACKNOWIEAGEMENLS.......uiiiiiiiiiiiiiiii et 197
D B REBIBINCES. ... .ccieeiiieee e e e et aeene e 206

Chapter 6:Expanding the Nglycan library: Chemoenzymatic Synthesis of a Highly
Branched Bisected Gal and GIcNAc Tenali Tri-/Tetra/and Pentantennary N

GIYCAN TBFAIY...ceiiiiieeee e 210
(70 [ 10 1o [ o3 1o o SR 210
6.2 RESUIS AN DISCUSSION. .. ..uuiietiieiieii e i e ee e e e e e e b emree s eeeaeeens 214
SIRCT 0] 011 [V =] (o] o =R 224
6.4 EXPEIMENTAL......uuiiiiiiiiiiiiiii e 225
B.5 REIEIENCES. . ...e i eeemr e 231

Chapter7: Conclusion and Future DireCtions..............uuvvvememiiccceeeeeeeerennnnnns 235
4% N 0] T [V =) (o o WA 235
A 2 oY (=] (=] (ST 241

Y o] o L= Lo [To =TSSP PPRPR 243

BiDIOGrapNy....ceeeeiiieei e 301



Li st of Figures

Figure 1.1 The number of individuals living with HIV infection hateadily risen

over the pasétédbeéegéaecsééeecéeecée.eée. 1
Figure 1.2 A)After furin cleavage of gp160, the Env complex exists as a
hetepgeneous mixture of functional and nfamctional proteins within the HIV

milieu. B) Non-neutralizing and straispecific Abs do not lead to a sustained

inhibitory response. The conserved epitopes of bNAbs ensure neutralization capacity
across awiderange of Hi¥/straing ¢ ¢ ¢ é é é é é 6 € éééééé. . 8. 2

Figure 1.3 In the context of quaternary structure, gp120 glycosylation exhibits lower
glycan processing and therefoes$ complestype glycarthan recombinant

////////////////////////

monomeric gpl20ééééééééééééécéeééééernéeéécéeé.

s 7 sz

Figure 2.2Model of 2G12 glycan recognitionof gplR2@ ¢ € é . . é € é . €5e . 6
Figure 2.3 Selected multivalent highmannose glycan cluster antigend\)

Tetravalent MagGIcNAC. on a galactoside scaffotmbnjugated to KLH. B) Divalent
cyclic peptide conjugated to OMPC. C) Recombinant yeast proteins bearing
ManeGIcNAC: glycans. D) Magconjugated to BSA carrier. E) Madendrimers on a
CRM-197 carrier. F) Heterogeneous multivalent display of and Magon a Qb
phage particleééééééeéccééééeccéééeecer. éeeceé.
Figure 2.4.Immunogens incorporating natural M@&IcNAc; glycans elicit gp120

crossreactive Abs. Abs raised by immunogens that use synthetic (maoniyge

glycans are not crosgactive with

////////////////////////////

Figure 2.5'H-NMR comparison of MagGIcNAc and Mas(Acyclic-GIcNAc)-

Benzylamine clearly demonstrates loss of anomeric GIcNAc proton signal at ~5.15
Vi



ppm, indicating acyclic structand2eare Anomer i
hiddenunderthe HODpedlké é 6 6 6 6 6 ééééééééééééé. 80

Figure 2.6 MALDI -TOF analysis of oligopmannosgbh coné¢ aigéad esé. 8

Figure 2.7 Inhibition of 2G12 binding to gp12@. by oligomannos® b conj ugat es.
A) Conventional ELISA B) Competitive E.LEE LPBRIBEEEEE
Figure 2.8Inhibition of 2G12 binding to gp12@.. A) D-mannose inhibition of

2G129gp120 binding. B) MagGIcNAc2-Asn inhibition of 2G12gp120 binding.....88

Figure 3.1ESFMS Characterization of doubly glycosylated glycopept#des. €20 . 1

Figure 3.2SPR analysis of PG9 IgG recognition of synthetic V1V2

glycopeptideé é é ¢ é e éééééceééééécéééééeceéeééée. A

Figure 4.1. A)Electron microscopy crystal structure of a PG9 Fab bound to trimeric

gp120 spans two protomeR) Detail of putative PG9 quaternary epitépé é . 48

Figure 4.2MALDI -TOF and SDSPAGE analysis of glyqueptideQb confl&agat es
Figure 4.3 Conventional ELISA binding of V1V2 antigens to apirected PG9

bNAbé . . . . . . . L s

Figure 5.1 A) Separation of isome&6 was well resolved via 2IBIPLC. B)

HPAEGPAD analysis of MasiwGIcNAc.Asn reveals the formation of two

vii



Figure 6.1.Diversity of Nglycansonovalbuminé ¢ é e é e ée .. . ééé. 215

predominance of oligomannose andhg-type glycané ¢ é ¢ ¢ é ééé. . . . . 218

glycang é e ééeééeééececéeeéeééeceéécéeecée. . . €219
Figure 6.5HILIC-HPLC analysis of GIcNA¢erminalglycané ¢ é ¢ é ¢ é . . . 220
Figure 6.6 HILIC-HPLC analysis of @-terminal OVAglycané ¢ é ¢ ¢ é . . . . 221

viii



Li sSclbé mes

Scheme 11 Cross section of HIV. The main surface antigen and target of vaccine
designonHIV1isgpl2@ é e é é ¢ ééeééecééeééeéeéeééeée. . b5

Scheme RHI V Life Cycleéééeeeeéeéééééceeceeecece.

Scheme 1.3nnateand Adaptive immune responses to Hi\infectioré é ¢ ¢ . . € 9

Scheme 15 A) Sequential immunization strategy: same neutralizing epitope
presented on different scaffolds may promote affimgturation of crosseactive
antibodies that focus on the shared epitopa&8-Bgll lineage immunogen
designéééeéécécécéeéeéeéeéeéeéecécécéecéc.
Scheme 2.TTop-down chemoenzymatic synthesis of alkyfagged chitobioseore

,,,,,,,,,,,

containing oligomannose glycan lling block® é e é ¢ ¢ é éééé . . e é7. . 7

////////

rrrrrrrrrrrrrrrrrr

rrrrrrrrrrrrrrrrrrr

ViV2 cyclicpeptidé e é é e ééeééeééeééeééeéeéee. . .8 ..11

iX

ée

. 40



Schemed.1 Synthesis of GIcNA&ontaining peptides using orthogonally protected

buildingblock# ¢ e e e é ééeeeéééeeeceeéééeeeceeéé. . e415

N160.B) Transglycosylation of orthogonally protected peptideé ¢ € é ¢ . . 6 15
Schemed.3 A) Transglycosylation (Majox) of single GIcNAc acceptor peptide at
N160.B) Transglycosylation of orthogonally protected peptideé ¢ ¢ é . . é . 158
Scheme5.1 Top-down chemoenzymatgynthesis starting from Ma@IcNAcAsn

yields oligomannose glycans MaGIcNAC,cASnF moc é e éééeééeéé. . 184

glycans MansGIcNACcASnRF moc é éééeééeééeéeééeéeé. .. eéeée. 189
Scheme 5.Deblockig amineterminus to exchape t ags wi t h mal ei mi de
Scheme 5.4ulfhydryl functionalization of native BSA and subsequent formation of

the oligomannos8SA conjugates (50 mM phosphate buffer, 5 mM EDTA, pH

7.5)¢éeééeééekecéééececeéééeececeééeeeceée. .. . e.1093

//////////////////

Scheme7.2 Expanding the highHpranched complekype N-glycan librarg € . 23



Li sAblofevi

9-Fluorenymethyl

Acquired immunodeficiency syndrome
2-Aminobenzamide

2-Aminobenzoic acid

Antibodies

Antibody-dependent cytotoxicity

C-C Chemokine receptor tyfte

Antigen

Bovine serum albumin

Broadly reutralizing antibodies
Calnexin

Calreticulin

Cluster ofdifferentiation 4
Complimertarity-determining region
Copper(l) catalyzed alkyrazide cycloaddition
C-X-C Chemokine receptor type 4

at

ons

Fmoc
AIDS
2-AB
2-AA
Abs
ADCC
CCR5
Ag
BSA
bNAbs
CXN
CRT
CD4
CDR
CuAAC
CXCR4

Dendritic celtSpecific Inercellular adhesion molecuBGrabbing Norintegrin

Distortionlesseenhancement bgolarizationtransfer

Electrospray ionizatiotMass spectrometry
Endopasmic reticulum

Enzymelinked immunosorbent assay
Fourier transform ion cyclotron resonance
Germinal center

Heteronuclear single quantum coherence spectroscopy

Highly active antirabviral theapy
Human immunodeficiency virus
Inferred germline

Intrinsic mannose patch

Keyhole limpet hemocyanin

Matrix-assisted laser desorptiamizationTime-of-flight

Membraneproximal external region
Naturd killer cells

Neutralizing antibodies

Nuclear magnetic resonance
Outer membrane protein complex
Ovalbumin

Polyamidoamine

Polymerase chain reaction
Potential Nglycosylation site
Protorrproton correlation spectroscopy
Selection with modified aptamers

Xi

DC-SIGN
DEPT
ESFMS
ER
ELISA
FTICR
GC
HSQC
HAART
HIV

iGL

IMP

KLH
MALDI -TOF
MPER
NK

NAbs
NMR
OMPC
OVA
PAMAM
PCR
PNGS
'H-'H-COSY
SH.MA



Solid-phase peptide synthesis
Samatic hypermutations

Toll-like receptor 4
Immunoglobulin G
Trimer-associated mannose patch
Unmutatel common ancestor
Virus-like particles

Soybean agglutinin

Xii

SPPS
SHM
TLR4
IgG
TAMP
UCA
VLPs
SBA



Chaplt erntroducti on

1.1  Human Immunodeficiency Virus (HIV)

The Human immunodeficiency virus (HIV) remains one of the most tenacious
infectious diseasesonfronting modern science. The global HIV pandemic has
infected over 60 million and claimed the lives of over 25 million people since the
discovery that HIV is the cause of acquired immunodeficiency syndrome (AIDS)
over 30 years ago. As of 2014, it isiestted that there are 37 million people globally
living with HIV infection (Figurel.l). In addition to the staggering cost of human
life, recent antiretroviral therapy options that keep the virus in check, also extend the
lives of those infected, leadirtg enormous health care costs to care for the secondary

infections and associated symptoms of the increasing number of people living with
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Figure 1.1.The number of individuals living with HIV infection has steadily risen
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There are two broad epidemiological patterns that are observed in the global
distribution of HIV-1 infection. InconcentratedHIV -1 epidemics, occung in the
majority of countries, HIVL infection is detected in specificask groups (i.e. sex
workers and injection drug users). In contrast to concentratedlliMdemics, the
epidemics in many suBaharan countries ageneralizedn that they arself
sustaining in the population (i.e. between married couples and mother to child
infections).?

One of the major obstacles in treating HIV is its high degree of genetic
variability. There are two known HIV types that are capable of infecting humans
HIV-1 and HI\A2. It is widely assumed that HIY alose from a crosspecies (i.e.
zoonotic) transmission of a chimpanzee virus to hunfdrSimilarly, HIV-2 is very
closely related to the simian immunodeficiency virus endemic to sooty mangabeys.
HIV-2 infection is highly localized, especially in comparison to globally prevalent
HIV -1, infecting individuals in primarily West Africa and Indradditionally, for
unknown reasons, HP2 is far less pathogenic than HI\N characterized by a slower
progression to immune deficiency and lower transmission efficiency between
individuals. © The limited range and slower progression of FVias driven research
efforts for focus primarily on HIVL. HIV-1 is characterized by three distinct groups,
marked by distinct genomes, labelled M, N, and O, where group M is the most
common. Group M is further divided into 9 distinct subtypes called clad&s AH,

J, and K). The genomes between the cladesraiindiffer by 1520%.’ The

prevalence of a particular H¥Y clade is regional, with each geographic region



dominated by one or more cladecreasingly, recombinant strains are also being

detected.

1.2 HIV1 Infectivity

Transmission of HIV, irrespective of the route of infection, is predicated on
t wo variables, the infecti ouwaspsmgtiagtheof t he f
virus, and the idiosyncratic susceptibility of the naive HoBhere is a direct
correlation between viral burden in the blood and infectiousness. It has been generally
observed that the infectiousness of the index case is gir@atbe acute stages (first
3 months after the transmission event), as the immune system is still naive and can
offer no resistance, and in late stage infections, due to the effects of attrition on the
immune system such that the infected host can rgeloattempt to clear the virus.
Late stage infections are also aindication of low CD4 counts, which similarly
indicates high viral burden in the host. In contrast to the relative constancy of the
factors of hfectiousness, there is little uniformity in human susceptibility to-#IV
infection. The factors impacting HH susceptibility are diverse and in large part,
poorly understood. Resistance to infection appears to reflect a combination of genetic
factors,innate resistance, and potentially even acquired resistance. The best
characterized example of the impact of genetic factors in conferring resistance to
infection is the deletion mutation of the gene that encodes-thelizmokine
receptor type 5 (CCR5).@R5 is a cereceptor critical for cell entry in the early

stages of infection, with majority of HN clades utilizing CCR5 macrophagepic
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receptors (see sectidnd). 1° People that are homozygous for the CQREtion

display a profound resistance to HMinfection, presumably due to the inability of
HIV to enter the target host cells and initiate the infection cycle. Subsequently the
converse is also true: higher expression of CCREeceptors have been assted

with higher susceptibility to HIV infectiort! Individuals homozygous for the

CXCR4 deletion display a similar resistance to HIV infectidnOther mutations
conferring resistance to HAIL have been reported, however, the extent of protection
is lower and the reasons for resistance are largely untiear.

1.3 HIV Structure and Genome

Like all viruses, the struate of HIV is quite simple. HIVL relies on the host
cell for many of its structural requirements, leading to a limited number of requisite
transcribed biological structures. HIV is a single stranded RNA, enveloped lentivirus.
Composed of a small numbermfteins, the two copies of single stranded RNA are
the entire viral genome. The genome only encodes three major polypeptide gene
products, Gag, which provides the structural requirements for HIV (i.e. viral matrix,
capsid, and the nucleocapsitf).Pol contains the information to expressal
enzymes (including protease, reverse transcriptase and integtd$e) final gene
product, Env, forms the viral spike, a transmembrane protein that decorates the outer
surface of the virus and isdgorporated into the lipid bilayer envelop during viral

budding (see Scheniel). 141



HIV-1

Scheme 1.Lross section of HIV. The main surface antigen and target of vaccine
design on HIV1 is gp120 (gpl120 struciadapted with permission from the

publisher).1®

The viral spike of HIV, the major antigenic determinant of the virus, is
composed of a heterodimer of trimers, a membsgaaning portion, gp41, and
surface protein gp120. The initial Env protein begins as a singlprptein gp160,
and the mature viral spike forms upon furin cleavage. Trimeric gp120 mediates viral

entry into host cellst’



Co-receptor
(CCRS5 or CXCR4)

Integrase
y— Provirus

Proviral \‘ ] D
Transcription P[\ viral

mRNA

Scheme 1.HIV Life Cycle

Cluster of diffeentiation 4 (CD4) is the main receptor for HIV. HIMtropism
is further defined by two ececeptors & cytokine receptor 5 (CCR5) or CXC
chemokine receptor 4 (CXCR4¥2° CD4 is expressed on a number of
immunobgical cells including T lymphocytes, dendritic cells, and macroph&ges.
All three types of cells subsequently contribute to propagating thelHi¥ection.
Cell entry by the virus is mediated by the interactbthe gp120 subunits binding to

CD4 on CD4 T cells. A significant conformational change in the viral spike is
6



observed during binding? The membrane spanning protein, gp41 initiates fusion of
the viral and host cell membranes, releasing the viral capsid into the host cell
cytoplasm 23 Within the cytoplasm, the viral reverse transcriptase (RT) produces
double stranded DNA from the viral RNA template. After import of the viral DNA
into the host cell nucleus, the viral integrase splices the viral DidAhe host
genome creating a proviruS.Upon incorporation of the viral DNA into the host cell
genome, the host c e lslexplsitedto paodused vimat proteinsa | ma c h
enabling the formation of new virion®.The newly packaged virions bud from the
cell aurface, gaining the final envelop, and undergo maturation leading to fully
functional viruses?* Depending on the host conditis, the HI\:1 can persist in
memory T cells as a provirus for extended periods, avoiding eradication by anti
retroviral therapy?>2° It has been demonstrated that proviral reservoirs are
preferentially derived &m quiescent T cells, rather than active T cells undergoing
clonal expansior?’

1.4 HIV Transmission and Pathogenesis

HIV-1 transmission occurs primarily via intravenous exposure and via entry
through thevaginal or rectal mucosa. The mucosa acts as a barrier stymying HIV
access to host cells susceptible to infection. HIV penetrates the mucosal layer by
several means, including endocytosis, transcytosis, and migration through epithelial
junctures?® The initial HIV-1 infection is usuayl established by a single founder
virus; this creates an immunological bottleneck, and a successful vaccine would
primarily be required to induce an immune response capable of eliminating the initial

virus before escape variants are° Subsequent to the initial exposure, HIV



infection follows a series of phases with defined characteristics. During the eclipse
phase of the HIV infection (the first B days following exposure), there is no
detectable viral RNAresent in the plasm&. However, immediately following this
ostensibly quiescent phase, there is an exponential increase in viral levels, termed the
acute phase, with the viral load peak betwee@2tays. The acute phase is
characterized by a pronounced adaptive immune respd3@8" T cells are

activated, the humoral immune response ramps up and seroconversion of antibodies
occurs. There is also a measurable loss of'dDeells during the acute phaséThe
activation of the immune response leads to infhadike symptoms that assist the

virus in spreading to the lymph nodes, rich in CXCRLR5/CD4" T lymphocytes.

32 After the virus reaches the lymph nodes, a significant loss of T lymphocytes is
observed. At the close of the acute phase, viral levels decline until a viral set point is
reached corresponding to the pressure from the rising adaptivene response. As

the infection reaches this final stage, the virus is difficult to detect and only very
slowly targets CDAT lymphocytes, which nearly return to gréection levels.

During the final stage of infection, HKY continually evades immursairveillance by
developing escape variants. The gradual attrition of QD¥mphocytes eventually
weakens the immune system, leaving the host vulnerable to opportunistic infections,

which indicates the progression to AID3.
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1.5 Host Immune Rsponse to HIV Infection

Innate resistance in HK infection has been a considerable challenge to
characterize. The degree of resistance to infection during the initial exposure is
thought to reflect both the native host microbial flora andrimaunologic mucosal
defenses. There are two major cellular contributors to thelHhhate immune
response, dendritic cells (DCs) and natural killer cells (NK). During the initial
transmission event, HAZ must pass through the mucosa and breach the robust
epithelial wall to contact the target host cells (CD4ells).3® The mucosal barrier is
rich with dendritic cells that capture HY. DCs express pattern recognition
receptors that act as viral sensors (Sch&r@e Viral recognition by DCs leads to the

9



upregulation of chemokine production, inducing inflammation and recruiting
activated HI\A1 target cells, which leads to local amplification of the infectitn.
DCs also act as antigen presenting cells, which accelerate the adaptive immune
response to HIM infection. In rare indiiduals that are functionally nenfected due
to immune control over viral production (i.e. exposed uninfected individuals, long
term nonprogressors, and eliontrollers), DCs have decreased-pritammatory
cytokine production, and increased antigeesenting propertieé® These anomalous
featuresinse al | e<dodaet bt eersd are thought to cont
progression of the HM infection. Natural killer cells are also found in thesibé
HIV-1 infection and have been found, in conjunction with DCs, to be a critical
checkpoint in shaping the adaptive immune respcfidée interactions between
NKs and DCs is multidimensional. There is aceded crosstalk between NKs and
DCs with the ratio of NKs/DCs determining the nature of the etaiks®® At high

NKs concentration, NKs kill immature DCs, concentrating the DC response to just
maturated DCs, thef@e only mature DCs fully present HHY antigens to licensed T
cells, leading to a directed immune response to-HI¥ather than one that is diluted
by immature DCs?’ Conversely, at low NK concentrations, DCs activate NKs,
priming them to kill H\A1 infected CDA T cells.®” In this way, even with a weak T
cell response, the infection can be controlled early and confined to the site of the
transmission event. In the caseaofHIV-1 progressor, the crosalk between NKs
and DCs is thought to be lost, resulting in an amplification of inflammation and
progression of the infection at the site due to high levels of immature DCs (not

regulated by NK respons€). Moreover, aberrations in antigen presentation by DCs

10



could lead to ineffective T cell responses, gittemfailure of NKs to kill immature
DCs due to inappropriate NK/DC cretsk. 28 Other smaller contributions by the
innate immune system have also been implicated intemy HIV-1 control,

however, the sourced wiral suppression are largely unclear.

In addition to the innate response, the adaptive immune system plays a critical
role in HIV infection. During an effective immune response to a viral infection, both
neutralizing (NAbs) and neneutralizng Abs (noANAbs) are simultaneously
stimulated. In the context of HIV, a NAb is defined as an Ab that binds specifically to
a critical feature of HIVL Env, preventing viral transmission to its cellular CD4
receptor. A nofNADb is defined as an Ab thatrias specifically to nowritical sites of
HIV -1 proteins, which is unable to prevent viral binding to Ci3Zhese two classes
of Abs work synergistically to etribute to antiviral immunity by four major
pathways. First, the NAbs neutralize free virus particle, preventing cellular uptake.
Second, both classes of Abs stimulate the complement system leading to
complemenimediated lysis of both free virus particksd infected host cell$®
Third, both classes of Abs are critical for opsinizatioediated phagocytosis by both
macrophages and other cells. Finally, bothbdAnd nosNAbs trigger viral
destruction via Aldependent cellular cytotoxicity (ADCCY HIV -1 is able to
escape complementediated destruction facilitate¢ BlAbs/norNADbs, by
harnessing an immunotolerance mechanism, the incorporation of a host derived
membranebound hCD59 receptor during viral budding, which regulates complement

response against host céfis.
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Beyond activation of critical Affacilitated antiviral immunity, nosNAbs are
unable to prevent viral entry into target cells. However, it has been repeatedly
anomalously observed that the major titers of-E#t¥ Abs raised upon viral
challenge are neNADbs.*° This paradoxical observation obfuscates typicakainai
immune rationale, given the obvious superiority of NAbs, which can activate
extraneos anttviral pathways while simultaneously blocking viral entry into target
cells. The key to this unusual observation lies in the heterogeneity of the Env protein
on the surface of HIV capsid. Successful viral entry into a target cell requires intact
trimeric gp120. However, it has been well established that gp120 monomers can be
shed from the HIV capsid, resulting in a heterogeneous presentation to the immune
system 9 It was initial thought that only gp120 monomer was sufficiently labile to
dissociate, leaving trimeric gp41 stumps with varying degrees of gp120 association.
The presumed stability of the gp4Intgr was based on the strength of the association
in the prefusion state, however, it has been shown that the stability of gp41 trimer
association decreases in the padstivage staté’ Studies have shown thatamp
gp120 monomer shedding, the gp41 stalks are able to dissociate and move freely
through the membrane as trimers, dimers, or monomers, with or without an associated
gp120 monomer (Figurk.2). The observed heterogeneity present on the viral
envelop has imortant implications in the development of the humoral immune
response. The heterogeneity gives rise to the observeAlos (raised against
Ajunko Env proteins) as well as the NAbs
This observation also expmhs the source of neNAbs inability to prevent viral

transmission. The neNAbs are raised against the aoautralizing face of gp120
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(trimer-associated face) which is normally occluded in the trimeric context. These
highly antigenic nomeutralizing epibpes are accessible only on monomeric and
dimeric forms of gp120, which are ndmnctional and cannot facilitate hesgll

entry. Conversely, NADbs target the solvent exposed neutralizing face of gp120 and,
depending on the quaternary preferences (requiresnef a given epitope, are

largely focused on intact Env proteins (i.e. trimeric gp120). Moreover, the dense
glycan shield (discussed at length in secfidd) on the neutralizing face (solvent
exposed) of gp120 obscures access to the conserved pegtiges on the gp120
surface. The limited access to peptide epitopes focuses the neutralizing humoral
response against largely carbohydiagsed epitopes. During-&ll priming, there is

a selection process in which the viral particle is viewed as aediagjet. Affinity

selection of gerniine B-cells mandates the amplification of higtegfinity clones in
preference to those of lower affinity. As a corollary, the development of Ab responses
toward each of the antigens on the viral capsid surface isigent on their relative
accessibility to Ab binding. Therefore, the high accessibility of thefanational
ijunko forms of Env may expl*Fnaly,thdhe ostens
initial NADb response istrainspecific, and the neutralizing epitopes are subsequently
lost upon the emergence of viral escape variants.

1.6 Current therapeutic options (HAART Therapy): Advantages and Limitations

Within a few years of the discovery of the virus, the Bnstiretroviral drug
against HI\{1, azidothymidine, was approved for therapeutic tiSEhe high rate of
HIV-1 mutation to overcome arnttroviral therapy has led to the rapid development

of a host of drugesigant HIV strains. The development of drug resistance in HIV
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has necessitated the coincidental development of a large number of inhibitors. The
inhibitors can be divided into six basic classes, categorized according to their
mechanism of action, nucleosidaalog reverse transcriptase (RT) inhibitors,-non
nucleoside RT inhibitors, integrase inhibitors, protease inhibitors, fusion inhibitors,
and entry inhibitors** HIV is characterized by an error prone reversesteptase,
leading to a high rate of mutation and the selection of-desigtant escape mutants.
4546 The selection of escape mutants (referred to as-gpasies) quickly overcomes
single therapeutic treatmeiand has therefore been replaced by the use of a cocktail
of at least three inhibitors, called highly active antiretroviral therapy (HAART).
HAART therapy has revolutionized HIV treatment, making a previously fatal disease
treatable. In certain cases, HAART therapy has increased tlexpirtancyo near
normal levels?®

Unfortunately, despite the successes of HAART therapy, it is far from a cure
and there are a number of significant limitations. There are a high number-of side
effects assoctad with HAART therapy that, when combined with the complex daily
treatment regimens, often lead to patient compliance issues. Discontinuing HAART
therapy results in an almost immediate relapse to initial viral load levels, as HAART
therapy is unable to adicate latent viral reservoirS.Additionally, there are a
number of chronic health problems associated with-tengy HAART therapy. A
major pathology associated witongterm HAART therapy is chronic liver disease.
Indeed, encstage liver disease is a major cause of death in patients receivirg long
term HAART therapy?® While HAART-related toxicities are identified as the main

cause of liver damage, chronic HIV infection, even when suppressed by HAART, has
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been shown to contribute to the pathogenesis of liver fibrosis via activation by gp120
of the Toltike Receptor 4 (TLR4J TLR4 is thought to form a eoluster receptor

with CCR5, expanding the repertoire of cellular proteins propagating the gp120
signals. TLR4 activation with CCRS5 -@ustering by gp120 signals a cascade event
leading to proinflammatory and profibrogenic signdhe ability of HIV to maintain
persistent immune activation and the associated accelerated liver fibrosis progression
even with the intervention of HAART remains a major obstacle to effective HAART
therapy*°

1.7 Structure and Function of HNY Env Protein

One of the most effective evasive defenses of-H ¥ thehostderived lipid
envel ope that assembled virions obtain
plasma membrane. During the budding process, various glycolipids can be
incorporated into the viral lipid bilayer, and, as they are-teswed, the abilit of B
cells to respond to these antigens is severely limited due to antig¢oleselhce
mechanisms+°? In addition to masking the virions, some of the kaestived
glycolipids can facilitate viral infectiorzor example, sialylated viral envelope
glycolipids (gangliosides) have been shown to interact with cellular lectin receptors,
sialic acidrecognizing Ig superfamily lectirk (Sigleel), on DCs, potentially
enhancing the infectiod®>* An interesting exception to the largely protective role of
hostderived glycans in HIV immune evasion, is the observation that during
transmission, HIVL primary virions can carry neself ABO blood group antigens
from the infectedndividual. >>°® Therefore, viruses from A or B donors show

sensitivity to antA or antiB antibodies from donors that were discordant with the
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recipients blood group?® 6 Despite this minor exception, the halgtrived glycans
(both glycolipids and glycoproteins) are an extreméigotive shield that protects
HIV.

Beyond the hostlerived glycolipids, the major antigenic determinant on the
surface of HIV is the viral spike, composed of the glycoproteins gp41/gp120. Both
components of the metastable viral spike in itsfpsgon state are involved in CD4
receptor binding. Upon CD4 binding, the ffusion state undergoes a dramatic
conformational change that instigates fusion of the viral and host cell membranes.
Gp120 has a highly variable surface composed of five variatyes I0/1V5)
dispersed among five constant regiofis>*°* While gp41, responsible for fusion
mediation, is far more conserved and simple. Gp41 is composed of only four
components, an ectodomain, which interaath gp120, a membrane proximal
external region (MPER), the transmembrane domain, and a cytoplasnfit Thi.
conformationally dynamic nature of Env, together with the high level-of N
glycosylation (carbohydrates comprise ~50% of the total weight gp120, making it one
of the most highly glycosylated proteins to date) has made elungdhe structure of
Envachallenge?Nevert hel ess, Peter Kweraygrgsl gr oup i
structure of CD4&omplexed monomeric gp120 nearly 20 years dg8ubsequently,

a number of studies using bothrXy crystallography and cryelectron microscopy
(cryo EM) have generated a number of structures of gp120, both free and receptor
bound, and monomeric and trimerig>%61 6369 The structural studies have yielded
unprecedented access to the {filetails of gp120 structure and have helped facilitate

informed antigen design. A major innovation in characterizing thed@tsls of the
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trimeric gp120 structure has been the development of recombinant trimer mimics
(BG505 SOSIP.664), with mutations introduced that stabilize the structure while
maintaining the native conformation and antigenic propertiés.

The structural studies of monomeric gp120 have revealed a common fold
consisting of an NMerminal inner domain and at€rminal outer domairt® The inner
and outer domains are comted by a bridging sheet, composed of fstrands
forming an antp a r a-shieet™P A nimber of significant structural changes occur
to the viral spike, induced by CD4 receptor binding, a process characteyiaed
large unfavorable change in entrop¥’® Receptor binding results in the formation
and stabilization of the egeceptor binding site within the viral spike, triggering the
insertion of the hydrophobic gp4l-tdrminal fusion peptide into the target cells lipid
membr ane. Rear r an-pelixpeomeitsinw & hatrpiike dgnaid 1 U
within each of the three gp41 subunits creates-aalixal bundle, driving membrane
fusion.®?

1.8 Env Glycan Shield

Env glycosylation plays a dual role in the viral life cycle. The glycan structures
can contribute to disease transmission by interacting with host cell receptors (i.e.
lectins on DGSIGN shulttle the virus to CD4T lymphocyte rich lymph nodes). The
glycan structures also act as a shield to hide the highly antigenic protein surface from
immune surveillance. The profound ability of HIV to withstand the host humoral
immune system, despite the presence of-titgh antiHIV antibodies, is largely
attributed to an evolving glycan shield, together with the-nggé of mutation,

characteristiof a small RNA virus®® The extraordinary level of inked
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glycosylation, with an average of 93Iiked glycans on certain trimer strains, makes
a formidable immunological defensé.Indeed, studies have shown that only 19% of
the gp120 protein surface is solvemicessible, with only 3% accessible to the Fab
domain of an IgG Ab, the rest of the surface is occluded by glyeHRach Nglycan

is encoded by a characteristic tripeptide sequencexXASer/Thr (where X can be

any amino acid except proline), referred to as thgiydan sequor>
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HIV glycosylation is derived from host glycosylation machinery, facilitated by en
bloc transfer of a doliceinked GlaMansGIcNAC: precursor glycan onto nascent

polypeptides by oligosaccharyltransferasehay extrude from the ribosome into the
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lumen of the endoplasmic reticulum (ER) (Scheim®. During the calnexin
(CXN)/calreticulin (CRT) folding cycle, the GdelaneGIcNACc: precursor is trimmed
down to MarGIcNAc,. Gl ycan processi nngannasidasei n t he ER
ordinarily yields MaBGIcNACc,; however, the high spatial density of glycans on
gp120 results in stymied glycan processing, yielding a mix ofsMaltNAC,

glycans (Schemg.4). For noncongested MNylycosyldion sites, further glycan
processing occurs in the Golgi via trimming by glycosidases and modifications by
glycosyltransferases, resulting in a mixed display of various forms of oligomannose
glycans, as well as highly processed complex and hyjpiel glycans.”” Because the
N-linked glycosylation on Env is hedrived, the glycan shield is latgerivileged

from Ab recognition through immune tolerance mechanigiosexample, Ab cross
reactivity of viral Nglycans with host MNjlycans (selrecognition) would lead to
anergy or apoptosis of the glycan reactive B ¢&lthough hostglycans are
immunologically silent, Abs are capable of recognizing-gself glycosylation (i.e.
blood-group antigensY® HIV gp120 glycosylation is heterogeneous and depends on
the strain, stage of HIV infection, the type of cell producing thesyand the

oligomeric form (i.e. monomer versus trimé¥)Moreover, there are several unusual
feature to gp120 glycosylation that enhance the antigenicity and support the notion
that the glycan shield is a ‘Wil target for vaccine design. HIV glycosylation is
generally divided into three distinct regions. First, in the regions of gp120 that are
close to the trimeric interface (the interprotomer region), the steric inaccessibility of
glycans to glycosidase enmgs at the trimer interface results in an enrichment of

highmannose ype gl ycans (redsesoeidated amanrmes &tp:
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(TAMP)). The second region is related and referred to as the intrinsigrtaghose

patch (IMP). The spatial distribuncof potential Nglycosylation (PNG) sites within

the IMP is very close, resulting in dense glycosylation, and steric hindrance to glycan
processing, yielding mostly unprocessed oligomannose glycans. This site is centered
around the N332, N334, N392, an@9%6 PNG site$! 82 The remaining portions of
gp120, outside of the protomer interface and regions of dense glycosylation, have
been shown to bear more highly processedpiex or hybridtype glycans. The
preponderance of oligomannose glycans on gp120 show a lower structural variation
when compared to hesell glycoproteins. Moreover, the oligomannose glycans tend
to form clusters on the Env surface that are immunologidatinctive from host
glycosylation. Broadly speaking, the display of the fuesived glycans in a viral

protein context can yield a modicum of differentiation and serve as the basis for
targeting the Env glycan shief.84

1.9 HIV Glycan Role in Immune Escape

The Env glycan shield is dynamic and it is constantly evolving in different
strains to avoid recognition by newly produced NABJ he degree of PNGS
plasticity for trimeric spike is limited by the unique glycan structural feature,
particularly the IMP, TAMP, and the naglycosylated CDbinding site. These
features of the Env architecture, including the relative number of PNGSs, are
suprisingly maintained in spite of years of viral evolution. Indeed studies have
indicated that in certain strains up to 60% elifked glycans are highly conserved.
8 Oligomannoséype glycans are the most higldgnserved PNGSs, suggesting an

essential structural role of these glycans in the viral life cycle. Significantly, the
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escape mutants display rcandom mutations in the PNGS, conserving both the
spatial distribution, and the specific identity of the ghycsuggesting conservation

within the glycan shield and further supporting the notion of targeting the glycan
shield for antigen desigh® The N332 PNGS, thesna | | e dsiteds up er

vul nerabi | it exclésivdlya MagBlaNEgc, glytam @s &rtown to be
vulnerable to migration. Studies following the pathogenesis of a single infection have
shown that the virus responds to immunological recognition of this site by shifting the
position from N332 to N334. Adr two years of infection, the virus was shown to

have escaped immune recognition again simply by migrating the N334 position back
to N332.8” The persistence of HIV to maintain a spatially consistent glycan shield
highly significant and suggests a more fundamental structural role of the glycan
shield beyond immune evasion.

1.10 Non-carbohydratemediated HIV immune evasion

Beyond the ability of HIV to evade immune surveillance by decorating the
functional Env in a dense carbohydrate shield, HIV has been shown to exhibit the
ability to induce gpl20nediated immunosuppressive responses from dendritic cells.
8 The immunosuppressive ability is predicated on gp120 mannose moietieshda IL
expressiorf? The exact mechanism of410 upregulation by gp120 mannose
moieties has not been elucidat®dL-10 is a pleiotropic cytokine and suppresses
immune activation by downregulating the expression ofipitammatory cytokines.

8 This discovery indicates that the glycan shield of HIV promotes pathogenesis, not
only by preventing recognition by the immusystem, but also by actively

participating in host immunsuppression.
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Elite controllers (EC) are thought to limit HIV infection in part due to the high
antibodydependent celnediated cytotoxicity (ADCC) activity that characterizes EC
individuals. ADCCis therefore expected to be an integral feature in controlling HIV
infection. It has been recently reported that HIV has developed a mechanism to
suppress ADCe@nediated immune clearance via the intervention of the accessory
viral protein Nef. Nef is thoudtio downregulate CD4, affecting the conformation of
Env. The epitope required for ADG@ediated recognition is only exposed in the
CD4-bound conformation, therefore in the unbound conformation, the site is
unavailable, and HIV is able to evade recognitigrNK cells.**

Subsequent to gpl160 cleavage, the heterodimer of homodimers is held intact
by noncovalent forces. Consequently, the gp®@1 complex can dissociate to
varying extents yielding a mixte of functional (i.e. trimeric) and ndanctional Env

proteins (see SchenebA). The norfunctional Env protein presents a number of
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Functional ‘Junk' Env :
mature Env N |

= Strain- = Non-Neutralizing
Specific NAbs Abs

Figure 1.2 A)After furin cleavage of gp160, the Env complex exists as a

hetergeneas mixture of functional and nemnctional proteins within the HIV

milieu. B) Non-neutralizing and straigpecific Abs do not lead to a sustained

inhibitory response. The conserved epitopes of bNAbs ensure neutralization capacity

across a wide range of Y1 strains.
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highly antigenic epitopes on the protorassociated face that is occluded in

functional trimers. The neneutralizing epitopes raise a strong f@utralizing

immune response, however, as the-traneric Env protein cannot mediate cell

ently, the response is unable to impede HIV pathogenesis. Similarly, the Env protein
displays a limited number of stragpecific neutralizing epitopes capable of eliciting
strainspecific NAbs (Schemg.5B). However, as the epitope is straipecific, the
neuralizing capacity is lost upon the emergence of the first escape variants that arise
in response to the mounting immune pressure. The ability of broadly neutralizing Abs
(bNAbs) to recognize conserved epitopes on Env across strains make them attractive
targets for vaccine design (Schethé&B).

1.11 The Env glycan shield as an immunological target: bNAbs

Glycosylation play a critical dual role in viral pathogenesis. Exposed glycans
on the viral surface often interact with host cell receptorsvaeiate disease
transmission. The densely displayed, dynamic, bulky glycans also prevent access by
the host immune system to the variable antigenic viral protein surface. The glycan
shield of HIV is incredibly effective at mediating the mugtep relatioship between
host and virus during the first stages of infection, as well as masking the virus after
the infection has been established. HIV also uses mutations in the glycan shield to
create viral escape variants that continually evade host immunellsuaei Despite
the sophisticated application of the glycan shield by HIV to facilitate viral
pathogenesis, the discovery of broadly neutralizing Abs (bNAbs) that largely
incorporate the glycan shield as a critical component of their neutralizing epitope

suggests that the glycan shield is a viable target for vaccine design. The host immune
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system is capable of discriminating between host glycans andié&ostd viral

glycans as the HIV glycan shield has several unusual features that deviate from host
glycosylation patterns. First, the spacing between glycans on gp120 is unusually close
in comparison to glycan spacing on mammalian proteins, placing a conformational
constraint on the glycans, increasing the rigid presentdfidinis rigid presentation

is bolstered by a network of intermolecular hydrogen bonds, which stabilizes the
glycans structures, partially locking them in a +s&if conformation, forming the

basis for immunological discriminatiof?.

Recombinant monomeric Viral trimeric gp120
gpl20

Intrinsic High-Mannose .':1
" Patch o fed

PR A
. . R b
Trimer-associated mannose “e ¢4
patch (TAMP)

Man;_gGlcNAc, region

Figure 1.3In the context of quaternary structure, gp120 glycosylation exhibits lower

glycan processing and therefore less compjpe glycan than recombinant

monomeric gp120.

Second, theinusually high degree of glycosylation that is characteristic of HIV Env

protein stymies glycan processing (supra vide) yielding an abundance of under
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processed oligomannos$gpe glycans (Schente6-right). The underprocessed
oligomannose glycans are printa concentrated in sterically constrained regions,
including regions with the highest numbers of PNGSs (i.e. IMP), and the interface
between gp120 protomers (i.e. TAMP3The undemprocessed glycans display lew
structural variation compared to host cellular glycosylation, a distinction that is
recognized by the innate immune system through madmodeng lectins (MBLS).
9495 Unfortunately, HIV takes advantage of tlegognition by dendritic cells (i.e.
Dendritic CeltSpecific Intercellular adhesion molect8eGrabbing Noantegrin
[DC-SIGN]) via MBLs, which shuttle the virus from the site of infection (usually
mucosal tissue) to CDT cell-rich lymphoid tissue, thergtpropagating the infection.
94.9%The regional delineation of oligomannose glycans results in clustered
arrangements of oligomannose glycans in congested regions, as well as clustered
arrangements of highly progged complexype glycans to regions that are more
accessible to host glycosylation machinery, typically the region near the-gp420
interface.1® The predominance of oligomannose glycans on trimeric Env itetintd
a quaternary context. Recombinant gp120, expressed in a variety of cells, results in a
significantly different glycosylation profile with considerably higher quantities of
complextype glycans (Schente6-left), although oligomannose glycans ard ttie
dominate specie$®

Given the paucity of antigenic features on the surface of the HIV, Env is the
most promising feature of HIV for targeted antigen design. Traditional vaccination
attempts using meomeric gpl120 have been largely unsuccessful. Four approaches to

vaccination have been tested previously, each incorporating monomeric gp120 with

26



different priming/booster strategi€$.% % 1%n all cases, the primary humoral

immune response was largely limited to amutralizing Abs with no discernable
protection against HIV. The only vaccine trial that has achieved a modicum of
success, the RV144 trial in Thailand, was found to provide ~30% pootéom

HIV infection. 1% The source of the protection is attributed to a high titer of weakly
neutralizing V2directed Abs. As discussed in section 1.5, the expose trimer
associated face of gp120 is highly getiic and humoral responses raised against this
nonrneutralizing epitope dominate (SchefinBA). 1°* The first NAbs elicited target
strainspecific epitopes and are unable to subsequent escape variants ($&Bme
1021031 contrast, several classes of aypil20 antibodies targeting diverse strains
with strong, neutralizing capacity have been recently described. Thea#esb

broadly neutralizing Abs (bNADbs) targedriserved regions accessible on the gp120
trimer, providing clues regarding HIVds vu
1.5B). Moreover, an adequate understanding of the bNAb epitope can facilitate
synthetic antigen/vaccine design targeting a consereedratizing epitope. A

common feature among the vast majority of-gpi20 bNADs is the incorporation of
the HIV-1 N-glycan shield as a critical component of the individual epitoés.

bNADs that target selfjlycans as an epitope component initially gave rise to concerns
that many of these bNADbs were sedfictive. Such seleactivity would render them
poor targets for vaccine design as-seHctivity would likely lead to their elimination
from the B cell pool, making them extremely difficult to indut®@However,
subsequent studiésve revealed that the induction of bNAbs during Hlihfection

is not as rare as originally thought, as ~30% of HIpatients develop bNAlke
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humoral responses within two years of infection, with some bNADb responses arising
within a year of infection'®®1% Given the relatively slow development of these
bNADs, the patients that develop such NAbs are not protected by them, rather the
viral load and straitliversity is too high by the time the mature bNAbsegp®®
The slow rate of development of bNAbs is likely due to their development at the edge
of immune tolerance mechanisms, and their reliance on unusual structural features to
allow strong antigen binding.

There is a characteristic interdependence betweerlHiVanges and bNADb
sequence variation due to parallel evolution pathwdys:! This interdependence
has far reaching consequences for the affinity nasitur ceiling within the germinal
center (GC). Normally, the GC reaction is limited due to the Ab affinity ceftidgt®
However, the increased pressure on the immune system due to the diversity and swift
develgment of HI\L1 escape variants that can escape immune surveillance via
mutation and selection, results in a continually evolving antigen that produces a
persistent ca&volving immune response. The persistence of the immune response
raises the affinity matation ceiling, resulting in unusual exotic bNAb structures that
can only arise during chronic infectiofd*1®

The majority of bNAbs are polseactive and display a modicum of
promiscuity that allowshem to accommodate a variety of HIV strains. The
endogenous promiscuity of bNAbs expands the level of sequence variation tolerated
from glycan shifts in the PNGSs that often characterize viral escape variants.
Provided the glycan shift is spatially conssa, the bNAb can often accommodate

the alteration of the native epitope, albeit with reduced binding affiift¥he ability
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of bNADbs to neutralize not only the founder virus, but the subsequent escape variants
as well makebNAbsan ideal immunological template for vaccine design. Indeed,
numerous studies have shown the ability of passive immunization with bNAbs to
provide complete protection from viral challenge with SHIV (chimeric simian/human
immunodeficiencyirus) in norhuman primates!”12! The ability of these bNADbs to
provide protection in passive circulation justifies the efforts to develop a rationally
designed vaccine to elicit such bNAbs.

To datethere have been ~100 bNADbs isolated and charactetZdthe
described bNAbs generally target defined, conserved regions of vulnerability on the
HIV-1 Env glycoprotein, including the IMP, the CD4 binding site, tnembrane
proximal external region (MPER) of gp41, glycopeptide epitopes on the V1/V2 and
V3 variable loops, and the bridging region at the gpdRal interface (Schenied).
123124 These bNADbs primarily incorpate Nlinked glycans as a component of their
neutralizing epitopes, proving that the dense HIyglycan shield contains
immunological vulnerabilities that can be used as a basis for discrimination by the
host humoral immune response. CarbohydrasetivebNAbs primarily target either
the N332 glycan (and the associated V3 loop), the N160 glycan (and the associated
V1/V2 loop), or the glycans associated with the gp@@81 interface!?® The first
carbohydrate reéiwe bNAD described, 2G12, recognizes an exclusively carbohydrate
epitope composed of a cluster of oligomannose glycans within the IMP, including
N295, N332, N339, and N39%: 126127 2G12 achieves remarkably higpinding to a
carbohydrate epitope through an unusual doreachanged structure affording high

avidity binding via the formation of a multivalent surfat@ Subsequent
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carbohydrateeactive bNAbs have not shdrthe unusual domaiexchange structure
characteristic of 2G12, but in all cases have a typiesipé Ab structure, with

integrated epitopes consisting of both protein and glycan compoté@n®ompared

to 2G12,newer classes of carbohydraigactive bNAbs have exhibited higher

breadths and potencies. For example, while 2G12 has been shown to neutralize 32%

of viral strains withamediankgof 2. 38 e€g/ mL, it has been d
PGT128 can neutralize 7266 HIV-1 strains with a medianigo f 0. 02?2 € g/ mL.
130131 There are two major classes of bNADbs that target an integrated epitope, the
PGT-series and the R&eries. Members of the P&Eries target several regis of

the glycan shield, including the gpt8P41 interface (PGT151), targeting complex

type glycans on gp41 and a protein epitope on gpt2and the glycan at N160 on

the V1/V2 loop (PGT145) (Schenie?). 13t Other members of the PGEries target

the V3 loop, and specifically incorporate a higlannose glycan at N332 as a

component of the epitope (Schefn@). The supersite of vulnerability N332,

although incorporatenh multiple bNAb epitopes (2G12, PGT series) has been shown

to be norcritical as many of these bNAbs display a modicum of promiscuity

allowing them to bind to other glycans in the absence of N332 and thereby recover

the epitope!!® The other major family, the R&eries, targets the V1/V2 loop at the

trimer apex and specifically makes contacts with glycans at the N160 and N156/173

positions 133
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Figure 1.4bNAb epitopes are scattered across the silent face of gp120, and almost
exclusively incorporate Nlycans as an epitope component (gp120 structure adapted

with permission from the publishef}.

There are five major structural characteristics that define the majority of
bNAbs that deviate from more traditional IgG Abs, including extended heavy chain
third complementaritgetermining regions (CDRH3), unusual ptsinslational
modifications (i.e. tyrosine sulfation), domagxchange (2G12 only), autpoly-

reactivity, and extensive somatic hypermutations. For bNAbs that target an integrated
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epitope consisting of iglycans and the underlying protein sequence, long, extended
CDRH3 regiols are common, usually containing charged sequences within the
CDRHa3. For example, while the average length of a typical human B cell CDRH3 is
14 residuesi**PG9 and PG16 both contain 30 residues, while PGT14&iosr33
residues®>3" The extended CDRH3 facilitates penetration through the dense glycan
shield that extends ~20 A from the protein surface allowing contact with the
otherwise occluded protein surface. ThegdCDRHS3 in certain cases even provides
sufficient length to accommodate secondary structure within the loop, allowing this
feature of the paratope to Afito the epito
Ahammer heado shape of (ttigeenétrétidon oPtielglgcarCDRH 3,
shield and extensive contact with glycan and protein targets. The high incidence of
unusual PTMs often works in conjunction with other characteristic structural features
to enhance binding affinity. For example, tyrosindaidn has been reported on the
CDRH3 of certain bNAbs, and is known to interact with cationic residues within the
protein component of the epitodé> 1*> 138 subset of bNAbs have the remarkable
characteristi of polyreactivity, in which a single Ab can recognize more than one
antigen 13%149 Many of these bNAbs recognize two specific binding sites on the Env
surface, a higlaffinity anti-HIV -1 binding site and a lowffinity self-antigen (i.e.
hostderived Nglycan) that is present on the Env surface. The polyreactivity of these
bNAbs most likely mediates this bivalent heteroligation, overcoming the low affinity
of the second binding site and increasing the appatfemtyaof the bNAb to HIV-1.
Polyreactivity, normally deselected from typical B cell lines, plays a critical role in

overcoming the HIV1 defenses, which is most clearly evident in the prevalence of
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specific memory B cells that are polyreactive in HiVhfected individuals. Indeed,

75% of memory B cells in HIM positive individuals are polyreactive, compared to
just 5% of the B cells in neimfected individuals!*° The exotic and unusual nature of
bNAbs necessittes extensive rounds of mutations within the GC, requiring extensive
somatic hypermutations (SHM) during affinity maturatitt143 While nonHIV -1

Abs typically undergo 5% changes in the heavy chain duriffighégy maturation,

some bNAbs accumulate up to 36% of chanfég.he majority of SHMs are limited

to the CDR regions, however, certain Hl\Margeting bNAbs have also undergone
SHMs within the conserved framewkaregion (FWR) of the Ab as weff**

1.12 HIV-1 Vaccine Design

There have been a number of attempts to vaccinate against HIV infection,
largely followingfour major vaccination strategies, protein subunit vaccines,
recombinant andenovirus vectors, canarypox vector prime, followed by a protein
subunit boost, and a DNA prime followed by a recombinant andenovirus vector
boost.}* Early attempts using recombinant gp120 mixed with the adjuvant alum
(AIDSVAX), elicited only nonneutralizing Abs, and no protection was observéd.
% Two vaccine attempts, the Step trial and the Phamiailj investigated three types
of recombinant, attenuated adenovirus vectors expressing threg i¢lsted
proteins (i.e. Gag, Pol, and Nef). Both studies observed a stimulatedTGi28
response to the viral vectors, however, the vaccination yieldpdotective benefits,
and the trials were cut short due to concerns that Hiivfection risk was actually
enhanced postaccination®® 146148 The reasons for the enhanced susceptibility to

HIV -1 infection poswvaccination are not well understood. The most successful trial
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to-date was the RV144 trial in Thailand{sca | | ed 6 Thai trial é), whi
canarypox viral vector that expressed gp120, Gag, and Pol. The recombinant viral
vector was used as thempe, which was followed by two sequential booster
injections of the previously reported AIDSVAX preparatiéfi Significantly, the
combined vaccination strategy provided a small but noteworthy protective effect,
with 30% fewer infections among vaccinated patiefi’he source of the protective
effect is somewhat unclear, but it is thought to be due in part to the elicitation of V2
directed NAbs. Most recently, a combinedA/viral vector vaccination strategy has
been applied, incorporating a DNA prime, composed of plasmids encoding HIV
related proteins from several strains, and an adenovirus vector ¥odsis trial
(referred to as the HVTN 505 trial) resulted in no observable protective effects, and
was also cut short due to concerns over increased risk of infection among the
vaccinated4®

A recent alternative vaccination approach is the design of recombinant trimer
mimics. The design of a stable, soluble gp140 trimer eschews the challenges
associated with vaccination with gp120 monomer by occlusion of the
immunodominant nomeutralizing epitopes, solely focusing presentation of the
neutralizing epitopes as immunologitatgets. A number of Env constructs have
been reported, however, the structures correspond to uncleaved trimers (i.e. gp160),
which are not representative of the native trimeric gp120 conformé&tidrecently,
anew recombinant trimeric gp140 Env protein has been developed that incorporates
subtl e modifications that generate a stabl

Env proteins introduce a single disulfide bond between the ectodomain of a truncated
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(removal of the MPER and transmembrane domain) gp41 and gp120 (SOS) as well as
a point mutation (isoleucine to proliie). "° The development of these SOSIP
trimers has led to a number of straipecific variants, mangf which have
demonstrated nativiike structural properties and antigenicity.>° Immunization
studies using these soluble, natlike Env SOSIP trimers have successfully elicited
Abs against autologous ti2rvirus,** however it was later demonstrated in a mouse
study that there is an immunodominant fm@utralizing epitope near the trimer base
that limits the utility of these gp140 constructs as immunodeéns.

Despite the extensive progress that has been made by the development of
soluble, nativdike trimers, there is a significant possibility that a heavily
glycosylated recombinant protein will not be sufficlgmnmunogenic to induce the
type of strong, sustained Ab response that will be required by an effective vaccine.
An optimized vaccine will likely require repetitive presentation of the antigen,
perhaps through particulate presentation, to initiate aisadtanmune response.
Particulate presentation of epitopes improves Ab responses through a variety of
mechanisms. First, repeated presentation of the epitope allows the immunogen to
crosslink B cell receptors, improving B cell activatid?’'** Second, circulating
IgMs are capable of binding to repetitively displayed antigens viadughty
interactions, simultaneously activating the complement system and lowering the
threshold necessary for B cell receptoraatipn. >3 Third, the affinity of naive B
cell receptors for bNAb epitopes is likely to be low; a repetitive array olifiwity
epitopes increases avidity, raising the likelihood that the right B cell will be activated.

155 This assertion is supported by the observation that nanopaligiayed antigens
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frequently induce Abs against additional epitopes compared to antigen alone,
increasing the neutralization bread®*° Fourth, hostselant i gens usual ly d
contain highly repetitive antigenic structures and recurring epitopes are regarded as
non-self antigens by B cell$®° The use of repetitive setferived @itopes may also

rescue autoreactive B cell progenitors that would otherwise be deleted during Ab
development expanding the potential repertoire of germline B cells available. In such
a case, the autoreactive B cell progenitors would be tuned to recsglfiaatigens

only in the context of highly repetitive epitopé® Finally, studies have suggested

that highly repetitive and recurring epitopes are capable of inducingil@tAbs.

154, 157This is particularly relevant for strategies that are alternatives to Env based
vaccines, as both monomeric and trimeric gp120 based vaccines usually induce short
lived Ab responseg? 151. 161

1.13 Challenges of Carbohydrateased Vaccine Design

Proteinprotein and proteitarbohydrate interactions are both mediated by a
high degree of hydrogen bonding, hydrophobic interactions, van der Waals forces,
and electrostatic interactions. SimilarAb binding to both carbohydrates and
proteins results in a favorable enthalpy contribution to the free energy of the
interaction 152 However, for carbohydrates, the favorable enthalpy contribution is
significantly offset due to an entropic penalty incurred during binding. The entropic
penalty arisefrom the disruption of the solvation shell and subsequent solvent
rearrangement upon binding, together with the loss of oligosaccharide conformational
flexibility upon complex formation'®3184 The entropic penalty incurred during

proteinoligosaccharide binding can significantly abrogakeaffinity for an
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oligosaccharide epitope. The leaffinity binding interactions necessitate the reliance
of glycanprotein interactions on avidity effects enabled through multivalent
interactions.

In contrast to protein/peptide antigens, pucgybohydrate antigens are
thymusindependent type 2 (12) antigensand therefore activate B cell responses in
the absence of T cell assistan®@1%¢ B cell receptor crosknking through binding
repetitive motifs (i.e. repetitive carbohydrate antigens) activates antigen specific B
cells independent of CDelper T cells!®’ The failure to recruit the full
complement of the immune response necessitates several limitatibe<eificacy of
the response. First, largely leaffinity IgM antibodies are produced by the B cells
upon stimulation by purely carbohydrate antigéffsThese low affinity IgM
antibodies lack both affinity maturation and isotype switchsegerely hampering
the specificity achieved by these Abs for the particular anti§&mhe generalized
immune response lacks the necessary features to distinguish the antigens, resulting in
a shortlived, weak inrmune response. Finally, Ab responses cannot even be induced
in newborns and children up to 2 years old when vaccinated with a purely
carbohydrate antigefh’®In contrast, proteins typically generate a ChdlperT celk-
dependent response, resulting in the generation of high affinity;shatehed Abs.
171172 1n order to overcome the shdited immune response typical of the vast
majority of carbohydrate antigens, and generate-limegl antibodymediated
protection, exogenous CDHelper T cell epiipes are typically required in the
vaccine design, usually in the form of a carrier prot€ih'”® An additional challenge

to targeting carbohydrate epitopes Yaccine design is the inherent heterogeneity
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endemic to glycoproteins, such heterogeneity can dilute the efficacy of glycan
specific Ab responses. Therefore, the multivalent displalebhedcarbohydrate

epitopes on a protein carrier is necessargtfiacessful carbohydrabmsed vaccines.

1.14 Antibodyquided approach to vaccine design

The most promising strategy towards a rationally designed HIV
immunogenisthesoal | ed o6reverse vaccine engineerir
Oalotdyigui dedd strategy. The reverse vaccine
bNADs to define neutralizing epitopes that can be used as targets to induce a similarly
potent and broad B cell respon$é1” The antibodyguided approach has been
applied to design several minimal, putative, carbohyesasz=d mimics of bNAb
epitopes. The epitope of 2G12 for example, has been the taigetdive effort.
2G12 recogni z elnkedmaarose sithia the IR, mdny groRps have
designed chemically synthesized multivalent oligomannose antigens on a variety of
scaffolds, including proteins, peptides, dendrimers, carbohydrates, Didigstand
gold nanoparticles. While no construct to date has been capable of stimulating HIV
neutralizing activity posvaccination, many of these constructs have reported
excellent antigenicity results, indicating a close similarity to the native epkope
number of glycopeptideased mimics of the PG9/PG16 epitope have also been
reported, exhibiting excellent antigenicity.

1.15 Longterm Vaccination Strateqies

There is much speculation regarding the ability of the immune system to

stimulatede novo bNAbs from a single properly designed immunogen. Evidence
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suggests that the target bNAbs may need to be elicited via stepwise vaccination using
multiple immunogens. Initial strategies were centered around targeting the inferred
germline (iGL) prearsors of the target bNAbs. However, it has been consistently
demonstrated that iGL precursors have little to no affinity for-dIZnv antigens

and totally lack neutralizing activity’5178 This observation suggts that activation

of specific germline bNAkexpressing B cells will require specific antigens that are
designed to target an epitope that is considerably different from the mature target
epitope (i.e. a germline prime). The stochastically dynamic naidbe immune

response to a rapidly evolving viral target makes rational design of a vaccination
strategy extremely difficult. One proposed method that has been supported by in vivo
and in silico studies is the combination of different antigen variantsioomg the

same neutralizing epitope (ScheibA). The major benefit of this method is the
induction of crosseactive Abs that are focused on the same shared eplifoff&18!

The initial antigen primes the B cell responses to the desired epitope, while the other
epitope scaffold conjugates, displaying the same epitope as the prime, selectively
stimulate memory B cells that are specific for the shared antigenic dedetmr his
strategy narrows the response to the antigenic determinant alone, regardless of the
epitope scaffold. Another design, proposed by Hayes et al., referred to as the B cell
lineage immunogen design, targets the unmutated common ancestors (UGws) of
target bNAb 182124183 An immunogen that can stimulate the precursor bNAbs may
lead the mmune system to elicit the target bNADb (see Scheisig). A major

challenge associated with this strategy is the observed lack of binding between bNAb

UCAs and the antigen of the mature bNA: 18418 Such a sategy therefore
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requires the design of sequential serial immunogens with decreasing epitope
modifications that can target the germline bNAbs, the mature bNADb, as well all
intermediate specie&® This mehod has been tested in the past with limited success.
187188 Recently, this strategy has been applied to generate \URKEOANADbs, 8% as

well as the V3oop-directed PGT121%¢19! Both studies relied on a reductionist
sequential immunization strategy in which immunogens were strategically mutated to
remove selected sites, generating agbaf potential vaccine primes that were tested

for binding against germline bNAbs.
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Scheme 1.5A) Sequential immunization strategy: same neutralizing epitope
presented on different séalids may promote affinity maturation of cressactive

antibodies that focus on the shared epitope.-BgIBlineage immunogen design.

The concentration of the antigen(s) at the time vaccination is another major
determinant in the efficacy ofvaccine candidate. The dose of the antigen needs
to be sufficiently high, but not too high. If an Ag dose is too low, B cells within
the GC are not likely to be selected, and the GC will collapse without the
production of Abs!®?If the Ag dose is too high the B cell selection éwrapid,
however, due to the lack of competition between B cells, the GC is overwhelmed
by low-affinity clones, rather than the highly specific clones that are desit&ble.

1.16 Conclusion

The significant global health impact of the HIMpandemic necessitates the
devebpment of a means to eradicate the virus. A prophylactic vaccine capable of
inducing even modest titers of NAbs could be sufficient to provide circulating
protection from HIV infection. Despite the tremendous advances in our
understanding of HIVL structue and function, the development of an effective
protective HI\A1 vaccine continues to present a significant challenge. The series
of failed vaccination studies do not define the current prognosis. The discovery of
bNADs that are potent at concentrationsi@cable by vaccination regimens,
provides a basis for optimism that a properly designed immunogen(s) combined
with a proper vaccine regimen could lead to a functional vaccine. The exotic

structures that characterize many of these bNAbs are a resulen$ieet somatic
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hypermutations, and are, most likely, a result of the length of time required for
bNADb development, rather than a strict requirement for substantial mutations.
Recent reports highlighting efforts to ow
gemline bNAb precursors to bNAlike phenotypes via sequential immunization
demonstrate that a direct path to eliciting bNAbs is possible withouttérng
mutations. A successful vaccine will likely need to overcome theaelance
mechanisms to hoslelived glycans in the glycan shield via nself presentation
of the epitopes. One of the most promising methods to overcorrelsetince
mechanisms, without disrupting the careful immunological balance, is the
repetitive presentation of the epitopes otigamic scaffolds. The repetitive
presentation of hosterived antigens is viewed as foreign by the immune system,
thus potentially overcoming the ability of HIV to hide from immune recognition.
One of the most pressing needs for the development of antiegfantiHIV
vaccine is the design of antigens that present the Aétezepitope outside of the
context of the greater gp120 structure to focus the development of a neutralizing
response against neutralizing epitopes only. Such a strategy will akaidrdof
the immune response by-poesentation of neneutralizing epitopes. The focus
of the work presented here is the development of synthetic antigens intended to
mimic the epitopes of hogfenerated antgp120 proteins. The construction of
these cmplex biomolecules relies extensively on the tools of chemical biology.
The work presented here seeks to address several of these pressing needs in
HIV research, including optimized immunogen design and a means to identify

carbohydrateeactive poteins that could be used as a template for downstream
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vaccine design. In chapter 2, | developed a series of immunogens targeting 2G12
like bNADbs that will probe the exact glycan preference of 2G12 towards
developing an optimized 2G12 vaccine. In chatiteze, | describe the
development of a general chemoenzymatic method to facilitateedéetive

addition of two unique Myjlycans on a polypeptide. The method was used to
construct a series of differentially glycosylated glycopeptides that serve as
minimd putative mimics of the V1/V2 loop of HIV. In chapter 4, the method
developed in chapter 3 was applied to design and construct a series of
glycopeptideVLP protein conjugates that present the bNAb PG9 epitope in a
multivalent format, thereby enhancing @atigenicity. The second half of my
dissertation describes the synthesis of two novglydan libraries that can be
applied to serum screening of HI¥erum. In chapter 5, the construction of a
chemoenzymatically derived oligomannosecan library ispresented. The
individual oligomannose glycans were conjugated to a protein carrier and tested
against a panel of mannesgactive proteins in a microarray format. Finally, in
chapter 7, the design and synthesis of a natudallived Nglycan library

confining highly branched, bisected-fietra/pentaantennary glycans is
described. The presentation of these unusual Gal/GIcNAc terminal glycans on a
carrier protein can be used to probe HBérum for proteins that recognize
clustered, highly branched-§lycans that may be present on the HIV virion itself,

identifying potentially novel immunological targets.
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Chapter 2: 2G1-Epitope Vaccine Design: Synthesis of
TriazoleLinked Oligomannos@®acteriophage (§) Conjugates
to Probe the Specific Contribution of the Chitobiose Core on
2G12 Vaccine Serum Recognition of gp120.

2.1 Introduction

Despite over thirty years of intensive HIV research, an effective prophylactic
vaccine widely considered the belsbpe tocombat the global HM. pandemic
continues to evade alesignefforts. To date no vaccine that induces a sustained
neutralizing antibody (NAb) response across multiple HIstrains has been
effectively designed-* The sole target for vaccine design, the unstable heterodimeric
trimer consisting of the homotrimeric glycoproteins gp120 and gp41 composing the
viral envelop spike (En) required for viral infectivity, is extremely effective at
masking conseed regions of the immunological target. The viral spike is a very
dynamic structure with conserved epitopes recessed, transiently exposed, or else
occluded by both an extremely dense glycan shield and immunodominant loops that
are characterized by a hitgvel of sequence varidiy. > These formidable
defenses contribute to the difficulties in the elicitation of neutralizing Abs to the
maskedconserved epitopes located on the Env protein. Traditional vaccine
approaches incorporating recombinantly expressed monomeric gp120 have been
consistently unsuccessful, despite extensive effdft& in pat due to the formidable

evasive defenses endogenous to HIV Env protein. A major {ineaegh in HIV
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vaccine design arose from the observation that certainif&éted individuals
remained asymptomatic in the absence of treatment. Subsequent invemsigatio
revealed that certain individuals produce rare and unusual Abs that effectively
neutralize a broad range of HiVisolates!® These broadly neutralizing Abs

(bNAbs) achieve this remarkable ability by targeting conserved epitgjes the
glycan shield itself. The discovery of these bNAbs suggests that areeassve NAb
response against H¥Y is possible. Therefore, the very defenses that HIV employs
for immuneevasion(i.e. the glycan shieldprm the basis for immunological
neutralization. The discovery of monoclonal bNAbs provides exciting tools for
facilitating informed vaccine desigas elucidation of their neutralizing epitopes
adumbrates conserved elenreentwi t hin the i mmunol ogical fdAar
that can be exploited to generate a more effective vaccine that targets neutralizing
HIV -1 epitopes.

Within the past five years there has been an explosion in the number of bNAbs
discovered and chacterized*?1 22 The vast majority of the described bNAbs
incorporatecomponents afhe gp120 glycan shield as a critical feature of their
neutralizing epitope. An intesting corollary to this observation is that, though highly
variable, the pattern and spatial distribution of glycosylation on gp120 is highly

conserved?¥%°
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Figure 2.1 Structural differences between 2G12 aypical IgG Abs

The prototypical carbohydrateactive antHIV-1 bNAb is 2G12. 2G12 was the
second bNAD to be describ&btand the first to target HIV glycan®.2G12targets
the gpl20 Aglycan shieldo binding
within the intrinsic highmannose patch, specifically;Ibked glycans on N295,

N332, N339, and N39¢Figure2.1). 272829
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Figure 2.2 Model of 2G12 glycan recognition of gp120.

Based on the model of 2G12-coystallized with MasGIcNAc. and overlaid on
gpl120 (Figure.2), three separate oligomannose moieties (shown in red) interact with
2G12. Two MasGIcNACc; glycans interact with the two primary combining sites, and
a third interacts with the newly created combining site at thi¥ Vsinterface formed
by domainexchange (see Figu&2). Additional oligomannose glycans within the
cluster are also critical for maintaining the epitope conformatiofi.

The fAglycan shi el do -derdvedidlycens anditic o mpos e d

therefore difficult to overcome the immunotolerance mechanisms to target these
glycans. The presentation of the oligomannose glycans within the 2G12 epitope as a
dense clusgtr is thought to form the basis of immunological discrimination of this
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epitope. Clustering of oligomannose glycans on mammalian glycoproteins is
extremely rare, anesetlfedr eébfyorteh evihauwemdh & smnfum
The ability of 2G12 to bind wit neutralizing capacity to a solely carbohydrate

epitope is thought to be a result of the extremely unusual deesmailmanged

architecture of the 2G12 Fab (d&gure2.1). 130 The variable heavy chain subunit

(Vn) of each antibody arm is exchanged with thedgmain on the opposite branch
creating a compact multivalent binding surface, providing a means to bind the solely
carbohydrate epitope with high affinity, an affinthat is unachievable by a typical
Y-shaped Ab. Indeed, mutagenesis studies that eliminate the dexchianged

structure, abrogates 2G12 binding to gp£28 The largeantigen recognition

surface is capable of high avidity interactions with multiple tightly packed mannose
residues. For several years, 2G12 was the only known carbtdsyelaative bNAD,

in addition,the relatively straightorward nature of the 2G12 epge (i.e. 24 tightly
clustered oligomannose glycans) has made reconstitution of the epitope an attractive
target. Initial attempts at 2G12 antigen design centered around constructing densely
clustered oligomannose glycans. The strategies can beyapsuped into two
categoriestimmunogens which incorporated natural oligomannose glycans containing

the chitobiose core, and immunogens that utilized synthetic, maonnbsglycans.

66



! Natural N-Glycans eoe Synthetic (Mannose-Only)

4 ¢ Glycan
Q% '
* w :
o \:
N Hoe '
o o :
WL, & ;
o o A

Figure 2.3Selected multivalent highmannoseglycan cluster antigensA)
Tetravalent MagGIcNAc; on a galactoside scaffold conjugated to KEEE 35 B)
Divalent cyclic peptide conjugated to OMP€3'C) Recombinant yeast proteins
bearing MasGIcNAC; glycans 38294041 D) Many-conjugated to BSA carriet? * E)
Mane dendrimers on a CRM97 carrier?4“° F) Heterogeneous multivalent display

of MankandMagon a Qb ph*ige particle.

The Wang group was the first to report a synthetic 2G12 antigen
constructed from a cluster of MgICNAC: glycans on a galactoside scaff@kigure
2.3A). 2G12 exhibited mardly higher affinity for the tetraalent cluster versus the
individual ManGIcNAc. subunits. This initial design was modified by utilizing a

rigid cholic acid scaffold with tevalent display of MagGIcNAc,. 22 The rigid
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scaffold reduces the entropic penalty that is incurred upon 2G12 binding to a
dynamic, heavit solvated epitope. The cholic acid cluster again demonstrated higher
affinity for 2G12. Both studies highlighted the importance of glycan clustering in
2G12 binding. In an alternative design, Danishefsky andaxers utilized a
functionalized cyclized gptide as a scaffold to construct oligomannose glycan
clusters to further characterize the 2G12 epit@gure2.3B). 26 The cyclic peptide
scaffolds displayed up to three M@lcNAc: glycans and again showed enbad
recognition by 2G12 as compared to individual MaigsNAc, glycans. The
limitations of antigenicity toward host e r i v egd yficsaentsbosideved in the
design of oligomannose glycan clusters that incorporated synthetsetfgugars
within thecluster. A design by Wang and-emrkers utilized a similar cyclic peptide
scaffold strategy to that reported by Danishefsky, however, the glycan clusters
attached to one face of the cyclic peptide were composed efataral fluorinated
Man glycans thamimic the D1 arm of Magwhile remaining nosself due to the
fluorination.*’ The other face of the cyclic peptide was used to attach thelger
peptides. Surface plasmon resonance indicated the enhanceg affthise glycan
clusters over individual glycan subunits.

Despite the clear enhancement in 2G12 affinity of multivalent glycan display
exhibited by the reported clusters. The highest affinity of the synthetic glycan clusters
(eM |l evel) was still far | ower tlphisn the af
native epitope. It was speculated that the level of multivalent display was still too low
to properly mimic the 2G12 epitope on gp120. In order to reach the required

threshold for oligomannose display, Wong andwakers devised a strategy using a
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dendrimeric skeleton scaffold to attach multiple copies of synthetia Madan
glycans. The dendrimers were found to bind 2G12 with extremely high affinity,
comparable with gp120 itseff! The promise of thetsategy instigated the
development of glycodendrimers as candidate vaccines using diverse carriers,
including polyamidoamine (PAMAMj and gold nanoparticles allowing measurable
changes in the density of loadi(f§igure2.3E). 8 An elegant approaateportedoy
Krauss and cavorkers used a directed evolution approach using a DNA scaffold
with random insertios of alkynemodified basepairsfollowed by clickchemistry

with synthetic Maa glycan.*® The DNA-scaffold glycoconjugats were screened
using a2G12affinity column, and the most promising candidates were sequenced
and multiplied by PCRelection with modified aptamefSELMA). >° A second
generation of the directed evolution SELMA approach uses-RNA duplex. The
associated peptide wasnslated and tagged with oligomannose glycans via click
chemisty yielding a peptide screened to bind to 2G1+22 Despite excellent
antigenicity results, no immunization data has been reported.

The antigenicity studies focusing on the design of multivalent oligoosann
display indicated that clustered synthetic oligomannose antigens are capable of
binding 2G12 with neutralizing affinity. However, given the poor immunogenicity of
carbohydrates antigens, an effective carbohydvase=d immunogen usually requires
conjugation of the antigen to a-dell helper epitope (i.e. a carrier protein). Such a
conjugate is more effective at triggering the T-cllpendent immune response
capable of eliciting 1IgG Abs that is usually required for a successful vaccine

candidate. Manyfahe oligomannose clusters that yielded promising antigenicity
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results were reformulated with a carrier protein and tested as possible HIV
immunogens for raising aAtmannose Abs with a shared epitope with 2G12. The
galactosidebased tetravalent MaBIcNAc: cluster repded by Wang and eworkers
wasconjugated to a kelole limpet hemocyanin (KLH) carrier protein via maleimide
linkages(Figure2.3A). 34 Rabbits were immunized with the glycoconjugates and
analysisof the antisera revealed moderate -g@atibohydrate Abs that were weakly
crossreactive with gp120. Unfortunately, the Abs raised were unable to neutralize
HIV. Similarly, Danishefsky and eworkers conjugated their previously described
ManeGIcNAC; clustes on a cyclic peptide scaffold to the protein outer membrane
protein complex (OMPC) isated from Neisseria meningitiFigure2.3B). 3’

Analysis of the antisera from the associated immunogenicity study, obteomed f
both guinea pigs and rhesus macaques, indicated that the glycoconjugate was capable
of eliciting hightiters of anticarbohydrate Abs. The Abs were weakly crosactive
with recombinant gp160, but were unable to neutralize viral isolates. In a roerg re
study, AngrawalGamse and cworkers expressed a library of recombinant yeast
proteinsproduced in the presence of kinfunisiménich blocked the glycan
processing pathway resulting in proteins bearing d@&NAc: glycans alone.
(Figure2.3C). Screemg of the expressed proteins (via a 2G12 affinity column)
isolated a single candidate that was recognized by 2G12 with high affinity. The
candidate was sequenced and cloned (via PCR). Immunization with thelgeast
glycoproteins elicited carbohydrateactive Abs that were cressactive with gp120

and capable of neutralizing a panel of viriotfié! However, it should be noted that
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only virions expressing exclusivelygh-mannose glycans were vulnerable to

neutralization.

Carrier Protein

Figure 24. Immunogens incorporating natural M&cNAc; glycans elicit gp120
crossreactive Abs. Abs raised by immunogens that use synthetic (maonky3e

glycans are not crosgactive with gp120.

A number of immunogens incorporating synthetic (martordg) oligomannose
glycans have been reported, also largely constructed from previously described
antigenicity studies. The dendrirdeased oligomanrse clusters bearing either Man
or Marp glycanswere conjugated to a ndoxic mutant protein derived from

diphtheria toxin(Figure2.3E). *° In a similar study, a conjugate bearing Mgtycans
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on a bovine serunltaumin (BSA) scaffold was tested as an immuno@égure

2.3D). *2In both studies, while capable of raising antinnose Abs, the antisera
derived from either of these glycoconjugates was unable to recognizenhigiose
glycans in the context of gp120, indicating that the immune response was directed
against a different mannosaly epitope on the immunogens. Several groups have
explored virudike particles (VLPs) as carrier proteins for glycoconjugate vaccines.
Finn, Burton, and cevorkers tested a sidey-side comparison of two VLPs (Cowpea
Mosaic Virus [CPMV] and bacteriophage
immunogens using clickhemistry to attach synthetic MaMarg, and/or Masa

glycans (Figur@.3F). T he QD s c a hdftodbe supenos, displaymg multiple
copies of highmannose glycans in a highly organized presentdifdrhe researchers
incorporated alkyne groups in a tgtep process (i.e. during protein expression and
acylation of the exposed surface lysine groups) allowinggtep glycosylation,
providing greater control in investigating the effects of varying the number, identity,

and geometry of oligomannose display. The strategy allowed for manipulation of

Qb)

individual pprameterstofint une t he gl ycan presentation.

carrying Man and Man glycarswere found to bind 2G12 with high affinity, and a
heterogeneous mixed conjugate containing derd Mar showed the highest 2G12
recognition. Despite the prosiing antigenicity results, the antisera from the
associated immunogenicity studies yielded Hitdrs of antiMans and antiMang

IgG Abs, however, none of the Abs isolated from the antisera couldre@sswith
gp120. In addition, the antisera displayedHIV neutralization activity. In a similar

design strategy, Davis and-amrkers conjugated (via clieghemistry) methylated
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mimic, intended to have enhanced antigenicity and overcome immune tolerance
mechanisms>2 The associated immunogenicity studies postlantisera that was
not crossreactive with gp120. Moreover, the antisera totally lacked HIV
neutralization activity. Interestingly, glycan microarray analysis of the antisera
indicated a higher antigenicity toward 2G12 when compared to unmodifieg Man
supporting the notion that neself sugar mimics are capable of improving
immunogenicity. A similar rationale was utilized by Pantophlet and@ders, who
incorporated a bacterial lipooligosaccharide as agatinoligomannose analog. The
study utilizedheatkilled bacteria displaying the lipooligosaccharide as an
immunogen. Interestingly, the antisera obtained from the immunization studies was
found to interact moderately with monomeric gp120, however, the antisera was

unable to neutralize HIV virion§?

In spite of enormous effort, to date, no effective 2&irgeted vaccine has
proven successful. However, the results of these studies have yielded interesting and
important observations. Without exceptj@lycoconjugates containing natural, full
length, chitobiose core containing oligomannosgly¢tans (i.e. MagGIcNAc,) have
been capable of raising Abs that are moderately g¢ezsgive with HI\\1 gp120
(Figure2.4). The inability of glycoconjugates ctaining synthetic mannosanly
oligomannose glycans to elicit Abs capable of cresstivity with gp120 may be
due, in part, to the lack of a chitobiose core. Importantly, these synthetic mannose
glycoconjugates are capable of eliciting carbohydreéetve Abs, however, this

reactivity is lost in the context of gp120. It is clear that the synthetic glycoconjugates
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are not able, thus far, to mimic the orientation of the glycans on gp120. Taken
together, the observations suggest that the chitobiose cgreamiibute to

modulating the orientation of the oligomannose glycans. The orientation of the
glycans appears to be critical for enhancing the antigenicity and especially the
immunogenicity of the glycoconjugatesd may be required for a faithful

recongitution of the 2G12 epitope in a glycoconjugate context. In order to determine
the specific role of the chitobiose core in defining the immunogenicity of a given
glycoconjugate, it is necessary to compare two conjugatedgidiele(i.e.one

containing tle chitobiose core and the other lacking the chitobiosg.cbne

subsequent differences in the immunogenicity of the antisera will directly indicate the
specific requirement of the core GIcNAc. Herere designed several

gl ycoconjugates using a Qb scaffold that d
represent the principal epitope of 2G12. The oligomannose clusters each incorporate
an alternative glycan presentation intended to yield informaticardety the specific
glycan preferences of 2G12, including a digeside comparison of higmannose

Mang glycans with and without the chitobiose core. Utilizing different glycan
presentations on the glycoconjugates provided a means {tufiaghe preseation

of oligomannose glycans to maximize the binding affinity to 2G12.

Thewellc haracteri zed i cosahedral viral part |
chosen as the pl at f eassemblesanto apimideepaticle at i on. Q
engulfing random cellular RNA upon recombinant expressidtsoherichia coli Qb
is pathogaictoE.coli, and presents no risk of infecti

has been extensively studied and found to be safe and immunogenic, as well as an
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excellent polyvalent scaffold for the display of various macromolectlgg>°%° Q b
capsid particles setissemble from 180 small (14 kDa) subunits. The assembly from
multiple small subunits results in a VLP with a smooth capsid surface, and regular,
geometricallydisplayed reactive amines (lysine residues and theeNr mi ni  of t he
subunit) on the surface of the cap$fdThe reactive surface amines that act as the
attachment sites for the oligomannose glycans are spaced at distances roughly
correspondntwith those required for 2G12 recognitich.5°

Seveal glycoconjugates displaying MgalcNAc2, Marp, Mans.oGIcNAC,, and
MansGIcNAccon a Qb scaffold were synthesized, a
glycan preferences of 2G12, as well as the specific impact of the chitobiose core on
glycan orientation. The linkers and method of conjugation to the protein are shared
among the glycoagugates, and therefore any differences in 2G12 affinity can be
attributed to differences itmeglycan preferencef 2G12. The immunogenicity
studies are ongoing, and will be informative as tosgpecificrole of the chitobiose

core on defining the 2G1&pitope.

2.2 Results and Discussion

In the design of these novel oligomannose glycan clystersvere seeking to
probe several aspects regarding the specific glycan preferences of 2G12. The major
guestion that we are seeking to answer, naméigt is the specific contribution of
the chitobiose core in defining the immunogenicity of oligomannose clusters,
informed the initial design of the project. This specific question was addressed by a

side-by-side comparison of two classes of Mafycan, methat incorporatethe
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chitobiose core, and one lackingetbhitobiose corelhe subsequent questions were
related to optimizing glycan presentation to mimic the native epitope with the highest
possible fidelity. Specifically, sufficient latitude mustddended to the

heterogeneity of gp120 glycosylation. Given recent rept¥€54 % the traditional

picture of the 2G12 epitope consisting e Aomogeneous MaBGIcNAc: glycans is
clearly an artifice and doesnb6t accurately
glycosylation on gp120. It is probable that the actual 2G12 epitope on native gp120
consists of a heterogeneous mixture of oligomannose glycans at varyingo$tages
glycan processing, likely consisting of a mixture of M@BIcNAc: glycans. We

therefore chose to incorporate a mixed building block that consists of a heterogeneous
mixture of Mam.9GIcNAc: glycans within the ensemble of oligomannose building

blocks The mixed oligomannose glycan presentation by this building block will
hopefully mirror the actual native epitope. The final building block chosen to

complete the ensemble consists of BGIBNAC.. 2G12 has been shown in previous
studies to be unable to wMize MaBGIcNAC,3° presumably due to the lack of

di st aManMadn Jinka@jes that ostensibly make up the 2G12 epitope. Supporting
this was the findi ng-marnesidasd abregatesi2Z@Gl® gpl20 w
binding to g120%8 We speculated that the incorporation of a M@lnNAc; building

block will yield interesting results regarding the linkage specificity of the Abs raised

by the immunogen. Specifically, it wilhdicate whether the Abs raised by the
immunogens are manneseactive only, or share a siar linkage preference to

2G12,suggesting degeneracy in the mode of oligomannose recognition.
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The synthesis of the alkyne tagged sugar building bloak&izong the
chitobiose core was achieved via a-tigwn method utilizing naturally derived
ManeGIcNAC2Asn as the common starting material. All subsequent final compounds

were derived by a chemoenzymatic synthetic strategy.
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Scheme 2.7 opdown‘ chemoenzymatic synthesis of alkyyfagged chitobioseore

containing oligomannose glycan building blocks.

The precursor of the chitobiose core containinlinked oligomannose glycans
bearing an alkyne groub(MansGIcNAc.Asn) was isolated from soybean agglutinin
(SBA) by a modified method recently reported by our grétf®’ Compound3
(ManeGIcNAC) was prepared by acylating the amiteominus of asparagiref 1
using a largexcess of $entynoic acid succinimidyl esté?). The other two
chitobiosecontaining alkynesugar precursors were prepared by enzymatic digestion
subsequent to acylation. Compouddand5 were subjected to different degrees of

77



di gest i dma nbnyo sUild as e 2-maihosellirkagaslinl compdubd
(Mars) were hydrolyzed by the enzyn®e(Mare.g) was digested in a controlled
manner, affording access to a mixture of highnnose glyaas particularly enriched
with ManyGIcNACc: (seeAppendix FigureA.2.1). Compoundl (MansAsn) served as
the common starting material for both types of precursor oligomannose building

blocks, with and without the chitobiose core.
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Scheme 2 Top-downchemoenzymatic synthesis of an alkyagged oligomannose

building block lacking the chitobiose core.

The second class alkynesugar building block lackinthe chitobiose cored)
wasprepared by digestion dfwith Endo A (WT) yielding the reducing sugérA
reductive amination strategy was employed which both installed a reactive amine

group at the reducing terminwshile simultaneously breaking the ring yielditing
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acyclic glycan which servefdinctionally as a hker (Schem@.6). An amine group

was added at the reducing terminus using a modified benzylamination strategy similar
to that reported previously by Y.C. Lee et®8MWe chose to use a masked, benzyl
protected aminggiven the reported superiority of the method over the direct
installation of an amine tpreventthe formation of dimers. Initially, we tested the
reported reducing conditionsg. BHs-Pyridine), however, we discovered the
formation of a sidgroduct corresponding to dehydration of the target compound
leading us to test alternative, more mild reducing strategies. We found an optimized
condition incorporating sodium cyanoborohge (NaCNBH) in DMSO to be a

more effective method, as the mild reducing agent eschewed the formation of the
dehydration produciThe conditions used are identical to those used for the well
established -Aminobenzamide (AB)/2-aminobenzoic acid (AA) method for

glycan labelling®®72
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Figure 2.5 *H-NMR comparison of MagGIcNAc (6) and Mar(Acyclic-GIcNAc)-

Benzylamine T) clearly demonstrates loss of the anomeric GIcNAc pratprakat
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~5. 15 ppm, indicating acyclic structure.

from 7 are hidden under the HOD peak.

The operring form of the reducing GIcNAc was confirmed #:NMR. The

anomeric proton signal from the terminal GlcNAasaclearly lost upon the
acyclization/reduction of Ma&IcNAc (Figure2.5). In comparison to the starting
material, which had a doublet corresponding to the anomeric GIcCNAc proton at 5.1
ppm, the benzylagged Mapwith an acyclic GICNAc lost the signal &l ppm
(Figure2.5). In addition, twedimensional NMR spectri&jeteronuclear single

guantum coherence spectroscdajistortionlessenhancement bgolarizationtransfer
(*H-13C-HSQGDEPT) and protoiproton correlation spectroscopyHH-COSY)

was used tanalyze the samples. Through HSQEPT, the other two anomeric
proton signals of two Man residues, obscured by the water peak'id-tdBIR, were
clearly observed and assigned Tdisee appendix for 2DIMR data). The result was
further confirmed using gh-resolution mass spectrometry (MALBITICR).
Subsequent to the reductive amination reaction with benzylamine, the benzyl group
was removed using palladiyoatalyzed hydrogenation. EN-benzylation by low
pressure hydrogenation proved ineffectiae theN-benzyl group was obdurate to
removal. Complete unmasking of the amine group required the use of a catalytic
hydrogenator apparatus under high pressure (35 psi) hydrogen atmosphere. The
unmasked aminbearing oligomannose sugar, lacking the chitobiose @mwas
tagged with an alkyne group by direct acylation Wih a single stepyielding the

target compoun8.
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Subsequent to the synthesis of the oligomannose building blocks, careful
consideration was given to the type of carrier proteiffaldathat would be most
appropriate for the given application. Multivalent display of oligomannose clusters is
requisite for the proper reconstitution of the 2G12 epitope, anchtteerscaffold
needed t@ccomodatelense loading of oligomannose glycavisle incorporating
proper spacing. The scaffoldeded talisplay oligomannose glycans in a rigid
manner so that the binding interaction between 2G12 and the immunogen is not
stymied by the flexibility of the antigenic glycans. The spacing between tigeiot
oligomannose glycans in the 2G12 epitope have been reported as 5.8 ANBEZD5
20.3 A (N332N392), and 23.6 A (N295I392). The presentation of the
oligomannose glycans on the synthetic immunogen should, at least roughly,
approximate these distane . Bacteriophage Qbexposed spacing
surface reactive amine groups that roughly approximate the spacing estimated
between the oligomannose glycans on gp120.

J o~ Cus0y, 14 R
N-o N3 Aminoguanidine u [4<
N
/<NH2) o} 11 Sodium Ascorbate »
n T(vv 3 5,9,13
- s

20% DMSO in 1X PBS Phos pH 7.0 15-19
1 pH 7.4,RT, 16 h 37°C i
HO
QB (WT) HO
13 N

N/N OH

: b4 N |’:‘N
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o0 P L i(ole)e) s ‘ $ THpTA
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: v [e] 16 [ L '
' Lo [ L N. _R!
! N"N\N/R: ! Ho b 17 N"N\N/Rl ; 18 N ONR
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Scheme 23 Copper(l}catalyzed alkynazide cytoaddition (CUAAC) gnthesis of

viral glycoconjugates.
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