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Abstract

Title of DissertationHIV envelope glycoprotehf-c fusionproteins target Fc gamma
receptors and elicit effector antibody responses in rhesus macaques
Zhanna ShubirDoctor of Philosophy, 2016

Dissertation Directed by: Dr. David Pauza, Professor, Department of Medicine

A goal for HIV prevention programs is ttevelop safe and effective vaccines that elicit
durable and broadly protective antibodies against both sexual and-duocel HIV
transmission. Many vaccine programs focus on the immune responses to critical epitopes
in the HIV envelope glycoprotein (Engnd seek to improve the quality and quantity of
antibodies by altering the conformation, oligomerization or glycosylationEm#
gp120. As a complementary strategy, we envisioned that attaching an Fc moiety from
IgG to immunogens would allow binding teeonatal Fc receptor (FcRfor FCRn
mediatedmucosal delivery We reasoned that Fc fusion protein immunogens atsy
mimic immune complexes by bindirfec gamma recepto(&c! R) on immune celland

would increase thpotency ofantibody responsesiNe developed Fc fusion immunogens
consisting of either HIWa gpl120 (Ev-Fc) or critical epitopesn the V1V2 region of

Env expressed within a carrier protein that provides highljtivalent epitope display
(GagV1V2-Fc). Fc fusion proteins were attached at their carboxyl terminus to a Gly/Ser
linker that is in turn fused to each half of the dimeric Fc domain from rhesus macaque
IgG1 (EnvFc). Env-Fc retained a capacity to bind hotell surface CD4 and fRs,

which led to protein internalization and accumulation in cytoplasmic vesiclesrhesus

macaque immunization studynw-Fc was more potent compared to Env (gpl20



monomer) in several waysenv-Fc elicited higher gp120 binth antibody titers with
increased breadth, including the capacity for recognizing -iBBdced epitopes,
neutralizing activity against Tier 1A HIV pseudotyped viruses, and antibodies mediating
antibodydependent cellular cytotoxicity (ADCCBerum antibo@s produced in Enfrc
immunized macaques had increased durability compared to Env monomer
immunization. A GagV1V2-Fc fusion protein was constructed to test whether a self
assembling macromolecular structure was a more effective method for directioaglgnt
responses to specific V1V2 regions of the Envelope glycoproféims immunogen
crossed nasal epithelium barriers more efficiently than HIV Gag (p24 monomer), and
elicited V1V2specific IgG responsesOur work suggests that adding 1gG1l Fc to
enginered monomeric or oligomeric Eibased immunogens may improve the
protective serum antibody response and contribute to the development of a protective

HIV vaccine.
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Chapter 1: Introduction

1.1HIV Vaccines: Trials and Tribulations

As of 2015, there are 36.7 million people living with HIV worldwi&HO
2016) Due to the many immune evasion strategies of HIV, the development of an
effective prophylactic HIV vaccine remains an unmet goal sitsceiscovery 30 years
ago. Development of a successful vaccine necessitates a definition of the type of immune
response that gives rise to protection against infection. Once the correlates of protection
have been established, the next challenge is tteci@ vaccine that elicits that type of
response. In the HIV vaccine field, the current thinking is that humoral respoakes
an important contributioto protection, but the type of antibody response, whether it is
neutralizing or nomeutralizing, rerains controversial. Numerous types of immunogens
(virus like particles, viral vectors expressing recombinant antigens, subunit antigens
including wellordered Envrimers mosaic viuses, etc.) have been desigred tested
in combinations with various adrants,delivery routesand immunization schedules

The RV144 HIV vaccine trial conducted in Thailand gave the most promise for
creating an effective vaccineThe trial consisted of 16,000 volunteers (HIV negative
individuals at low, medium, or high kj half of whom received four intramuscular (IM)
priming injections of a recombinant canarypox vector, ALVALV, plus two IM
booster injections of recombinant HIV envelope glycoprotein (Env) gpl20 subunit,
AIDSVAX B/E, and alum(RerksNgarm et al. 2009) It induced primarily a humoral
immune response with binding antibodies to gp120 and antibodies that carry out antibody

dependent cellular cytotoxicity (ADCC). Importantly, IgG antibodies against the V1V2

1



loop of gpl20 were elicited and correlated with a decreased risk of infection (IgA in
serum was a correlate of increased infection). However, antibody titers decreased in
vaccinees after 24 week¥ates et al. 2014) The vaccine produced little protection,
having no effect on viral load or CD4 T cell count once vaccinees became infected, and
imparted only 31% efficacy overdlRerksNgarm et al. 2009; Haynes et al. 201Zhis

vaccine strategy showed that improvements were needed to increase the quantity, quality,
and durability of immune responseshough the results showed a marginal benefit, they
offered hope for a way forward.

Significant efforts were invested into undersling the nature of protective
epitopes on Env glycoprotein. Because of this work, we have an understanding about
regions of Env that do or do not trigger protective antibodies, we know that neutralization
is a key but not the only component of antibddyction, and we know that Env
monomers bind poorly to gerfime antibodieg(Xiao et al. 2009; Mascola et al. 2013;
Burton et al. 2016) Current research on HIV vaccines focuses on improving
immunogenicity of Envto elicit broadly neutralizing antibodies (bNAb) and other
antibody effector activities capable of protecting against multiple strains of HIV.
Strategies includeodifying the conformation or glycosylation patterns of Env to expose
conserved sites, or mintterizing critical epitopes using scaffold proteins in order to
improve binding to low affinity geraine nasve B cell receptors (BCR) and to focus the
responsgSliepen et al. 2016) The different types of Env immunogens developed thus
far are reviewed in Figure 1.0One approach that has not been fully explored is the use of

HIV Fc fusion proteins that would target Fc gamma receptors, including the neonatal Fc



receptor, to enhance immunogenicity and potentially support nr&edle vector

independent delivery to masal sites.
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Antigenicity
Peptides can contain linear epitopes. But there

are no restrictions on the angle of approach for
Ab binding.

Epitope scaffolds have been described for MPER,
CD4bs, V3-glycan and V3 epitopes.

Gp120 OD proteins bind to most non-quaternary
gp120 bNAbs, such as CD4bs and sometimes
V3-glycan bNAbs. Gp120 OD immunogens bind
to non-NAbs directed to the V3-loop and the
CD4bs.

Gp120 core proteins bind bNAbs directed to the
CD4bs, but lack epitopes that are located in the

V1V2 and V3 loops. Core gp120 proteins usually
also bind to non-NAbs directed to the CD4bs.

Gp120 binds to all non-quaternary gp120 bNAbs,
such as bNADbs to the CD4bs, and OD- and V3-
glycans and some gp120 proteins bind to PG9
(aV1V2 apex bNAb). Monomeric gp120 shows
reactivity with a large number of non-NAbs.

Gp140, trimers bind to most bNAbs, except for
quaternary dependent bNAbs (e.g. PGT151,
PGT145, PG16) and bind efficiently to most
non-NAbs directed to the V3-loop, CD4bs and
gp41 ECTO"

SOSIP proteins bind to most bNAbs, including
quaternary dependent bNAbs and bind with low
affinity to some inferred germline bNAbs to the
V1V2 apex and gp41. They show no or low
reactivity with a limited number of non-NAbs.

Modified OD variants (e.g. eOD-GT8) are designed
to bind to CD4bs bNAbs and their inferred
germline versions.

Nanoparticle presented SOSIPs have a similar
antigenicity as SOSIP trimers, but bind less to
gp120/gp4linterface bNAbs.

Immunogenicity

Peptides induce epitope-specific binding
Abs only and Tier 1 NAbs in the case of V3
peptides.

Scaffolds induce specific Abs directed to the
epitope, but NAbs are limited to Tier 1
viruses. The scaffold can also be
immunogenic.

Gp120 OD proteins induce binding Abs and
Tier 1 NAbs.

Gp120 core proteins induce CD4bs-specific
Abs and NAbs against Tier 1 viruses.

Gp120 induces binding Abs and Tier 1 NAbs
and, very rarely, Tier 2 NAbs. Gp120 is the
only Envimmunogen that has been tested
in large phase Il clinical trials.

Gp140,,, trimers induce increased binding
Ab and Tier 1 NADb titers compared to gp120,
but no Tier 2 NAbs. Gp140,, . proteins raise
non-NAbs against the CD4bs and
trimerization domains used for stabilizing
gp140,, are immunogenic. Gp140,,, -
trimers have been evaluated in small phase |
clinical trials.

SOSIPs can induce binding Abs and Tier 1
NAbs and, importantly, induce NAbs against
the autologous Tier 2 virus. In mice, SOSIPs
seem to induce non-NAbs against an
epitope located at the bottom of the trimer.

In knock-in mice, eOD-GT8 can induce
CD4bs-directed Abs, but these Abs are
mostly non-neutralizing.

Nanoparticle displayed SOSIPs induce
increased binding Ab and Tier 1 and Tier 2
NADb titers compared to SOSIP alone.

Figure 1.1 Overview of the different [HIV Env] immunogens.

The schematic representations in the left column are not drawn to scale. The white scale bar in the
EM images is 10 nm. N.A.: naipplicable Reprinted with permission from Taylor and Francis

Publishing group, Copyright 20X&liepen et al. 2016)
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1.2Fc gamma Receptors

There are three classes of classical Fc gamma receptbiRsjEescribed in
human®Fcd RI, FARIIA, Fc!RIIB, Fc RIIC, FARIIIA, and FARIIIB bthat are
expressed in innate immune effector cAd.illo et al. 2015) Fd Rs belong to the
immunoglobulin superfamily and can be classifig two categories, inhibitory and
activating. Inhibitory FERIIB initiates inhibitory pathways by signals transduced
through the immunoreceptor tyrostbhased inhibitory motif (ITIM), while activating
Fcd RI, FARIIA, FCIRIIC, and FERIIIA trigger activaion signals through the
immunoreceptor tyrosinbased activation motif (ITAM)Kigure 1.2. FdRs bind to IgG
antibodies with different affinitieGuilliams et al. 2014) Fd RI are high affinity
receptors thatan bind to monomeric 1gG; the other Rs are low affinity and require
aggregation to bind IgG and transduce signals. ThoubRIEan bind monomeric 1gG,
it also requires aggregation for cell activation to erfMetzger 1992) IgG coated
targets (antigens or cells) make up immune complexes (IC) that are able to effectively
aggregate the FRs. Most effector cells express both activating and inhibitory receptors
and the combined affinities of these receptors makes up the overall activating to
inhibitory ratio that determines the outcome of the sigDdlillo et al. 2015) To add to
the complexity, polymorphisms in human! Rs havebeen found that alter the affinity
with which they bind to IgG (Figure 1)2Salmon et al. 1992)In humans, IgG
antibodies have four subclasses, 1gg®4, thatbind with differing affinities to FRs.
IgG1 is the highest affinity subclass, capable of binding aRBErlgG2 and IgG4 have

the lowest affinitiegBruhns et al. 2009)



Structure Name CD Gene Alleles* 1gG1 1gG2 1gG3 1gG4 Major function

oG FoRl CD64 FCGR1A - 6x10"  No 6x10™  3x10"  Activation
=

= H binding
ITAM ﬂ(‘
¥

FeyRIA  CD32A FCGR2A  His131 5x10° 4x10° 9x10° 2x10° Activation
= Arg131  3x10° 1x10° 9x10° 2x10°

o
7

FeyRIIB  CD32B  FCGR2B  lle232 1x10°  2x10* 2x10°  2x10° Inhibition
Thr23z  1x10°  2x10* 2x10°  2x10°

o
a
FeyRIC  CD32C FCGR2C CGln13 1x10° 2x10* 2x10° 2x10° Activation
Stop13
o
Hzﬂa
Y

FeyRIIA  CD16A FCGR3A Val158 2x10° 7x10* 10x10°" 2x10° Activation
Phel58  1x10° 3x10° 8x10*7  2x10°

FeyRIIB* CD16B FCGR3B NA1, 2x10°  No 1x10° No Decoy;
NAZ or binding binding activation?
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GPI
anchor
FeRn® None FCGRT  ND! 8x10™ 5x10"  3x10" 2x10™  IgGrecycling
assigned and transport
B.m o
TRIM21* None TRIM21  ND 5x10°  5x10°"  2x10*  5x10°"  Activation and
THIGOHIE assigned proteasome
THHHHHS: targeting

Figure 1.2 Human Fc receptors for IgG

pom, Po-microglobulin FcyR, Fc receptor for IgG; FcRn, neonatal FcR; GPI,

glycosylphosphotidylinositol; ITAM, immunoreceptor tyrosibased activation motif; ITIM,
immunoreceptor tyrosinbased inhibitory motif; TRIM21, tripartite motdfontaining proteir21.
*Gene polymorphisms identified either by the position in the protein and the amino acid
substitutions (for example, His131 or Argl31), or by the name of the allele (NA1, NA2 or SH).

aassociates with integrid€0. Pintracellular recept&®9.52 lINo alleles have been described to

date that affect binding affinity or that are linked with diseaAéinity value corresponding to a
high-affinity interaction. The binding affinity values of theyRs for the various immunoglobulin

subclasses are depicted imMunit. Reprinted with permission fromMature Publishing Group
(License #4003830340698), GQuyright 2014(Guilliams et al. 2014)



Mutations can be engineered in the Fc segment of IgG antibodies to either improve or
attenuate binding to FRs (Shields et al. 2001) Also, glycosylations on Fc can be
altered to affect bindinf.und et al. 1992; Lund et al. 1996; Krapp et al. 2003)

FclRs are expressed in several different innate immune effector Egilsd 1.3
and thus regulate many innate and adaptive immune resgdtiseserjahn et al. 2008)
including antibody dependent cellular cytotoxicity (ADCC)ease of proinflammatory
cytokines, chemokines, and modulation of adaptive immune responses (described in
further detalil in section 1.4). Macrophages carry out ADCC ofdg&ed target cells in
an F¢RIIIA-mediated fashionDiLillo et al. 2015) The Fc portion of IgG binds
Fc RIIIA and sends an activating signal to the macrophage to kill thectg®d target
cell (Guilliams et al. 2014)

Activating FAR on DC internalize IC which are then processed for antigen
presentation androsspresentatiorfde Jong et al. 2006; Baker et al. 2011; van Montfoort
et al. 2012) An intracellular FER, neonatal Fc receptor (FcRn), directs the IC to antigen
presentation compartmeni®iao et al. 2008; Baker et al. 201dr) recycling endosomes
(described further in section 1.8\eflen et al. 2013) Another FER, TRIM21, has E3
ubiquitin ligase activity and might route ICas t does with antibody coated virus
particles- to the proteasome for eventual MHC | loading and presentdfigaré 1.4
(Mallery et al. 201Q) The F¢R through which IC was internalized might influence the
degradtive pathway through which it is processed and the repertoire of epitopes
generatedGuilliams et al. 2014) Such a systematic analysis for eachRFemains to

be conducted.



FCyRI FCYRIA  FpRIB  FOyRIIC FCyRINA FcyRINB
(FCGRIA) (FCGR2A)  (FCGR2B) (FCGR2C) (FCGR3A)  (FCGR3B)

Expression:
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© 2015 American Association for Cancer Research

Figure 1.3 Type I Fc! Rs in humans

Human type | FIR family members and expression patterﬁs.inducible upon cytokine

stimulation; , inducible upon cytokine stimulation in immature D8§;, functional F¢RIIC is
expressed by 10% ohdividuals. Reprinted with permission from American Association for
Cancer Research (License4£0101033961% Copyright 2015DiLillo et al. 2015)
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Figure 1.4 Efficient processing of antibody-coating antigens by moDCs

Triggering of Fc receptorfor IgG(FeyRs) on monocytaerived DCs (moDCs) induces a more
efficient immunoreceptor tyrosiAgased activation motif (ITAMylependent uptake of the
antigen. Moreover, signalling through the activatingBx via spleen tyrosine kinase (SYK)
activates molQs and facilitates endosomal maturation, increased lysosomal fusion and efficiently
facilitates the delivery of processed antigens to the MHC class Il compartment (MIIC) for

enhanced MHC class Il presentation to CDHcells. In addition, antigens couplémantibodies

are more efficiently crosgresented than unbound antigens. This is thought to be the result of two
independent mechanisms: first, neonatal FcRn (FeRadiated protection from degradation and
efficient delivery of the antigen to the cytosahd second, tripartite motifontaining protein 21
(TRIM21)-mediated increased delivery to the proteasome. Note that TRiW2llated delivery

to the proteasome has been shown to occur for opsonized particles (including viruses), but not
directly for antigen-containing immune complexes (question mark). TRIM21 also functions in the
absence of activating s> (dashed arrows). However, uptake of antibedgted viruses via
FcyRs may help target them to TRIM21. In addition, all of these experiments weied caut in
moDCs and it is currently unknown whether these observations also apply to conventional DCs.
Bom, Bo-microglobulin; ER, endoplasmic reticulunkReprinted with permission from Nature

Publishing Group (License #003830340698), Copyright 20{&uilliams et al. 2014)



1.3Neonatal Fc Receptor

FcRn is an Fc gamma receptor with MHC clasikd structure, which has several
functions in the immune system and can be used for vaccine (and drug) delivery. As its
name suggests, an important role for FcRn is to mediate the passive transport of IgG from
mother to fetus. Simister and Mostov cloned FcRn from epithelial cells in the small
intestine of an 1-Hay old suckling rat. These studies established FcRn as tianmem
for neonatal acquisition of IgG from motherOs ifBkambell 1966; Simister et al. 1989)
Later, it was shown that FcRn transports IgG across the plafesdaah etal. 1996;
Simister et al. 1996; Antohe et al. 2001)

In addition to mediating passive immunity from mother to fetus, FCRn has several
important functions. FcRn is expressed in endocytic vesicles in endothelial cells and
epithelium of gut, kidney, lup and skin(Kuo et al. 201Q) It is also expressed in
immune cells such as DC, macrophages, B cells, and neutr@ffuiet al. 2001) FcRn
binds 1gG and albumin at pldss than 6.5 and releases them at neutral pH. In so doing, it
increases the halife of these molecules by temporarily taking them up into endothelial
FcRncontaining vesicles (through pinocytosis), and protecting them from the harsh
circulatory enviroment(Dickinson et al. 1999; Chaudhury et al. 2003; Claypool et al.
2004; Yoshida et al. 2004)Crystallography showed FcRgG binding occurs in a 2:1
ratio, where 2 FcRn bind 1 IgG molecule at its G@E123 juncton in a manner distinct
from conventional Fc gamma receptors!@c(Martin et al. 2001) Specifically, two
histidine residues at tHe3 danain of FcRn, H250 and H251, bind the Fc domain of IgG
at H310, H430, 1258Kuo et al. 2011)

FcRn has the capacity for nolegradative bidirectional transpart IgG or 1gG
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immune complexes (IC) across epithelial layers, endowing this receptor with mucosal
immune surveillance function®ickinson et al. 1999; Claypool et al. 2004; Yoshida et
al. 2004) It was shown in e that FCRn protects against luminal bacteria by shuttling
antigenbound IgG IC across epithelia and delivering them to underlying lamina propria
DC for subsequent presentation to CD4+ célls Bacterial colonization and
pathogenesis was significantiygher in FcRH mice, identifying FCRn as an important
player in regulating immune responses to mucosal pathgBensSuleiman et al. 2012)

The transcytosis of IC by FcRn also poises this receptor for sédet orelivery of Fe
containing subunit vaccine antigens (or drugs) to underlying mucosal associated
lymphoid tissue (MALT). As described below, we aim to develop an effective subunit
mucosal vaccine by taking advantage of FcRn to efficiently deliverutuwms Fc fusion
antigen to immune cells within mucosal tissues.

In immune cells, FcRn has been shown to enhance antigen presentation.
Although FcRn has MHC-like structure, its peptidbinding groove is occluded,
preventing FcRn tim being a conventi@h antigenpresenting molecule. In APC, FcRn
resides in acidified endocytic vesicles and binds IgG IC cargo that has been handed off
from conventional FdRs that have been endocytosed from surface plasma membrane.
The exact mechanism for the role FcRn plays in improving antigen presentation has yet
to be elucidated. Some groups have reported that FcRn traffics multimeric IC (defined as
multiple 1gG boundo antigen) to lysosomal compartments where they can be processed
and presented on MHC Il for subsequent CD4+ T cell stimulation; monomeric IC,
however, were unable to be routed to lysosomes or to stimulate CD4+ T cells,

presumably because these IC wezeycled out of the celMi et al. 2008; Qiao et al.
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2008) These groups hypothesize that FcRn cargo with higher ligand valencylicksss
the FcRn, causes conformational rearrangement, and promotes signalingffésidng
to lysosomes. Wefleat al. found FcRn bound to multivalent Ig@sonized antigens is
diverted to lysosomes by preventing entry into recycling tubules (narrow luminal
extensions of endosomes); FcRn bound to monomeric IgG, which are smallee,in
were sorted into recycling tubules and exocyto@&e@flen et al. 2013) Others report
FcRn increases efficiency of antigen presentation of endocytosed monomeric immune
complexes above that for soluble artign both DC and macrophaggsu et al. 2011)
Furthermore, FCRn has been reported to mediate cross presentation of IgG IC in CD8
CD11b DC. Unlike CD8+ DC, this subset does not participate in cross presantétio
soluble antigen because their acidified phagosomes are unfavorable for cross
presentation. However, this environment is conducive for FcRn to bind IC and protect
them from degradation, resulting in epitope preservation and efficient cross presentatio
of IgG IC (Baker et al. 2011) By playing a role in antigen presentation and cross
presentation, FcRn contributes to both humoral aneheedliated immune responses.
FcRnmediated enhancement of IgG IC antiggmesentation and cross
presentation, as well as its capacity for bidirectional transport of IgG IC highlights the
immunoprotective roles of this receptor and underlines the advantages of targeting FCRn
for mucosal vaccine design. Zktial conducted a gtly in mice testing the efficacy of a
subunit mucosal vaccine strategy that exploits the FcRn receptor. FcRn knockout (KO)
or WT mice were immunized intranasally (i.n.) with an Fc fusion protein containing
HSV-2 glycoprotein D (gBFc). WT mice had effieint transcytosis of gibc across

airway epithelia compared to KO mice, or mice immunized with gD alone. In addition,

12



WT mice generated durable systemic and mucosal immune responses. -Hwe gD
vaccine, administered i.n., protected WT mice from intravagihallenge with HSV2,

even 6 months after primary immunizatifre et al. 2011) A similar study used HIV
GagFc; WT FcRn mice exhibited significantly better immune responses and higher
protection upon viral chi@nge compared to mice given antigen alone (without Fc) or
FcRn KO mice(Lu et al. 2011) These studies demonstrated the effectiveness of

targeting FcRn for developing a potent subunit vaccine for mucosal geliver

1.4Immune complexes and regulation of immune responses

In 1907, Emil von Behring demonstrated that immunization with diphtheria toxin
plus antidiphtheria antibody resulted in lofgsting immunity against diphther{&aas
2001) Since then, immunization with antibodies asduble antigen has been seen to
confer enhanced immune responses and protection above that of soluble immunogens in
many different models of infectiorFor example, live infectious bursal disease virus plus
hyperimmune serum led to formation of more germinal centers, increased amounts of
antigen depositedn FDC, and improved protection compared to immunization with
uncomplexed virugHaddad et al. 1997; Jeurissen et al. 199Bjjuine herpesvirus 1
incorporated into Solidatrix-Antibody-Antigen complexes induced eatralizing
antibodies(Alber et al. 2000) Rhesus macaque immunization with Venezuela equine
encephalitis (VEE) virus plus 1gG, compared to VE@&nal resulted in higher peak titers
that consisted mainly of IgGvhile bothigM and IgG were elicitetdy VEE) (Houston et
al. 1977) We now know that the enhanced immune responses and protection seen in
these studies can be attributed to antigetbody IC formation and engagement of

Fc Rs (Brady 2005)
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Due to the wide expression of FcyR on innate immune effector cells, multiple
mechanisms account for IC effects on immunity (Figure 1.5 (Brady 2005; Bournazos et
al. 2015) Compared to soluble antigen, IC have increased uptake viecyR on dendritic
cells (DC). Binding to activatingcyR on DC induces maturation, increasing MHC and
costimulatory molecule expression, and leads to enhanced antigen presdithijama
et al. 2003). Also, IC lower the threshold of B cell activation either by increasing avidity
of antigen to B cell receptors (BCR), or by fixing complement to engage complement
receptors. This results in clustering of the BCR with the B cell coreceptor complex and
lowers the activation threshold (Dempsey et al. ; Dempsey et al. 1996). Once a naive B
cell is exposed to antigen and activated, it migrates to the border between the T cell zone
and the B cell follicle to present antigen to its cognate T follicular helper (Tfh) cell
(Hamel et al. 2012). Following interacting with a Tth cell, a B cell can either become an
extrafollicular plasma cell or reenter the follicle to undergo class switch, somatic
hypermutation (SHM), and affinity maturation through help from Tfh signals. Early
studies postulated that IC deposited on follicular dendritic cells (FDC) within lymphoid
follicles promote immunoglobulin SHM and affinity maturation (Wu et al. 2008).
Current models suggest that the B cells with the highest affinity B cell receptor (BCR)
are the most efficient at antigen capture from the IC on FDC, and are also the most
efficient at processing antigen for MHC Il-restricted presentation to Tth (Victora et al.
2010). It is then these B cell clones that can best compete for limited Tth help and
receive the necessary signals for either further SHM and affinity maturation or
differentiation into memory cells. It is not yet clear what the signals are for these

alternative fates (Figure 1.6).
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Figure 1.5 Regulatory functions of immune complexes.

Immune complexes bind to activating Fc receptors (FcR) anditohyi-cRs that are expressed

by innate immune effector cells such as basophils, mast calgrophils, monocytesand
macrophages, in which they trigger the indicated effector responses. Binding of immune
complexes to FcRs on dendritic cells results hagocytosis and presentation of antigenic

peptides on MHC class | and class Il molecules. Antig@erific CD8 cytotoxic T cells, CDZ
helper T cells or regulatory T cells FQ-Eg cells) that recognize these pepddHC complexes

become activated and mettiavarious effector functions such as killing of viingected cells,
modulation of immune responses or providingéll help for antigerspecific B cells. B cells

only express the inhibitory lowaffinity FcR for IgG (Fc RIIB), which regulates activatisgnals
transduced by the-Bell receptor (BCR). On plasma cells, which produce high levels of antigen
specific antibodies, BCR expression is very low or absent, resulting in exclusive triggering of
inhibitory signalling pathwaysReprinted with permissiorfrom Nature Publishing Group
(License #4003831148636 Copyright 200§ Nimmerjahn et al. 2008)
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IC bind neonatal Fc receptor (FCcRn) in acidified vesicles of endothelial cells and
antigen presenting cells (APC) and can then be released intact into the extracellular
space; this increas IC halflife by allowing temporary protection from catabolism in the
harsh circulatory environmefDickinson et al. 1999; Chaudhury et al. 2003; Claypool et
al. 2004; Yoshida et al. 20Q4)VNithin APC, immune emplexed antigens are efficiently
colocalized with MHC Class | or MHC Class Il presenting molecules where peptide
processing and loading occyBaker et al. 2014)

In the AIDS modelsof infection, indirect evidence thd€C enhance humoral
immunity stens from preexposure and posixposure prophylaxis studies. ad3ive
immunization with bNAb elicited protection againstravenous or intravagingbHIV
infectionin macaque model®/ascola et al. 2000)bNAb, b12, does not elicit protection
when its ability to bind BdQR is abrogated(Hessell et al. 2007) Immediately
postinfection, passive immunization ttvi polyclonal 1gG from an Shmfected
nonprogressor (SIVIG) suppressed viremia for over a year after the clearance of SIVIG,
and resulted in the accelerated formation of de novo bNAbsgwood et al. 2004)
While these observations may be due to the bNAb decreasing viral load (via blocking
viral entry/infection, ADCC) and preserving the function of the immune system, another
potentialexplanation is thallC formedin vivo, and through Fc:F& interactions, created

an active immunizing effect.

16



®

\
Death? *

lossof N
affinity/specificity >

Affinity

SHM in DZ

Residency time in DZ

Proliferation in DZ

Antigen presentation to Tfh cells in LZ

TRENDS w1 Immunclogy

Figure 1.6 Affinity maturation in the GC.

During a T celldependent antibody response to protein antigens, B cells undergo expansion and
somatt hypermutation (SHM) in the dark zone (DZ) of the germinal center. They then migrate to
the light zone (LZ), where the highest affinity cells are selected through their ability to acquire
antigen from the surface of follicular dendritic cells (FDCs) amesent this antigen to T
follicular helper (Tfh) cells. By contrast, B cells that cannot compete for antigen binding are
eliminated. Antigen presentation to Tfh cells directs B cells to reenter the DZ, where they
undergo additional rounds of division antild. The amount of proliferation and mutation B
cells undergo during each interzonal GC cycle is proportional to their affinity for antigen and the
amount of antigen they present to T cells. This creates a fieeeard loop, where B cells with

the highesaffinity are continuously selected, expanded and diversified. This model explains how
affinity maturation can occur in the course of an immune resp®tesgrinted with permission

from Elsevier (License #003831418856 Copyright 2014Oropallo et al. 2014)
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1.5Scope of the thesis dissertation

We began this work as an extension of the studies we previouslyateddn
mice showing that Gagc fusion protein depended on FcRn to be delivered intranasally
and elicited potent immune responses that protected mice against recombinant vaccinia
virus expressing HIV Ga@lu et al 2011) We wanted to test if this strategy can be
translated to nonhuman primates using a more relevant immunogefrcHE@hapter 3).
Env-Fc contains an HIy,. gp120 molecule witla Gly/Ser linker attached at its carboxyl
terminus that isin turn, fused toeach arnmof the dimeric Fc domain from rhesus IgG1
We chose to study Env as Egpecific antibodies may be the main component for a
protective response. We immunized rhesus macaques via the mucosal route to target
immunogens to th&1ALT , which catains themajority (~80%) of human lymphocytes
and is the primary route of entry for many viruses including sextralhsmitted HIV

Env-Fc is capable of engaging not only FcRn, but also canonid&tskc We
immunized by the muscular route with ERe or Env immunogens to assess how
addition of the Fc moiety might enhance the immune response of a weak immunogen
(Chapter 4). Results showed that Hfw elicited a greater magnitude, breadth, and
durabilty of the immune response relative to Env.

We wanted to test whether covalent conjugation of adjuvant to the imunogen
might lower the required dose to elicit grdlammatory responses and decrease off
target effects relative to dormulated adjuvant (Gapter 5). Wdinked the muramyl
dipeptide (MDP) adjuvant to sialic acid on Etovcreate our MDHENnw-Fc immunogen.

We designed MDHEENnwFc to contain a cleavable disulfide linker such that it can be

released once inside thd”C. Muramyl dipeptide has ba shown to bind intracellular
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nucleotidebinding oligomerization domainontaining protein 2 (NOD2) pattern
recognition receptofPRR)and elicit proinflammatory cytokines. In our studies, we first
tested a modified MDP compound that would be targete&neFc and a MDP
compound that would be released after entry into the APC usinglTIHF8 bioassays.
We then immunized our animals with MEEhv-Fc or EnvFc alone to test whether
MDP-Env-Fc has adjuvant activity and can elicit a stronger responserectatEnvFc.
We did not get to investigate how conjugated adjuvant compares-torncolated
adjuvant and leave this question to future studies.

One obstacle to using Env immunogens is the diversity of circulating viral
sequences. Am@pproach to overening the problem of virus variation is to engineer
immunogens that multimerize and present only the most conserved epitopes;
multimerization will increasavidity to lowbinding germline BCR on nasve B cellsin
line with this reasoning, we built on oprevious Gag~c immunogen and designed Gag
V1V2-Fc. V1V2 loop is a critical site in Env gpl120 that has been associated with a
decreased risk in HIV infection during the RV144 trial aattainsthe binding site of
several bNAD, including PG9 and PG@erksNgarm et al. 2009; Haynes et al. 2012)
V1V2 was substituted for the Cyclophilin A loop of Gag. Due to theassémbling
nature of the Gag capsid protein, @at\V2-Fc multimerizes and presents repeating
V1V2 and Fc moieties. We envisioned that &ég/2-Fc could potentially elicit
cellular Gagspecific responses and humoral aritivV2 responses. In addition, the Fc
would allow it to be targeted to ARs and be delivered to mucosal sites. At the time, we
also wanted to test whether this Fc fusiprotein with multiple Fc segments would

stimulate stronger immune responses relative to the monomeriec&Enone Fc
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segment). To begin to answer these questions, we immunized rhesus macques-with Gag
V1V2-Fc or Gag @4 by the nasal or muscular routes.
Table 1.1 shows the immunization schedule with all the immunogens and animal

group assignments throughout our work.
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Chapter 2: Materials and Methods

2.1Cells and reagents

Chinese hamster ovary (CHK cells and THPL human monocytic cells were

purchased from the American Tissue Culture Collec(ﬂbTCC" TIB-202™, Manassas,
VA). CHO cell lines were grown in complete DMEM supplemented with 10 mM
HEPES, 10% fetal calf serunSigmaAldrich, Inc, Darmstadt, Germahy 1% L-
glutamine, nonessential amino acids, and 1% penicillin/streptomycin.1Ti4éte grown

in complete RPMIL640 Thermo Fisher Scientific Inc., Waltham, NiAupplemented

with 10% fetal bovine serumTfermo Fisher Scientific Inc., Waltham, MIA1% L-
glutamine, .05 mM 2mercaptoethanol, and 1% peniciIIin/streptomycﬂATCC"

TIB-202™, Manassas, VA). Cells were grown in 5% &2 37;C. Peripheral blood
mononuclear cells (PBMC) were purified from whole blood that was obtained from

commercial suppliers, and PBMC rgecultured in the same RPNMbhsed medium.

PG9 antibodyCatalog # 12149 VRCOL1 antibody (Catalog # 12038¢re acquired from
the NIH AIDS Reagent Programivision of AIDS, NIAID, NIH. Manufacturing of
Env-Fc and Env glycoproteins were performed by Yheal and Cell Core Facility at the
Institute of Human Virology, University of Maryland School of Medicit#lV g, gp120
was expresseth 293FS cells from an expression constrpatchased from Aldevron

(Aldevron Fargo, ND).
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CpG ODN was purchased from InvivoGen ( Catalog # 2395¢-1, InvivoGen, San Diego,
CA). Sigma Adjuvant System was purchased from Sigma-Aldrich and used according to
manufacturer’s instructions (Catalog # S6322, Sigma-Aldrich, St. Louis, MO).

Env-Fc was labeled with Allophycocyanin (APC) fluorophore using the Lightning Link
APC — XL conjugation kit (Catalog # 7-5-0010, Innova Biosciences Ltd., Cambridge,

England) according to manufacturer’s instructions.

2.2 Constructing the Env-Fc fusion protein expression vector

The cDNA encoding gpl120 from the HIV-1 isolate BalL was amplified using PCR
primers (5~ CTCTGAATTCACCGCCATGGGGTCTCTGCAACCG -3, 5’-
AGATCCCGAGCCACCTCCTCCGGACCCACCACCGCCTGATCCGGCCACGCCC

AGGGGCTC -3°). The antisense primer was extended to encode 14 codons for glycine
and serine (GSGGGGSGGGGSGS) that formed a linker between the gpl120 and Fc
sequences. The Fc-fragment of monkey IgG1 containing hinge, CH2 and CH3 domains,
was amplified by RT-PCR from the monkey PBMC cDNA using primer pairs (5°-
GGATCAGGCGGTGGTGGGTCCGGAGGAGGTGGCTCGGGATCTCCTCCCACGT
GCCCACCG -3°, 5- TATACTCGAGTTATTTACCCGGAGACAGGGA -3°). The
forward primer for IgG1 Fc is complementary to the G/S linker region. PCR amplificates
reaction products were annealed and digested with restriction endonucleases ECORland
Xhol before ligating into a pCDNA3 vector containing a gp120 secretion signal sequence.

Each construct was verified by DNA sequencing.

Plasmids containing the Env-Fc were transfected into CHO cells using Effectene
(Qiagen, Valencia, CA). G418-resistant clones were selected and tested for secretion of
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Env-Fc fusion proteins. SD®AGE and Western blot were performed to assess the
recombinant fusion proteins using mouse-gptl20 or antmonkey IgG antibody. The
highest expressing clones were preserved in cell banksnfeFc production.Env-Fc

fusion proteins secreted in CHO cell supernatants were first cleaned by ultrafiltration and
further purified by affinity chromatography using Protein A Sepharose 4 Hkast
(Amersham Pharmacia, Piscataway, NJ). Protein concdensatvere measured with
Bradford protein assakits (Thermo Fisher Scientific Inc., Waltham, MASing mouse

IgG2a as a standard.

2.3Biochemical characterization oEnv-Fc

Inhibition assay-- EnvFc binding to F¢R: THP-1 cells were préreated with HI\,,

gp120 (to blockEnw-Fc binding to cell surface CD4) and with varying molar amounts of
unlabeled IgG Fc fragments for 1 hr 8€4Treated THRAL cells were washed and stained
with 0.5 ug of APC-labeledEnv-Fc (this amount produced maximum signal intensity

the absence of competing Fc fragments or BalL). Molar ratios of Fc fragments to APC
Env-Fc were 0:1, .2:1, .5:1, 1:1, and 2:1. The isotype control was-THdBlls treated

with unlabeledEnwv-Fc. Binding of labeled proteins were analyzed withAeccuri C6

flow cytometer (BD Biosciences, San Jose, Ca).

Competition assayp EnvFc binding to CD4 Peripheral blood mononuclear cells

(PBMC) were prancubated with 2ug of IgG Fc fragments for 30 min. on ice. Cells
were treated witlEnv-Fc for 30 min. on ice then washed and stained with a FITC anti
CD4 antibody that does not compete with Env for binding to CD4 (OKT4, BioLegend,

San Diego, CA) or with a FITC aniD4 attibody that competes with Env for the CD4
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binding site (RPA-T4, BioLegend, San Diego, CA). Stained PBMC were analyzed using
the Accuri C6 flow cytometer (BD Biosciences, San Jose, Ca).

Confocal — Env-Fc endocytosis: THP-1 cells were treated with APC-labeled Env-Fc on

ice for surface staining, or warmed to 37°C for 10, 30 or 60 minutes to allow protein
internalization. Treated cells were washed and fixed in 2% paraformaldehyde. A
cytospin centrifuge was used to concentrate fixed cells (800 rpm, 10 min) on microscope
slides. Specimens were overlayed with ProLong Gold Anti-fade reagent containing 4',6-
diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific Inc., Waltham, MA) and
cover slips were added 30 min prior to observation with confocal microscopy. An LSM
510 Meta microscope (Carl Zeiss Microscopy Ltd., Jena, Germany) was used for

confocal studies.

2.4 Animals, Immunizations

Rhesus macaques: Juvenile rhesus macaques with equal numbers of males and females,

were obtained from commercial suppliers. Animal housing and experimental protocols
were approved by the Institutional Animal Care and Use Committee at the University of
Maryland School of Medicine.

Immunizations: Rhesus macaques were immunized according to the immunization
schedule in Table 1.1. Protein immunogens plus adjuvant were formulated in 0.1 ml or .5
ml of sterile saline for intransal (i.n.) or intramuscular (IM) immunizations, respectively.
IM immunizations were delivered into the thigh. Blood samples were collected from
animals that had received Ketamine restraint anesthesia. Venous blood samples were

obtained and immune responses were analyzed.

26



2.5ELISA

HIVeaL Env gp120Full Length Single ChainHLSQ ELISA 96-well microtiter ELISA

plates were coated with j5g/ml antigen (BaL gpl120 oFLSC) in sodium bicarbonate
solution, pH 9.6 (Sigm&ldrich, Inc, Darmstadt, Germany) and incubated overnight at
4°C. Plates were washed with PBSA¥% Tweer20 (PBST) and blocked with 5% BSA

for 1.5 hours at 3C. After washing 4 times, 100 ul of animserum or VRCO1
monoclonal antibody standard were added in duplicate wells; antibody concentrations
were determined in control tests. Experimental serum samples added to coated plates
were incubated for 1.5 hours at’@7and washed 6 times. 100 ul H@fhjugated sheep
antrhuman 1gG (GE Healthcare, Chicago, IL) were added at a 1:1000 dilution and
incubated for 1 hr at 8€. Plates were washed 6 times again and 100 ul of TMB Ultra
solution (Thermo Fisher Scientific Inc., Waltham, MA) were added for Ih niihe
reaction was quenched with 100 ul 0.16M sulfuric acid (Thermo Fisher Scientific Inc.,

Waltham, MA). The absorbance was measured at a wavelength of 450 nm.

CD4i specific 1gG levels were measured in ELISA assays using FLSC bound to the plate.
Animal sera were pradsorbed with 1Qug BaL gp120 for 30 minutes af@ to block
gpl20specific antibodies and reveal only the fraction of antibodies specific for the
conformationally constrained FLSC.

V1V2 glycopeptide ELISA96-well microtiter ELISA plats were coated overnight &G}

with 40 pg/ml Neutravidin (Thermo Fisher Scientific Inc., Waltham, MA). After
washing with .5% PBS, nonspecific antibody binding was blocked by treating plates

with 5% sodium caseinate (EMD Millipore, Darmstadt, Germamy) If hr. at 37C.
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Plates were washed before addingidml biotinylated V1V2 CAPGP6 glycopeptide
(Amin et al. 2013)in 1% casein. Plates were incubated #C3for 1 hr and washed
again with 0.5% PBS. Serum samples were diluted 1:10 in 1% casein &éefdding to

the plate. Monoclonal antibody standard PG9 IgG (NIH AIDS Reagent Program,
Division of AIDS, NIAID, NIH) was suspended in 1% casein and added to plates
beginning with a concentration of 2@/ml and diluting 1:3 in serial fashion. Treated
plates were incubated for 2 hr. af@7then washed with 0.5% PBS HRRconjugated
sheep anthuman IgG secondary antibody was diluted 1:1000 in 0.5%-PB&d
incubated for 1 hr at 3T. After washingTMB Ultra solution (Thermo Fisher Scientific
Inc., Waltham, MA) was added for 20 min and the reaction was quenched with 100 ul
0.16M sulfuric acid (Thermo Fisher Scientific Inc., Waltham, MA). The absorbance was

measured at a wavelength of 450 nm.

Calculations All samples were run in duplicate. Average optical density (OD) values
were adjusted by subtracting the background OD values (blank wells with zero added
standard). Premmunization (Week 0) serum IgG levels were subtracted from the Week
7 seum concentrationslhe concentration of HAL 1gG antibody was calculated relative

to the standard curve using gdrameter fit curve that was generated using the GraphPad

Prism 5.0 software (GraphPad Software, Inc., La Jolla, Ca).

2.6 HIV Neutralization Assays

Serum antibody neutralization titers were detected by measuring a reduction in virus
infection using TZMbl cells as the target for HIYMontefiori 2009; SarzottKelsoe et

al. 2014) Briefly, heat inactivatedera (56C, 1 hr) were combined with Tier 1A, 1B, or
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Tier 2 Clade B Empseudotyped viruses and overlayedvoos permissive TZMol cells
expressing aratregulated Firefly luciferase (Luc) reporter gene. Luciferase signal,
measured in relative luminesace units (RLU), is directly proportional to infectious
virus particles. Neutralization titers are reported as the dilution at which the RLU
declined to 50% of the maximum RLU from virus control wells (no test saraftie)
subtraction of background lumescence in cell control wells The lower limit of

detection was a neutralizing titer of 20.

2.7 Antibody-Dependent Cellular Cytotoxicity (ADCC)

A flow-based ADCGGranToxiLux (ADCGGTL) assay (described ifPollaraet al.
2011) was usedo measure ADCC activity in macaque sera. Recombinangdtp120

was used to coat targ€fEM.NKRccgs cells in the GTL assay. Rmamunization or
Week 7 macaque sera were used to decorate the -gpag&d cells. PBMC obtained
from an HIV seronegative healthy donor were used as effectors. Effectalece##d
Granzyme B hydrolyzes a fluorogenic peptide substrétan target cells generating a
fluorescent signal that allows individual target cells that have received a lettalbeit
identified by flow cytometryADCC is measured as the percentage of target cells with
Granzyme B activity.The cutoff for positivity in the GTL assay was >8% of Granzyme
B activity. The recombinant gp120 representing thedzl\solate was chosdmecause it

matched the immunogen used in the vaccine study.

2.8Reverse Transcriptio®Quantitative RealTime Polymerase ChaiRReaction

The mRNA expression of B8 in THR1 cells was determined by gFPICR. RNA was

isolated from cells with the RNeasy Minit{Qiagen GmbH, DYsseldorf, Germany). The
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cDNA was synthesized using 500 ng of RNA &meli Script SynthesiKit (Catalog #
170-8891, BioRad Laboratories, Inc., Hercules, Léccording to the manufactuéas
protocol. Target gene expression was determusaty cDNAand IL-8 primerswith

iTag UniversaSYBR Green Supenix (Catalog # 175120, BiecRad Laboratories, Inc.,
Hercules, CAon the Applied Biosystems StepOne Plus Reaale PCR system (Life
Technologies, Grand Island, NY, USA). The cDNA of eacharmwas measured two
times, and the averaged cycle thresholg (as used. Relative mRNA levelslaf-8
were normalizedo the 18S house keeping gemeeach sample and then normalized to

CT

the unstimulated THR control. Measurements were basedhm? - method

I Cr = aw Cr (IL-8 target gene) awg Cr (189 and!! Cr = (! CT)sampIe'

(' Cr)controt 28! CT\yas the relative fold change.
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Chapter 3: Subunit Mucosal Vaccine Strategy Targeting FCRn

3.1Introduction

For a pathogen like HIV, which has a mucosal portakmtry during sexual
transmissionlocal mucosal defensesight be ablego block newly acquired HIV from
spreading and/or establishing latencyHowever, he mucosal epithelium is a major
barrier to mucosal immunization. To overcome this barrier, musegaine strategies
have tried to mimic the infectious process by relying on live attenuated mucosal
pathogens or bacterial/viral vectors expressing vaccine immundggoke 2012)
Safety concerns associated with the use of live attenuated vaccines combined with the
potential for pre-existing immunity to ectorspecific vaccines makes subunit mucosal
vaccination a attractive strategy if it can be delivered efficiently.

FcRnmediatedbidirectional transport of IgG I(Dickinson et al. 1999; Claypool
et al. 2004; Yosida et al. 2004)as well as its capacity fanhancement of IgG IC
antigen presentatiofQiao et al. 2008)and cross presentatiofBaker et al. 2011)
highlights the immnoprotective roles of this receptor and underlines the advantages of
targeting FcRn for mucosal vaccine desigiouse studiebaveteseda subunit mucosal
vacciration strategy that exploits the FcRn receptoFor example, ntranasal(i.n.)
immunizationwith inactivatedFrancisella tularensighat wascomplexed with mouse
IgG2a inducd stronger IgA responsem mice compared to uncomplexed iknd
enhanced protection against a virulent straifr.dlularensis(Rawool et al. 2008) Mice
immunized intranasallyith an Fc fusion protein containing H&/glycoprotein D (gb

Fc) efficiently transcytosedgD-Fc across airwagpithelia compared t6écRn knockout
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(KO) mice or mice immunized with gD alone. In addition, Wicegenerated durable
systeme and mucosal immune responses and \pesected from intravginal challenge

with HSV-2 for up to 6 months after immunizatiofive et al. 2011) A similar study

usng HIV GagFc showedthat wild-type mice with FCRn exhibited significantly better
immune responses and higher protection upon viral challenge compared to mice given
Gag(without Fc) orwhen either immunogen was used-tRnknockout mice (Lu et al.

2011) These studies demonstrated the effectiveness of targeting FcRn for developing a
potent subunit vaccine for mucosal delivery.

Many HIV vaccine programs focuprimarily on the gpl20 portion of HIV
envelope glycoprotein (Envjo elicit protective immuity (Sliepen et al. 2016)
Considering the potential advantages of Fc fusion protein vaccines that were observed in
mouse studigesve wanted to test whether targeting En¥e&n would result in efficient
delivery to mucosal sites and enhancedmune responsesn rhesus macaquedVe
developed fusion protein immunogeronsisting of HIV gp120 (BaL strain) attached at
its carboxyl terminus to a Gly/Ser linker thadsin turnfused toeach arnof the dimeric
Fc domainfrom rhesus IgG1 (En¥c). We alsogenerated a mutafusion protein (Env
Fc Mut) by introducingpoint mutations KI310A and H43B) known to prevent FcRn
binding to the IgG Fc-domain (Shields et al. 2001)We confirmedthe biochemical
integrity of fusion proteinsand immunized rhesus macaques by the i.n. route
hypothesized that ErRvc, by binding FCRn and possibly othdfc gamma receptors
(FdR), would be a more potent immunogen compared to-FEmWut dueto FCRn
mediatedtranscytosis across the nasal epitheliand immune enhancing properties of

Fc Rs(Raghavan et al. 1994)
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3.2Results

3.2.1 EnwFc design, expression, and functional characterization

We engineered aBnv-Fc construct containing gp120 (Env) fused to rhesus IgG1
Fc fragmeni(Fc) through a 14 amino acid Gly/Ser linker. The IgG1 Fc binds aatiyvat
Fc Rs with higher affinity compared to other IgG subclas@@silliams et al. 2014) In
our constructs, the gpl120 molecule (plus the G/S linker) is fused to each chain of a
dimeric Fc fragment including the hingegron (Figure 3.1A). Env-Fc Mut contains
point muations H310A and H43B) in the Fcknown to preventgG binding to FcRn.
Env-Fc DNA expression constructs were transfected into CHO cells and Fc fusion
protein expression was verified byesternblot (Figure 3.B). Functional testing of the
Fc-domain was confirmed by precipitating ERg, but not EnvFc Mut proteins, with
StaphylococcaProtein A on beads (Figure 310t has been shown that protein A and
FcRn recognize overlapping amino acids of IgG Rd awutatios in this region can
affect bindingpropertiegRaghavan et al. 1994; Popov et al. 1996)a result, protein A
effectively and competitively inhibits 1gG binding to FcRRigure 3.1Cshowsthatthe
Fc portion of Env-Fc dictatesbinding for FcRnand binding isabrogatedn the EnvFc
Mut version

We assessecdhé functional integrity of Em¥c by testingits binding to cell
surface FtRs or CD4 receptors. Flow cytometry measured cell surface binding and
confocal microscopy demonstrated protein uptake cytoplasmic vesicles. E#ic was
conjugated to the fluorescent lal®dlophycocyanin(APC). THP-1, a human leukemic

monocytic/maoophage cell lingTsuchiya et al. 1980jwas used to measueav-Fc
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Figure 3.1 Design and Expression of EmFc and EnwFc Mut fusion proteins

A) Schematic of EmFc fusion protein. An HI¥, envelope glycoprotein gp120 (Env) is fused
to each arm of the rhesus IgG1 Fc fragment (including the hinge) through a Giykger Env

Fc Mut containgpoint muations H310A and H435A) in the Fc domaitesigned taabrogate
binding to FcRn(and also to Staphylococcal Protein.A)B) Western blot illustrates the
expressionof Env-Fc WT or Mut when probed with anthesus IgG1 dibody or antigp120.
Env-Fc and EnvFc Mut formed monomers under reducing conditions and distlifided
homodimers under nereducing conditions. C)Pull down assayEnwFc or EnvFc Mut was
pulled down withStaphylococcal Prein A on beadsWesten blot was probed with antjp120.
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binding to F¢Rs and internalization into cytoplasmic vesicles. First, we performed an
inhibition assay to testhether Env~c binds FERs on THP1 cells. We praencubated
THP-1 with unlabeld HIV g, gp120 to block ayn EnwFc binding to cell surface CDA4.
THP-1 cells, treated with gp120, were incubated with various concentrations of unlabeled
IgG Fc fragment, washed, érstained with AP@abeled Envc. As expected, the
highest mean fluorescence intensfiyFI) signal from labeled EnvFc was achieved
when no competing Fc fragments were pres&hen cells were treated with increasing
amounts of Fc fragment, we observediasedependeninhibition of EnvFc binding
(Figure3.2A).

We next tested whether E#ic binds b cell surface CD4. PBMCs were
incubated with saturating concentrations (determined prslipof Fc fragment before
Env-Fc was added. We tested for Env binding to CD4 by staining with eitliRPA-T4
antibody that does not bind wh@b4 is occupied byhe Env glycoprotein or an OK#
antibody that bind€D4 in the presence or absence of Emycgprotein. After adding
Env-Fc, RPAT4 binding was decreased showing that our fusion protein was binding to
CD4 on PBMC Figure 3.2B. Judging by Fd&Rs and CD4 binding, our Effvc appeared
to be intact with normal ligand activities.

We measured thetes for Fd R-mediatedEnv-Fc uptakeinto THR-1 cells. THP
1 cells were préreated with H\sa. gp120 and then stained wittP&-labeled Envc on
ice (uurface staining) or at 8 (allows internalizationjor 10, 30 or 6mins Confocal
microscopy images damstrated capping of bound Efe¢ by 10mins and most of the
Env-Fc was presenh cytoplasmic vesicles that are probably endosom#sn 30 mins

(Figure 3.2G0. We dd not measureatesfor EnwFc internalization mediated liynding
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Figure 3.2 Functional characterization of EnwFc

A) EnwFc binding to Fc gamma receptors (FcgRs) on -IHfells. THP1 cells were préreated
with HIV,, gp120 to block EmFc binding to CD4 receptors. THPcells were then combined
with varying molar amounts of unlabeled 1gG Fc fragments, washed, amgdtwith APC
labeled Envi~c (molar ratios of Fc fragments to APC Bre were 0:1, 0.2:1, 0.5:1, 1:1, and 2:1).
The isotype control was THP cells treated with unlabeled Ef¢. MFI, mean fluorescence
intensity. B) EnviFc binding to CD4 on peripheraldod mononuclear cells (PBMC). Hs on

36



PBMC were blocked with IgG Fc fragments. PBMCs were stained with unlabele&dand
either FITGlabeled RPAT4, which competes with Env for binding CD4, or FITC GK;Twhich
binds CD4 at a distinct epitope from Env. RFA and OKF4 binding to BMC without prior
addition of EnvFc is also shown. C) Ervc rate of internalization into THP cells. THP1
cells were prdareated with HI\y. gp120 and then stained with AR&beled Envi~c on ice for
surface staining, or at 3Z for 10, 30 or 60 mines to allow uptake. Cells were visualized with

confocal microscopy.
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to both FgR and CD4 or t€D4 alone.
3.2 Rhesus macaque intranasal immunization withlEmer EnvFc Mut

Animals wereimmunized witheither 100 ug Enwv-Fc or EnvFc Mut plus 50ug
CpG adjuvant by the i.n. routt weeks O and 4. Blood was drawn at weeKpré
immunization) 4 (primary responseand 7 (secondary response). Each gmargained
six animals At week 9, EmWFc was administered to all twelve animals by the
intramuscular (IM) routeblood was drawn at week Ehd used foevaluaing immune
responss(Figure 33). Env-specific serum IgG levels were measured using ELIBA
immunization background levels were subtracted for each animal.

We did not detect primary immune responses (Week 4) in any animals and Week
7 response were low Interestingy, while five out of sixanimals in the EmFc Mut
group haddetectable aEnv serum IgQevels responses were segnonly one animal
of the EnvFc group (Table 3.1)Week 7 ell-mediated immune responseseasured by
Env peptidestimulated CD4+ or CB+ T cell production of IE2, IFN-y, or TNFa, did
not differ between the ERc and Env~c Mut groups (Figure 3.4).
To confirm that animalsvere primed by the initial intranasal doses/e immunized all
monkeys with Env~c usingthe IM route. Results of the IM immunization showed high
levels of serum antEnv IgG antibodies in two out six animals in the Hrovgroup and
four out of six animals in the EAvc Mut group. The high antibody responses
corresponded to the levels achieved with two intramuscular immunizations (conducted in
a different sé of animals as described in &iter 4),suggesting the high responders here

had previously been primed (Figure 3.5).
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i.n. Immunization:
* 100 pg Env-Fc (n=6)
* 100 ug Env-Fc Mut (n=6)

+ 50 pg CpG

S EE—

Week 0 Week 4 Week 7
i.n. Immunization. i.n. Immunization, Blood Draw
Blood Draw Blood Draw

IM Immunization:
100 pg Env-Fe¢ + 50 pug CpG

(n=12)
Week 9 Week 12
IM Immunization Blood Draw

Figure 3.3 Immunization Schedule

Animals were immunized at weeks 0 and 4 byititranasal (i.n.) route with 1Q@ EnwFc or
Env-Fc Mut plus 5Qug CpG adjuvant. Six animals were assigned to each group. All animals
then received 10Qg EnvFc plus 5Qug CpG via the intramuscular (IM) route at week 9. Blood
was drawn at weeks 0, 4, and 12.
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able 3.1. Anti-Env serum IgG levels 7 weeks post

i.n. immunization with Fc fusion proteins

? Avg Serum IgG (ng/ml)
Animal ID WK 7 - Wk 0
Env-Fc 803 Below Detection

Env-Fc 805 Below Detection

Env-Fc¢ 806 503
Env-Fc 808 Below Detection

Env-Fc 810 Below Detection
Env-Fc 812 Below Detection

Env-Fc Mut 801 Below Detection

Env-Fc Mut 804 510
Env-Fc Mut 807 114
Env-Fc Mut 813 503
Env-Fc Mut 818 80

Env-Fc Mut 824 104
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Figure 3.5 Anti-Env IgG levels in macaques after IM crosgprime with Env-Fc

ELISA was used to measure Especific IgG levels at week 12. All animals, whether they were
originally primed intranasally with ERFc or EnvFc Mut, received En¥c IM at week 9.
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3.3Discussion

We engineered Fc fusion protein immunogens to test a strategycRm F
mediated delivery of subunit vaccine candidates to mucosal sltes.fusion protein
Env-Fc, contained the gpl120 portion of HIV envelope glycoprotein from the BaL strain
joined at theC-terminusto apoly-serinéglycinelinker, in turn,joined at theC-terminus
to the Fc region of rhesus macaque Ig®utant fusion protein EnvFc Mut, was
designed similarly, but contained mutations (H310A and H435A) in the Fc that disrupt
binding to FcRn. Bothldimeric fusion proteis werehighly expressed in CHO dsl
Env-Fc Mut wasshownto not bind Staphylococcal Protein A, which suggests it does not
bind to FcRnsince FcRnand Protein Abind to the same sites oRc (Raghavan et al.
1994; Popov et al. 1996; Barnett et 2008) Env-Fc was functionally intact, judged by
its binding to CD4 or Fc gamma cell surface receptors, and was internalized into
cytoplasmic vesiclesf THP-1 cells.

Rhesus macaques were immunized with fusion protein plus soluble CpG adjuvant
and the mgnitude of IgG antibody responses against fusion protein was evaluated. After
two i.n. immunizations, responses were minimal in both theFnand the EmFc Mut
immunized groupsLow or undetectable serum levels as a result of i.n. immunization
maaques with recombinant Erfnave previously been report@@arnett et al. 2008) In
our study, cross prime immunization wimv-Fc by IM route resulted in high levels of
Env-specific serum IgG im two outof six animals in the EmFc group and four out of
six animals in the En¥c Mut group We did not expect Enff’c Mutimmunized
animalsto be primed ancklicit a response sindénv-Fc Mut FcRnrmediateddelivery

should not be intact. Howeveit was demonstratedhat i.n. immunization with
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recombinantHIV sg162 Env gp140 followed by IM immunization elicitednmune
responses in rhesus macag@Barnett et al. 2008)This resultsuggestd that FCRR
mediated deliverywas not essential for Env immunogenicity Env is a heavily
glycosylated molecule, which might hagepportedits nonspecific entry to mucosal
associated lymphoid tissues (MALT)In mouse immunization studies with ERg or
Env-Fc Mut, similar results were seerhare EnviFc Mut crosses the mucosal surface
and elicits a response (personal communication, Dr. Xiaoping Zhu).

Higher averageEnw-specificlgG levels weregeneratedn the EnvFc Mut group
compared to the ERkFCc group. A possible explanation for thessults could be that
Env-Fc, but not EmvFc Mut, was recycled back to apical surfaces by FcRn, which carries
out bidirectional transport of IgG cardghi et al. 2011) Thus, there would be lagher
bioavailability of EnwFc Mut that would lead to enhancedresponses. We did not
investigate how En¥c responses compare to Env alome the i.n. route of
immunization While EnvFc induced lower IgG levels than the mutant, it might be a
superior immunogeto Env becase of its ability to interact with FRson immune cells
that would endw it with adjuvantlike qualities. Our work suggests that Esikc Mut is
the most potent immunogen compared to -Eny and probably compared to Erthis
may bedue toEnv-Fc Mut gaining access to mucosal lymphoid tissues interacting
with Fc!'Rs, but not FcRn Further studies would need to be conducted to show this

definitively.
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Chapter 4: Improved immunogenicity of an EnwFc fusion protein

4.1 Introduction

Developing a preventive HIV vaccine remains an unmet global pubBdthh
goal. The RV144 Thai trial consisted of mimeboost strategy that combined
recombinant canarypox vaccine with monomeric gp120 Envelope glycoprotein (Env) and
reduced transmissio(RerksNgarm et al. 2009) This vaccine strategy showed that
improvements were needed to increase the quantity, quality, and durability of immune
responses. Current research on HIV vaccines focuses on improvimgnib@ogenicity
of Env to elicit broadly neutralizing antibodiebNAb) and other antibody effector
activities capable of protecting against multiple strains of HIV. Strategies being pursued
include modifying the conformation or glycosylation patterns of Env to expose conserved
sitesor multimerizing critical epitopessing scaffold proteins in order nhancethe
immune response (reviewed(iRong et al. 2012)

Immunization studies in mice tested recombinant fusion proteins where HIV
proteins were fused to IgG Fc and showed improvements in the immune responses.
When p55 Gag or Env V3 loop were fugednurine Fc from the IgG2a subclass, which
binds with thehighestaffinity to activating Fc gamma receptdf! R) in mice, immune
responses were stronger than when Fc from the weakly binding subclass IgG1 Fc were
used(Zaharatos et al. 2011)Mice immunized with gp4prehairpinfusion intermediate
attached toa Fcdevdoped neutralizing antibody responses against HIV({b et al.

2010) Immunizing mice with HI¥nsa gp120 fused to 19G Fc (gplZE) elicited Env

specific humoral responses in the absence of adjuvant suggéwstindpe¢ Fc sequence
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increased the vaccine poten@hen et al. 20070ur group constructed fusion proteins
containing HI\V1 gp120 (BaL strain) and the Fc region from rhesus IgB-EFc) to test
whether immune r@®nses against a weak immunogen could be improved in rhesus
macaques. Our findings show thahw-Fc fusion proteins were more potent than
monomeric Env alone and highlight the potential for improving quantity and quality of

antibody responses by incorpting an Fc region within a protein immunogen.

4.2 Results

4.2.1 EnwvFc elicits 1gG titers higher in magnitude and breadth than Env in rhesus

macaques

Rhesus macaques were immunized with eittienv-Fc or Env by the
intramuscular (IM) route to test whethienv-Fcis more immunogenic than Env. The six
animals in theEnw-Fc group and five animals in the Env group each receivedpt00
immunogen plus 5Qg CpG adjuvant by IM route at Week 0 and again at Week 4. Sera
were collected three weeks after the seconchumzation, at Week 7 (at which peak
immune responses were reached), and ELISA was used to test for total |gGHeeks
4.1A). ELISA measurements were corrected by subtracting-inpmeunization
background levels for each animal.

Serum antEnv IgG lewels were higher for thEnv-Fc group than the Env group
at 7 weeks after immunizatiotr¢nding towards significance, = 0.0 (Figure4.1B).
These differences in week 7 sera between EHme-Fc and Env groups became
significantly more pronounced (p = @0when measuring IgG levels specific for the
FLSC protein(Fouts et al. 2000)Figure4.1C). FLSC contains gp120 fused to a flexible

linker plus domains 1 and 2 of CD4 such that the CD4 binding site is abeaypied
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Figure 4.1 Env-Fc elicits higher magnitude titers and a broadeimmune response
than Env

A) Immunization schedule; rhesus macaques were immunized by the intramuscular route with
100 ug of immunogen plus 50g CpG at week 0, and then a second time at week 4. Blood was
drawn at weeks 0 (prienmunization), 4, and 7 (peak immune responses). HineFc group
consists of 6 animals and the Env group consists of 5 aniBat®) Anti-Env (B) and antFLSC

(C) Week 7 serum IgG levels were measured by ELISA. P values were calculated using an
unpaired ttest. D) The difference inEnv-specific versus FLSC specific IgG responses within
each animal in a grouf?-value was calculated using the neai Studentt-test. E) Anti-CDd4i
responses were measured by ELISA. Plates were coated with FLSC. Prior to addition, animal
sera was preadsorbed with HkY gp120 such that only conformationally induced CD4i specific
IgG were detected. -Palue was caldated using the ManlVhitney test.
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and gpl120 is always in the open, or Gidduced (CD4i), conformatiofFouts et al.

2000) Thus, FLSC exposespitopes thatre less accessible in the native, or closed
conformation of Env. We assessed the breadth of antibody responsesnpsgring
binding of serum antibodies to Env or FLSC. In thawFc animals, there were
significant increases in ariLSC IgG levels compared to their aBimv levels,
suggestin@ broadening of the immune response in monkeys receiving the fusion protein.
Anti-FLSC IgG responses in the Env group were below theEanwilgG levels Figure

4.1D). The increase in thbreadthof serum responses seen in thev-Fc group was
further demonstrated by the presence of serum IgG reacting to CD4i epitopes in 5/6
animals from theEnw-Fc group and none of the Env group anim&gy(re4.1E). The
antrCD4i 1gG response comprised approximately 20% of the total IgG FLSC specific
responsegupplementary Tablé.1). These resultshowthat targeting Env immunogen

to Fcreceptordy fusing it to an IgG Fc augments peak immune responses and broadens

the response.

4.2.2 EnvFcimmunization elicits a neutralizing antibody and ADCC response

We tested whetheEnw-Fc immunization elicited antibodies against a specific
epitope of the gpl20 V1V2 loop that is the binding site of PG9 and PG16 broadly
neutralizing antibodies (bNAb)Walker et al. 2009) A synthetic, biotinylated V1V2
cyclic glycopeptide (amino acids 1847) derived fromthe HIV-1 CAP45 sequence
(Amin et al. 2013)was bound to neutravidin coated plates. The V1V2 glycopeptide
contains a MagGIcNAC, glycan at the Asnl60 position and a terminal sialylated
complextype Nglycan at Asnl156, which are critical for binding by P&®d PG16

(Amin et al. 2013)At Week 7, two out of six animais theEnv-Fc group had V1Vv2
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Table 4.1. Week 7 1gG responses in Env-rFc-immunized animals.

Env-rFc |anti-CD4i IgG | anti-FLSC % anti-CD4i responses
Animal ID (ng/mL) IgG (ng/mL) | (a-CD4i IgG/FLSC IgG*100)

811 27828 51587 54
814 16044 60724 26
815 0 36496 0
819 16181 126498 13
821 15805 93564 17
822 4867 49138 10

Average % anti-CD4i IgG:
20
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a-V1V2 Glycopeptide Serum IgG
(ug/mL, PG9 Standard)

Figure 4.2 Anti-V1V2 glycopeptide 1gG responses

Biotinylated V1V2 cyclic glycopeptide (amino acids 1547) cerived from the HIV1 CAP45
strain was immobilized onto neutravidin coated plates. Week 7 sera were overlayed and anti
V1V2 glycopeptide serum IgG responses were measured by ELISA.
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-specific 1gG,with average serum levels twi@s high as the antilV2 1IgG amount
elicited by one animal in the Env groypigure 4.3.

We next tested for the presence of neutralizing antibodies at week 7 using the
TZM-bl cell assay(Montefiori 2009; SarzottKelsoe et al. 2014)Saa were combined
with virus, overlad on virus permissive TZMol cells expressing @atregulated Firefly
luciferase (Luc) reporter genand neutralization titers we reported as the dilution at
which theluciferase signatleclined to 50% of the maximufrom virus control wells
Six of six animals of th&enw-Fc group had modest levels of neutralizing antibodies
against Tier 1A MN.3 virugrange of titer 30-341; average neutralization titer: 148ut
neutralizing activity was not detected in sera frhra Env immunization grouiD50
values were below the minimum serum dilution of glyble4.2). We werenot able to
detect neutralizatioactivity against the monesistantTier 1B or Tier 2 viruses in any of
the seatested.

We measured serurADCC acivity using a standard flow cytometry based
ADCC-GranToxiLux (ADCCGGTL) assay describedin (Pollara et al. 201)) ADCC
was detected in four of sknw-Fcimmunized animals but in none of the Envmunized
animak (Figure 43). The range of ADCC antibody titers was between 1:132 and 1:330;
the range of maximum ADCC activity was between 8.82 and 20.83% Granzyme B

activity.

4.2.3 Immunization witlEnwvFc yields a more durable immune response

The decay rates for Eror FLSC binding antibodies were measured during the 49

weeks after immunization. Antibody levels in animals immunized Bt Fc declined
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Table 4.2 Week 7 ID50 in TZM-bl cells*
Neutrallzation | 3 | BaL.26 |Bx08.16 TRO.11
Clade B Clgde Clade BfClade B
Animal ID Tier 1A | Tier 1B || Tier 1B | Tier 2
Env-rFc 811 341 <20 <20 <20
Env-rFc 814 32 <20 <20 <20
Env-rFc 815 45 <20 <20 <20
Env-rFc 819 305 <20 <20 <20
Env-rFc 821 107 <20 <20 <20
Env-rFc 822 30 <20 <20 <20
Env 802 <20 <20 <20 <20
Env 809 <20 <20 <20 <20
Env 816 <20 <20 <20 <20
Env 817 <20 <20 <20 <20
Env 820 <20 <20 <20 <20

"Values are the serum dilution at which relative
luminescence units (RLUS) were reduced 50% compare
virus control wells (no test sample). The lower limit of
detection is a neutralizing titer of 20. All pre-immunizati
titers were below 20 (data not shown).
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Figure 4.3 Env-Fc immunization elicits ADCC responses

Fluorescencébased ADCGEGTL assay was used to detect ADCC activity in ser&mfFc or
Env-immunized animals. CEM.NKRCCRarget cells were coated with HIVBaL gp120, which
was the immunogen used to immunized animals. EffectordeeNed Granzyme B (GzB) is
delivered into target cells as a result of antigpacificantibodyFc! R interactions. Shown here

is the percentage of target cells with GzB activity as a result of GzB hydrolysis of a fluorogenic
peptide substrate. The cutoff for positivity for GzBiaty is 8%.
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from peak to an apparent plateau value (or second phase of antibody decay) by 70 days
while the initial phase of decay ended by 35 days in theilBmunized grougFigure
4.4). Antibody levels during the apparent plateau, starting at weéknlthe Env-Fc
group, weres times higher than levels seen in the Env gratgble 4.3. By week 49,
antibody levels in th&nw-Fc group were 10 times above those in the -Enmunized
animals. A caveat here is that animals flam~Fc or Env groups wereandomized and
then boosted by intranasal dosing at week 17 with eithefFena
mutant EnvFc that does not bind to the neonatal Fc receptor (FcRn) for 1gG, or Env;
responses, measured at week 21, were weakly bodstbtk (4.3. It was still possibl¢o
discern what seemed to be a plateau at week 49.

In animals immunized witknv-Fc, the portion of antibodies specifically binding
to FLSC declined more rapidly than Env binding titer. By weeks 7 or 12, FLSC binding
titers were 1.6 times higher than \Eminding titers, but by week 1%hey were
comparable Thus, CD4i specific responses were only detectable for about 10 weeks

after the peak response time point.
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Figure 4.4 Env-Fc immunization elicits amore durable immune response than Env
immunization

Anti-Env (circle) or antFLSC (square) IgG responses in the Esolifl line) andEnv-Fc (dashed
line) groups were measured with ELISA. Responses are shown from Weekifrfnreization)
through Week 49 At week 17, animals were randomized and received an intranasal boost with
Env-Fc, Env-Fc mutant, or Env.
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Table 4.3 Env or FLSC-specific serum responses over time

Anti-Env Serum

Anti-FLSC Serum

IgG (ng/ml) IgG (ng/ml)
Env-rFcIM | EnvIM | Env-rFc IM | Env IM

Week 0 90 16 46 13

Week 7 30699 10920 48427 5749
Week 12 11708 1555 18970 1023
Week 17 6026 669 7024 439
Week 21 9492 2843 10250 1984
Week 49 2939 354 3374 241

Average antiEnv or antiFLSC serum IgG levels iBnv-Fc or Env groups over timeValues in

this table were determined using ELISA andrespoml to the curve in Figure 4.4
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4.3 DISCUSSION

We evaluated the magnitude and quality of antibody responses against the Env-Fc
fusion protein in rhesus macaques. Compared to monomeric gp120, the Env-Fc protein
showed increased potency, greater breadth and functionality of antibody responses
including both neutralizing and antibody-dependent cellular cytotoxicity activity, and
enhanced durability of serum antibody responses.

Immunization studies with Env-Fc employed the soluble adjuvant, CpG, and
intramuscular route of delivery. After two immunizations with Env-Fc, macaques showed
higher peak titers for gp120-binding antibodies compared to animals immunized with
gp120 alone. Env-Fc was more potent for inducing antibody responses to the CD4-
induced epitopes on gpl20 and to the VIV2 loop. While we were able to measure
antibodies against these conformational epitopes in sera from Env-Fc immunized
macaques, these responses were short duration and decayed more rapidly than the overall
gp120-binding antibodies. The gp120-binding antibodies were more durable in the Env-
Fc immunized macaques with an apparent plateau phase extending nearly one year after
the last immunization. Modest neutralizing activity against Tier 1 A virus was detected
only in animals immunized with Env-Fc. Similar results were observed when immune
sera were tested for antibody-dependent cellular cytotoxicity. Again, only the Env-Fc
animals manifested serum antibodies capable of directing the killing of cellular targets in
a standard ADCC-GTL assay.

The peak titers of gp120 binding antibody responses among Env-Fc immunized
macaques were similar or greater than levels observed using gp120 alone (Kumar et al.

2000) or following a DNA priming/recombinant viral vector boosting strategy ((Seaman
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et al. 2005), (Lai et al. 2012)). Gp120-binding antibody titers greater than what we
attained have been reported by others using more extensive immunization regimens
and/or incorporating more potent adjuvants (Li et al. 2013). Broadening the antibody
response to increase recognition of CD4-induced epitopes had been achieved using the
full-length single chain version of gp120 (DeVico et al. 2007) and the Fc fusion protein
studied here also produced CD4i targeting antibodies.

Neutralizing antibody responses obtained in our Env-Fc immunized macaques are
probably insufficient to protect animals from homologous or heterologous virus challenge
((Shingai et al. 2014), (McCoy et al. 2013)); for this reason, we chose not to challenge
macaques in this study with infectious virus. = However, responses to Env-Fc were
substantially improved over what has been achieved using monomeric gp120 ((DeVico et
al. 2007), (Kovacs et al. 2012), (Kumar et al. 2000)). Of critical importance to our work
is that Env-Fc immunogen was superior to gpl120 for inducing the modest neutralizing
antibody responses reported here, suggesting that addition of an Fc fragment altered both
the quantity and quality of resulting serum antibodies. Inasmuch as we have not tested a
broad range of adjuvants nor did we conduct extensive tests to optimize dose and
schedule for immunization, it is notable that Env-Fc was capable of improving the
immune response.

Monomeric gpl120 alone has not elicited strong protective immunity in macaque
models (Kumar et al. 2000) or human clinical trials ((2003), (Rerks-Ngarm et al. 2009),
(Robb et al. 2012)). Here, we asked whether immune responses to gpl120 could be
improved by building an Env-Fc fusion protein that would carry two molecules of gp120

and bind to cell surface Fc receptors to mimic some properties of [gG immune complexes
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(IC). The IC engages HRs and augments cetiediated and humoral responses to
immunogens bound by the antibody Fab regions (reviewéBrady 2005). Multiple
mechanisms have been proposed for IC effects on immunity (reviewBdaitly 2005)
(Bournazos et al. 201p) IC binding to activating F&s on dendritic cells (DCs) induces
maturationwith consequenviHC and costimulatory moleculgpregulationand leads to
enhanced antigen presentati¢Akiyama et al. 2003)Sallusto et al. 1994JRegnault et
al. 1999). Further, IC are deposited on follicular dendritic ciBC) within lymphoid
follicles and recognized by antigepecific B cells, promotingmnmunoglobulin somatic
hypermutation (SHM) and affinity maturati¢Aydar et al. 2005)

We also know that the capacity for binding to FCcRn is important for increasing the
half-life of IgG molecules(Roopenian et al. 2007)Since Env-Fc contains an FcRn
binding site, it is expected to recycle through acidic cytoplasmic vesicles (such as
endosomes) and release back into the extracellulaaumwilithout degradation, similar to
the trafficking of norcomplexed IgG. This recycling mechanism increases IgGlifealf
by allowing temporary protection from catabolism in the harsh circulatory environment
(Roopeaian et al. 2003and should also increase the Hd# of Env-Fc and influence the
serum antibody response to immunization.

Our study was designed to make a preliminary assessment of the effect of adding
Fc to gpl20 in terms of altering the quantitygorality of resulting antibody responses.
We did not attempt to optimize the immunogen by changing formulation, adjuvant
composition, or immunization schedule, by includingriane-boostcomponent or giving
repeat doses. We reasoned that gpl20 was unlikelguffice as a component of

preventive HIV vaccine, and that current status of the field was focused eardeiéd
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envelope glycoprotein immunogens that may be found as trimers or other
conformationally constrained molecules (Nabel et al. 2011). Based on our results we
would argue that adding Fc segments to any of the high-performing envelope
glycoprotein immunogens may improve their capacity to elicit durable antibody and such
modifications should be considered as part of the vaccine development pathway. We note
the previous publication from our group showing that a fusion protein containing HIV
p24 Gag linked to mouse Fc (Lu et al. 2011) was extraordinarily potent for eliciting
cellular or antibody responses. Perhaps Fc is a generally useful modification for
immunogens and may bridge the gap between current products and truly effective HIV

vaccines.
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Chapter 5: Conjugating muramyl dipeptide adjuvant to an Env-Fc

fusion protein

5.1Introduction

Immunization witha protein subunit immunogerquires ceadministration of an
adjuvant to elicit a proinflammatory immune response and overcome thexatdl
environment of the mucosaVe set out to testhe idea that adjuvants can be conjugated
directly to fusion protein immunogens and delivered to dendritic cells that are binding
and internalizing EmFc through cell surface Fc receptors. The poteatiahntages for
conjugated adjuvants arhat we can reduce the dose and avoidtarfjet effects
including inflammation and tissue necrosis. The potential disadvantages include
inadivating the adjuvant when it is derivatized, failing to release adjuvant frorFEnv
after internalization, or delivering insufficient number of adjuvant molecules to trigger
cellular pattern recognition recept¢gRR)

We selead the muramyl dipeptidéMDP) adjuvant to caleliver with Fc fusion
protein. MDP is a breakdown product of bacterial peptidoglycan (PGN) that bears the N
acetylmuramic acid moiety with two coupled amino aciasthe 1970€)it was showrto
be the minimal structure of PGN witdjuvant activity(Ellouz et al. 1974; Traub et al.
2006) MDP is a ligand forthe cytosolic nucleotidebinding oligomerization doain-
containing protein 2 (NOD2PRR and has been reported to stimulate DC tdpce
proinflammatory cytokinesuch & IL-6 and IL-8 (Strober et al. 2011) We covalently

attacted MDP to sialic acid residues on gp120&rv-Fc (MDP-Env-Fc) to deliver both
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antigen and adjuvant to the sasubcdular compartment of aAPC (collaboration with
Dr. Wang, IHV). It was shown thatDC can discriminate thecontentswithin a
phagosomes self versus neself, selectingonly the materialscontaining TLR ligands
for antigen presentatiofBlander et al. 2006) By chemically modifying our Fc fusion
protein to contain MDP, we focus adjuvant delivery specifically to the cells receiving
antigen and hope to stimulate proinflammatory responses by APC to equivalent or
pethaps higher levels than that which could be achieved witletwery of soluble
MDP. At the higher concentrations needed for soluble MDP, there would be a risk for
inflammatory responses. MDBEnwv-Fc immunogenmight reduce the total MDP
concentratiomecessary to generate a strong immune response

The mechanisnfor adjuvanticity involves uptake of MDP inendosomes where
it binds the cytosolicNOD2 innate immune sensorlt was reported recently that two
specific transporters promote MDP egress into tfiesol (Nakamura et al. 2014)They
are expressed on DC endosomal membranes and are upregulated by stimulation with
LPS. In addition, the endome itself can serve as a platform for MDP dependent
signaling through NOD2. Upon LPS stimulation, NOD2 colocalizes with endosomal
transporters and recruits downstream signaling effec{biakamura et al. 2014)
Expression of MDPspecific transporters by DC highlights that the immune system has
evolved mechanisms to recognize this molecule during infection. Given the reported
immune amplifyingeffects of MDP that result in humoral and emkdiated responses,
MDP, in combination with other TLR agonists (such as LPS or CpG), would serve as a

good adjuvant for a vaccir{8hafique et al. 2013)
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We conjugated MDP to EmFc usinga series of enzymatic reactionat the time
that we were conducting these studies, we had first synthesized an MDP intermediate
compound ¢ontaining dinker through whichMIDP would be attached to Effc) as well
asthe MDP deriative thatwould beexpected to release when the conjugate gets into
cells. We began our studies by first measuring the biological integrity of these modified
MDP compounds and comparing them to a commercially produced MDP aiSikip
1/IL-8 bioassay baseon reports that MDP induces-8 in THR1 cells(Yang et al.
2001) We then compared the immunogenicity of MBRv-Fc to EnvFc alone through

immunization studies rhesus macaque models

5.2Results

5.2.1 Chemial addition of Muramyl Dipeptide (MDP) ontnwFc:

MDP was conjugated to Enkc fusion protein by chemoenzymatic remodeling of sialic
acid to link MDP to Envc through the sialic acid residues on gpl1R@re 51). A
disulfide linker wa installed inthe conjugate, which should be cleavable intracellularly
to release MDP once delivered into the dendritic cells. It was previously reported that
MDP can be modified at the free carboxyl group or at tpegtion of the sugar moiety
for conjugation to othremolecules (such as paclitaxel and a biotin moiety), and the
resulting conjugates were equally efficient to activate NQB2mes et al. 2010)MDP
wasconjugated to gpl2Bc through its free carboxyl groud.est compound 1,-1, is a
commercially purchased, unmodified MDP;2Tis MDP with the camically attached
linker that will be directly conjugated nv-Fc; and F3 is the soluble MDP compound

that will result after the disulfide bond within the linker (irf2)
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Figure 5.1 Synthesis of the MDP-Env-Fc Conjugate

For conjugating MDP to Enffc, sialic acid plus a cleavable linker is added onto MDP, which
MDP (from Sigma), or -1, was first activated via the free
carboxyl group by reaction with-Nydroxylsuccinimideg(NHS) to give the NHS ester of MDP.
This activated ester was coupled with a cleavable linker (with a disulfide bond in the molecule)

will then be added to Enrkc.

and was activated in the form of the NHS ester to obtain test compoun@)2which is ready

for the conjugation to theecombinant gp12@c. T-2 was purified by HPLC and its identity was
confirmed by NMR and ESMS analysis. Test compound 3-8) is the MDP derivative that is
expected to release after disulfide bond cleavage when the conjugate gets into cells. Final test

compound 4 (F4) is the MDPENv-Fc immunogen.
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is cleaved intracellularly. Fat test compoundl-4, is MDP-Env-Fc that will be used to
immunize rhesus macaques.
5.2.2 T-1 MDP elicits higher IL-8 levels than MDP test compounds T-2 or T-3

We wanted to confin that MDP test compounds-2Zl'and F3 (described in
Figure 51), are functionally similar to -L (MDP from Sigma&Aldrich, Inc.). T4, or
MDP-Env-Fc, had not yet been engineeadhe time these studies were conducfed
shown in Figure 2, MDP acts swpergistically with LPS to stimulate B production by
THP-1 cells(Yang et al. 2001) LPS alone is able to stimulate some8liproduction, but
to a significantly lesser extent than when combined with MD¥e stmulated THP1
cells for 24 hourswith T-1, LPS, orLPS plusT-1, T-2, or T-3 and compared the
differences inL-8 mRNA levels(versus unstimulated cellggsing reverse transcriptid
guantitative reatime PCR (RTgPCR) As expected, 91 alone did not iduce IL-8
expression, but LPStimulationinduced an 1fold increase in IL8 levels(Figure 53).
We expected that-2 or T-3 plus LPS wouldnducelL -8 expression t@imilar levels as
T-1 plus LPS.However, F2 or T-3 plus LPShad asmallerfold incressethan LPS alone;
LPS combined with 7L MDP stimulated THH cells most effectively, resulting in a-23

fold increase of IE8 expression compared to unstimulated THeells(Figure 53).
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Figure 5.2 Synergistic effect of MDP with LPS on induction of IL-8 secretion in
THP-1 cell cultures

OCT-differentiated THP1 cells were stimulated with MDP plu$ abortus-equi LPS at the
indicated concentrations in triplicate.-8 levels in the culture supernatants weetermined by
ELISA, and the mean values are showr?, P 0.01 versus control Significant < 0.01)
synergistic effects were detected by ANOVA including an interaction term. The results are
representative of two different experiments.

Yang S. et al., Infect Immun 2001
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Figure 5.3 IL -8 induction in THP-1 cells

RT-gPCR was used taneasure the fold change in-8 mRNA levelsupon THP-1 cell
stimulationfor 24 hourswith MDP, LPS, or LPS plus-TI, T-2, or T-3 MDP. LPS was added at a
concentration of 10 ng/ml ant-1, T-2 or T-3 MDP was added at lg/ml. The fold change in

each condition is relative to the endogenous control (18S housekeeping gene) and normalized to
IL-8 mMRNA levels inunstimulated THPL cells
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5.2.3 Rhesus macaque immunizations with MBEXR-Fc or EnvFc alone

We tested whethathemoenzymaticonjugationof MDP to EnwvFc wouldenable
this immunogen tanduce stronger immune responses than-Envmmunization alone
(without adjuvant). Each group had four animals anduidinmunogerper animalwas
administeredvia the intramuscula(IM) routeat week 0 and again at week 4. Immune
responses werthen analyzed atveek 0 and week @igure 54A). All animalsfrom
both groupsexcept one macaquieom the MDREnwFc group (819)had previously
received two intranasal (i.n.) immunizatowith either WT or mutant ERkc and one
I.M. boost with EnvFc, 819 had been immunized with Efe, twice via the IM route
and then once via the i.n. ro&dl prior immunizations had included the CpG adjuvant).

We measured serum IgG responses ag&iastLength Single ChainFLSC) or
CD4i epitges in each animal. At the start of this set of immunizations (here, termed
Oweek 00), the animals belonging to the -EiFFc group had a higher basal anti
FLSC serum IgQevel (average: 3287 ng/ml) than teos the Envi~c group (average:
1175). At week 8, En¥c immunized monkeys reached a higher averagda®&C IgG
level (50,172 ng/ml)than those that received MEEhv-Fc (average: 21,222 nglm
(Figure 54B). Thelargedifferences irthe averaganti-FLSC IgG levels seen at week 8
can be attributed to two high responders in the-Engroup compared to only 1 high
respondern the MDREnNv-Fc group (Figure 8C). Both immunogens elicited modest

CD4i specific IgG responsed similar levels (Figure.8D).
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Figure 5.4 Rhesus macaque immune responses to MEEhv-Fc or Env-Fc
immunogens.

A) Immunization schedule. Animals were immunized by the I.M. route at week 0 and then at
week 4 with 100 pg of either MDP-Env-Fc or Env-Fc without adjuvant. Each group had four
animals. Prior to this set of immunizations, all animals had received Env-Fc by i.n. and .M.
routes (‘Week 0’ is ten months after the last immunization). Blood was drawn at the pre-
immunization time point when animals were naive to immunogen, and at weeks 0, 4, and 8. B)
Average anti-FLSC serum IgG responses to immunization with MDP-Env-Fc or Env-Fc at pre-
immunization, week 0, and week 8, ELISA. C) The increase in FLSC-specific IgG responses
from Week 0 to Week 8 for each in animal in the Env-Fc or MDP-Env-Fc group, ELISA. D)
CDd4i-specific 1gG levels at week 8 (week 0 anti-CD4i IgG levels were subtracted) in animals
immunized with Env-Fc or MDP-Env-Fc, ELISA. 96-well microtiter ELISA plates were coated
with FLSC. Sera were pre-adsorbed with HIVg,, gp120 prior to addition to soak up any Env-
specific responses and enable the measurement of only anti-CD4i IgG levels.

70



Figure 54 continued
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5.3Discussion

We conjugated MDP adjuvantith the EnvFc immunogento test whether
covalently attacheddjuvantwas more potent than soluble adjuvant and whether use of
lower adjuvant doses in the form of conjugates waelduce offtarget effects We
synthesized an MDP test compound-2) that contains a linker with a disulfide bond that
would be attached to Effwc through the sialic acid residues on gp@ another MDP
compound, T3, which is the MDP that should be released intracellularly once-HmDP
Fc is delivered to dendritic cellsWe first tested whether these MDP compounds would
be equally as potent as unmodified MDA (from Sigma) using THR/IL-8 bioassays.

We selected the THER monocytic cell line due to its resemblance to artigen
preseting cell APC) and its expression of the NOD2 innate immune sensor (a ligand for
MDP). Using RTqPCR, we measured the fold change i¥8lexpression by THR cells
upon stimulation with LPS plus-T, T-2, or T-3 MDP. Our results showed that MDP T

2 andT-3 were not as potent at inducing-8Las F1 MDP. Nevertheless, we wanted to
test whether MDFEnv-Fc would maintain some adjuvant activity and stimulate a
proinflammatory response.

We immunized rhesus monkeysth MDP-Enw-Fc or EnvFc without adjuvant.
Env-Fc elicited higheaverageFLSG-specific responses thanDP-Env-Fc as measured
by ELISA (though differences were not significant)We chose teevaluateresponses
againstFLSC to be able to measure sera specificdpitopes thaareless accessiblm
the native, or closed conformation of En¥LSC contains gp120 fused to a flexible

linker plus domains 1 and 2 of CD4 such that the CD4 binding site is always occupied
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and gpl120 is always in the open, or Cibduced (CD4i), conformatioFouts et al.
2000) Anti-CD4i responses were modest in both groups of animals.

To explain the indetion of strong immune responses by immunization with-Env
Fc alone, w note that all animals have previously been immunziéid Env-Fc by the
i.n. or .M. routes. It has previously been reported that Fc can act as a natural adjuvant
(Getahun et al. 2006thereforepotentially obviating the need for additional adjuvdat
initiate a proinflammatoryresponse Env-Fc or other recombinant immune complex
protein immunization without adjuvant was able itmluce immune responses in mice
(Chargelegue et al. 2005; Chen et al. 2000r results did not support our hypothesis
that MDP conjugabn to Fc fusion protein would elicit a stronger response compared to
Env-Fc alone. To confirm this, immunizaties would need tde conducted using
higher number oanimals to achieve a wglbwered experimentThesewere preliminary
studies using one experimental condition and were not optimized in terms of MDP dose,
evaluation of offtarget effects, or other consequences of MidRinistration.

A potential mechanisrby which covalent attachment of MDBsultedin lower
immunogenicitymight be that MDP blockedecognition of Env by previously existing
Env-specific antibodies.Thus, the extent of MDP conjugation is limited by tleed to
protect Env structural integrity and epitope accessibikyture studiesshould test
several ratios of MDP:Env to identify the most optimal ctadifor binding ligands
(CD4; sera from previously EAvnmunized animals producing prenflammataoy
cytokines such as 1B, and upregulating costimulatory markers, CD40 and CD86.

In the scope of these studies, we did not answer whether immunization of

conjugated adjuvant would bsuperior to soluble adjuvant -¢ormulated with
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immunogen. Our in vitro work and previous studies suggest that MDP requires an
additional adjuvant like LPS to elicit proinflammatory responses. Thus, future studies
might consider using a different adjuvant to test this hypothesis. The question of whether
covalent attachment of adjuvant has value in terms of lowering the required adjuvant

dose and/or decreasing off-target effects is important and should be explored further.
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Chapter 6: Gag-V1V2-Fc: A novel platform for delivering individual

epitopes of HIV Envelope glycoprotein

6.1 Introduction

The correlates of protection for HIV infection remain unknown, but data from
vaccine trials have suggested that antibodies specific for Envelope glycoprotein (Env) are
important for preventing virus acquisition. Structural proteins of HIV such as Gag p24
capsid elicit potent cellular immune response (Miller et al. 1991; Allen et al. 1998), but
are poorer candidates for preventive vaccines. One obstacle to using Env immunogens is
the diversity of circulating viral sequences. Protective effects of homologous vaccination
in macaques (where immunogen sequences exactly match the challenge virus) are often
lost when heterologous challenge viruses are used (Xu et al. 2006), and the failure of Env
immunization in human clinical trials may be due to virus sequence variation.
Approaches to overcoming the problem of virus variation include engineering novel
immunogens to present only the most conserved epitopes.

One conserved epitope of Env gp120 is the V1V2 region, which is a target for
both neutralizing and antibody dependent cellular cytotoxicity (ADCC) antibodies
(Walker et al. 2009; Yates et al. 2014). The V1V2 region was described as a single
structural entity containing a hydrophobic core, connecting loops and disulfide bonds
(Pan et al. 2015). Monoclonal antibodies, PG9 and PG16, recognize the V1V2 region.
PGY and PG16 were discovered in elite controllers and exhibit significant neutralization
breadth, being able to neutralize 70-80% of >150 HIV viruses by binding the V1V2 loop

(Walker et al. 2009). Vaccines developed so far do not efficiently stimulate anti-V1V2
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respamses and only 1e20% of HIV positive individuals develop these responses after
three years of infectio(Kwong et al. 2011) The RV144 humanThai trial that consisted

of a prime boost strategy combining recombinant cameryaccine with monomeric
Envresulted inlgG antibodies against the V1V2 loop of gptBat werecorrelated with

a decreased risk of infectiphowever, antibody titers decreased in vaccinees after 24
weeks(RerksNgarm et al. 2009; Haynes et al. 2012)

One explanation for these inefficient vaccine responses is that critical neutralizing
epitopes are buried within the unliganded envelope glycoprotein and are only revealed
transiently during virus attachment anchpeation reactionsSeveral groups have tested
using multivalent immunogens present isolated neutralizing antibody epitopes with a
greater chance to stimulate potent neutralizing antibodies. example, one study
demonstrated that fusingp120 V3 loop whichis a major neutralizing determinant of
HIV gp120 to pentameric cholera toxin B eliettstrong neutralizing responsgBotrov
et al. 2010) Also, immunization with V1V2 scaffold proteins engineered totaion
mannoses glycans at residues 156 and 160 for PG9 bindihgted highemeutralizing
antibody titers in rabbits than HIV gp120 engineered with the glycosylated PG9 epitope
(Morales et al. 2014)

We designed an immunogéehatexpressscritical epitopes in the V1V2 region of
HIVga gpl20 withn acarrier proteinthat elicits strong T helper activity and provides
highly multivalent epitope displaythis is an advance on our previous work using HIV
GagFc fusion proteins to immunize mity the intranasaloute where we saw potent
immunity and potection against challenge with recombinant Vaccinia expressing Gag

(Lu et al. 2011) Gag p24 is a self assembling molecule that contains two domains
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separated by a linker. Thetlrminal domain (NTD) associatesth other p24 proteins

to form rings of six (or sometimes five) p24 molecules and ther@inal domain (CTD)
links these hexamers to become a full capsid stru¢iimag et al. 1993) The GagFc
molecule self assembladto 500 nm fibergLu et al. 2011) Previously, it was shown
thatmutation inthe Cyclophilin A (CypA) binding region of self assembling HIV capsid
protein still assembled into fibers but antigenicity was not rep@iktedg et al. 1998) In

our immunogen, the Env V1V2 loop substitutes for @ Cy@\ binding loop and this
chimeric molecule is fused to IdQrhesus) Fc (Gayy1V2-Fc). The selfassembling
quality of Gag capsid protein alle it to serve as a scaffolding platform to multimerize
the V1V2 and Fc regions of GAflV2-Fc. We hypothesize thahe direct presentation
and multimerization of V1V2 might induce stronger responses against this region than
immunization with Env, wherehe V1V2 loop is buried in the Env core and is
inaccessible to gerine antibodies. Furthethe Fcof ourimmunogemmight engagé-c
gamma receptorg-c! R), including the neonatal Fc receptor (FcRn) that will transcytose
our immunogen across epithelialyéas and thereby allow for its intact delivery to
mucosal sites. GagV1V2-Fc:FdR interactionmight enhare immunogenicity of our
immunogen. We are testing the immunogenicity of Gd@V2-Fc given to rhesus

macagques by intranagah.) or intramusculatlM) routes.

6.2 Results

6.2.1 GagV1V2Fc Design and Biochemical Characterization

GagV1V2-Fc construct includes a CD5 secretion signal followed by p24 capsid
protein with amino acids 13202 of gp120 substituting for amino acids 243 of p24

(using numbgeng for the Gag polyprotein) that removes the 17 amino acid CypA binding
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Figure 6.1 Biochemical characterization of Gagv1V2-Fc

A) Electron microscopy of negatively stained fibers. Three different spoddblagV1V2-Fc (I-

lI) are compared to Gagc (IV). The 500 nm reference is for panel8l land the 100 nm
reference is for panel IV (higher magnification). B) Sheep-gnti20 was added to GaflV2-

Fc coated ELISA plates (coated with ug/well); secodary rabbit antsheep Ig was used to
detect responses. Positive control is BaL gp120 (coated wjitipwlell). C) Directlylabeled
human MAb PG16 was added to ELISA plates coated with increasing concentrations-of Gag
V1V2-Fc (0 to 2.5ug/well). PG16 biding was corrected by subtracting binding to an irrelevant
antigen (gbBFc). PBS control was used with no antigen added. PG9 did not bind 1913y

Fc (not shown).D) MALDI-TOF MS analysis of Mjlycans in Gagv1V2-Fc. The Nglycan

was released from ¢hfusion protein by PNGase F digestion. The released glycans were labeled
with 2-aminobenzoic acid (2A) through reductive amination and analyzed by a MAITIMF

MS in negative relector mode. Blue squareadétylglucosamine; green circle, mannose; yellow
circle, galactose; purple diamond, sialic acid; red triangle, fucose.
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loop (Gamble et al. 1996) The Gterminus of p24 Gag is linked to the Fc region of
rhesus macaque IgG1l throughld@ amino acid poly glycine/serine linker. Fusion
proteins were produceay transient transfection of HEK293 cells. Secreted-Ghg2-
Fc proteins were 500 nm long fibers similar to what was observed wittFGéggure
6.1A). Yields per liter otell cdture for Gagv1lV2-Fc were lower compared to other
fusion proteins we have producéd3 mg for Gagv1V2-Fc versus 5.2 mg for G&er).
GagV1V2-Fc was recognized by a sheep polyclonal-gpi20 serum (Figure
6.1B) and bound weakly to monoclonal antibd@§16 compared to no binding with
GagFc (Figure 6.1C). PG9 did not bind to Ge@jvV2-Fc. PG9 and PG16 bind to
glycopeptide epitopes and require manRdsglycans at Asn156 and Asnl160 in most
gp120 sequencddicLellan et al. 2011) PG16, but not PG9, can bind gpls#juences
when Asn 156 contains complex sug@ksnin et al. 2013) Analysis of the glycans in
GagV1V2-Fc from HEK293 cells (Figure 6.1D) showed thamplex glycans (boxed in
blue) were abundant but thansGIcNAc, was low (indicated in red). The glycosylation
pattern may explain poor binding by the human monoclonal antibodies.

6.2.2 Immunizatiorregimenswith GagV1V2Fc or Gag immunogens

Rhesus macaquesceived two i.n. immunizatioret weeks 0 an8, and then an
IM immunization at week 8yith either 10qQug GagV1V2-Fc or an equimolar amount of
Gag p24 (33.49), plus 50ug CpG. Each group was assigned five animaBood was
drawn at weeks 0, 5, 8, and 12. The &dy2-Fc group was further boostatlweek 26
by the IM route with 7qQug GagV1V2-Fc plus 50ug CpG. Blood was drawn at week

26,30, 34, and 38 All animals in this set of immunizations have previously received two
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Figure 6.2 Immuniz ation Schedules with Gagv1V2-Fc or Gag Immunogens

A) i.n. immunization schematic.

immunization with their respective immunogens.
additional IM boostr immunizationat week 26, albeit at a smaller dose. B) IM immunization
schematic. All animals were immunized by the IM route twWib#IM) , receiving CpG adjuvant

the first time and Sigma Adjuvant System the second time.
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I.n. immunizations with EmFc or EnvFc Mut, and one IM immunization with ERkc
(Figure 6.2A).

Rhesus macaques were also immunized by the IM route withid GagV1Vv2-
Fc or 33ug Gag p24 (five animals per group). At Week 0 IM immunization, animals
received 5qug CpG and at Week 4 IM immunizatiothe Sigma Adjuvant System was
administered. Blood was drawn at weeks 0, 4, 6, and 8 (Figure 6.2B). All ten animals
have previously been immunized with ERg or Env two times by the IM route, and then
one time by the i.n. route with E+ikc, EnvFc Mutant, or Env. The comparison between
routes is made more difficult due to the compounding variable, e.g., the use of a different
adjuvant; however, an overall assessment of which immunization regimen is superior can
be made.

ELISA was used to measure tolgG levels against Gag p24, against V1V2 loop
or against the PG9 epitope (a V1V2 cyclic glycopeptide from the HIV CAP45 sequence).
ELISA measurements were corrected by subtracting background (éextk O)for each
animal. We used the PG9 monoclonaitidody as a standard in our ELISAs. PG9 binds
with much lower affinity to the V1V2 cyclic glycopeptide than to the whole V1V2 loop;
thus, responses against the PG9 epitope versus V1V2 loop cannot be directly compared

when reported as a concentratioraftis, ng/ml, etc.), as they are in our studies.

6.2.3 GagV1V2Fc is immunogenic by intranasal delivery

We hypothesized that GaglV2-Fc would be more immunogenic than Gduy

i.n. immunizationdue to more efficient delivery nasal associated lymphdidsues
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Figure 6.3 Anti-Gagp24 serum levels aftemmunization with Gag/1V2-Fc or Gag

A) Sera from animals receiving two nasal immunizations with @acmnogenwas assessed for
antrGag p24lgG by ELISA. The dashed line is thiereshold for positivity at two times above
the backgroundSerum IgG levelat Week 0 were subtracted from Week 8 levBlsAnti-p24
levels were assessed in animals receiving each immurfodewing two IM immunizations at
week 6, ELISA. Serum IgG at Week 6 were adjusted by subtracting basal Week 0 IgG levels.
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(NALT) via FcRn binding to the Fc domain of G&JV2-Fc and mediating transcytosis.
We tested immunogenicity of each immunogen after two i.n. immunizations éssaxs
antip24 serum IgG levels at Week 8. Our results show that all animals in the Gag
V1V2-Fc group mounted a response compared to only two out of five animals in the Gag
group (Figure 6.3A). By IM immunization, on the other hand, Gag is much more
immunogenidhanGagV1V2-Fc as determined by Gagpecific serum IgG sponses at
Week 6 (Figure 6.3B), suggesting that Gag was inefficiently delivered by the i.n. route
compared to the IM route. Arp24 levels induced by GaglV2-Fc were higher after

two i.n. immunizations(average amnp24 1gG: 1062 ng/ml)compared to two IM
immunizations (average afgR4 IgG: 696 ng/ml|) demonstrating that GaglVv2-Fc
immunogenicity was higher with the i.n. immunization regimen in our studies compared
to the IM regimen.

We next wanted to tesesponses made against the PG9 epityp8agV1Vv2-Fc
immunization For this purpose, weused a synthetic, biotinylated V1V2 cyclic
glycopeptide (amino acids 1847) derived from the HM CAP45 sequend@min et
al. 2013)to bindto neutravidin coated ELISA plates. The V1V2 glycopeptide contains a
MansGIcNACc; glycan at the Asn160 position and a terminal sialylated corripfex N
glycan at Asn156, which are critical for binding by the PG9 and PG16 bihxbm et
al. 2013) At Week 12, four weeks after two i.n. immunizations and one IM
immunizationwith GagV1V2-Fc (i.n./i.n./IM), three out of five animals elicited IgG
antibodies specific for the V1V2 glycopeptide (Figure 6.4A). By contrast, two weeks
after two IM immunizations (fBk responses mad# Week 6 andleclined at Week 8),

only two animals out of six had V1V2 glycopeptisigecific serum IgG (one animal
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Figure 6.4 Anti-V1V2 glycopeptide responses to immunization with Gayy1V2-Fc

A) V1V2 glycopeptide specific IgG levels at Week 0 and Week 12, four weeks following
administration of two doses of i.n. and one dose of IM Gag-V1V2-Fc (i.n./i.n./IM). B) V1V2
glycopeptide specific IgG levels a Week 0 and Week 6, two weeks after two IM immunizations
Biotinylated V1V2 cyclic glycopeptide (amino acids 154-177)
derived from the HIV-1 CAP45 strain was immobilized onto neutravidin coated plates.
were overlaid and anti-V1V2 glycopeptide serum IgG responses were measured by ELISA.
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made a high response and aremal made a very low response) (Figure 6.4B). This

implies that the i.n./i.n./IM immunization regimen was superior to the IM/IM regimen.
We next assessed responses made against the entire V162 oé@agVv1V2-

Fc following i.n. immunization. The V1V2loop in GagV1V2-Fc is 70 amino acids,

compared to ~200 amino acigsthe full V1V2 loop of gpl20 To measure responses

made against the V1V2 loop, welded seréhat waspre-adsorbed with HIW,. gp120 to

ELISA plates coated with Full Length Single Chain (FLS®hich exposes the entire

200 amino acid V1V2 loapFLSC contains gp120 fused to a flexible linker plus domains

1 and 2 of CD4 such that the CD4 binding site is always occupied and gEl2@ys in

the open, or CD4nduced (CD4i), conformatio(Fouts et al. 2000)Since allanimals in

the GagV1lV2-Fci.n. group have previously received ERe (Figure 6.2A), there was a

basal level of anti/1V2 loop IgG antibodies at Week 0 compared toiprgiunization

levels (Figure 6.5A). Responses at weeks 5 and 8, following the first &sal n

immunizations, were not above Week 0 levélserage V1V2 loopspecific IgG reached

their peak at Week 12, four weeks post the IM imination at Week @Figure 6.5A)

All five animals elicited an antV1V2 loop response at Week ,Mhere levels compared

to Week Owereapproaching significancg = .07, Paired-test) (Figure 6.5B). Rhesus

macagques in the GaglV2-Fc group were further boosted by the IM roatéNeek 26

albeit with a smaller dose of GAGLV2-Fc immuogen (Figure 6.2A). Responses

peaked at Week 30, bdid not reach théevels of Week 12 (Figure 6.5AFrom Week

30, responses declined to near basal Week 0 levels after 8 weeks (Week 38).
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Figure 6.5 Anti-V1V2 loop IgG levels following immunization with Gag-V1V2-Fe¢

A) Average Anti-V1V2 loop serum IgG levels of animals immunized with Gag-V1V2-Fc over
time, ELISA. Pre-immune time point represents sera from naive animals. At Week 0, animals
had already received Env-Fc i.n./i.n./IM, but were naive to Gag-V1V2-Fc. Immunizations with
Gag-V1V2-Fc by i.n. or IM route are indicated at the week it was administered. B) Anti-V1V2
loop serum IgG responses in each animal at Week 0 or after receiving Gag-V1V2-Fc i.n./i.n./IM
at Week 12, ELISA.
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We tested for the presence of neutralizing antiboalieseek 12 using the TZM
bl cell assaySarzottiKelsoe et al. 2014)Neutralizing activity was not detected in sera
from the GagvlV2-Fc immunization grougID50 values were below the minimum
serum dilution of 20).

We comparedanti-V1V2 glycopeptide 1gG responses mounted through the
i.n./i.n/IM immunizations with Ga{y/1V2-Fc to that of IM/IM immunizations with ERv
Fc to determine whether Ga{LV2-Fc would induce higher responses. The -Env
group contained two animals out ofxsthat mounted ant1V2 glycopeptide IgG
whereas the Gag1V2-Fc group had three animals out of five. The average responses of
the two animals in the EAvc group and the three animals in the &ddy/2-Fc group

were equivalent (Figure 6.6).
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Figure 6.6 Anti-V1V2 glycopeptide I1gG responses in rhesus macaques immunized
with Env-Fc or GagV1V2-Fc

Biotinylated V1V2 cyclic glycopeptide (amino acids 1547) derived from the HM. CAP45
strain was immobilizedrdo neutravidin coated plates. Sémm animals immunized by either
Env-Fc IM/IM or GagV1V2-Fc i.n./i.n./IM were overlaidand antiV1V2 glycopeptide serum
IgG responses were measured by ELIS8erum IgG levels were adjusted by subtraction of
Week 0 bakground IgG levels.
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6.3 Discussion

The GagV1lV2-Fc immunogen was engineered to enharaecine responses
several ways. First, GagvV1V2-Fc should elicit both cellular (amtGag) and humoral
(antFV1V2) immunity. Second, e selfassembling quality of Gacapsid protein allows
for direct presentaan and multimerization of V1V2Third, the Fc moiety on our
immunogen would enable it to engage/Rs that would enhance its immunogty (as
described in Chapter with EnwFc). It might also allow itscRnmediateddelivery to
nasal mucosal sites for needitee immunization andevelopment of both mucosal and
systemic immune responses.

GagV1V2-Fc multimerization wa demonstrated by the fact thafatmed 500
nm long fibers V1V2 is exposed on the surfacé the immunogeras seen by the
binding of both sheep angp120 and PG16 bNAbWe immunized by the i.n. or the IM
routes to determine wheth GagV1V2-Fc can be delivered to mucosal surfaces, and to
test which immunization regimen would result in greater immunogenicity of our
immunogen. IM immunization would also determine whether Gagnunogenicity of
the GagV1lV2-Fc is preserved, as Gagshbeen shown to be highly immunogenic in
nonhuman primate@Ville-Reece et al. 2005)Our i.n. immunizations showed that Gag
V1V2-Fc can be delivered to the NALaind induce immune response®st likely due to
FcFcRn interactions This is supported by our findings th&agV1V2-Fc i.n.
immunizations elicited higheantip24 IgG levels than Gagn. immunization Gag
elicited significantly higher levels of afpi24 IgG by IM route compared toGagi.n.
immunization, suggestingthat it was theinefficient delivery rather than theoor

immunogenicityof Gag that led to its low anrpi24 IgG responseas the i.n. regimen.To
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more definitively show that only GaglV2-Fc, and not Gag, was delivered to the
NALT, anin vivo transcytosis assay could be conducted where levels of the immunogen
can be assessed in the serum shortly atgen.n. administration. If Gag serum
concentrations are lower after i.n. immunization than after IM immunization, then low
antip24 immune esponsearedue to inefficiendelivery versus poor immunogenicity at
mucosal sites.

The immunogenicity of the Gag molecule was not preserved in th&/Gég-Fc
as seen by the much lower apf4 levels with Ga@y1V2-Fc immunization than with
Gag immunizaion. Future studies could address this by shortening the V1V2 loop in this
immunogen or by removing fewer amino acids in the Gag CypA site.

Anti-p24 1gG levels elicited by GaglV2-Fc were slightly higher in i.n.
compared to IM immunizations Anti-V1V2 glycopeptide responses were induced in
more animals in the GaglV2-Fc i.n. group compared to the GedV2-Fc IM group.
These resultsnay suggest that thien. route of delivery is superior to the IM route;
however, since different adjuvants were useel,cannot exclude that the adjuvant might
have contributed to the weaker responBeespective of the mechanism, GegV2-Fc
was more immunogenic by the i.n. regimen in our studies and further testing ofithe a
V1V2 responsewas conducted in this grpu

Responses against the V1V2 region in /ddy2-Fc were detected only after the
IM crossprime (i.n./i.n/IM) at Week 12. All animals at Week 12 elicited responses
against the 70 amino acid V1V2 lo@md responses compared to Week 0O levels were
approachig significance (p = .06)By Week 26 antiV1V2 loop responses decreased,

but not quite toWeek 0 basal levels. A second IM booster immunization was
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administered at Week 26 to test if responses can be further increased above Week 12
levels. However, due to limiting yields of Gag-V1V2-Fc, a smaller dose was used and
peak responses did not reach Week 12 levels. We approximate the half-life to be eight
weeks as IgG levels decreased by two-fold from Week 30 to Week 38 (responses here
were slightly above Week 0 levels). By comparison, anti-CD4i levels (that include the
anti-V1V2 loop) through Env-Fc IM/IM immunization decayed by 10 weeks and were
not elicited by Env (Chapter 4). In the RV 144 trial, anti-V1V2 IgG responses were also
short-lived (V1V2 antigens from the major circulating HIV strains in Thailand were used
to test these responses), with an apparent half-life of 11.7 weeks (Yates et al. 2014).

We cannot compare peak anti-CD4i responses from Env-Fc IM/IM (see Chapter
4) to peak anti-CD4i responses (or here, termed ‘anti-V1V2 loop’) in Gag-V1V2-Fc
i.n./in./IM because Env-Fc contains the full V1V2 loop. We can, however, make the
comparison between anti-V1V2 glycopeptide responses. The frequency of animals that
mounted anti-V1V2 glycopeptide IgG was higher in the Gag-V1V2-Fc i.n./i.n./IM group
(3/5 animals) than the Env-Fc IM/IM group (2/6 animals), though the averages of the IgG
levels in animals that mounted a response was the same between the two groups. Still, in
this regard, Gag-V1V2-Fc might be considered more immunogenic for V1V2 responses
compared to Env-Fc.

In summary, our studies show that Gag-V1V2-Fc is capable of multimerization.
However, further optimization of the design is necessary. PG16 binds to Gag-V1V2-Fc,
but weakly, and PG9 does not bind, likely due to the absence of mannose-5
glycosylation. Also, Gag is not as immunogenic in Gag-V1V2-Fc as Gag alone. The

Gag-V1V2-Fc is immunogenic by the i.n. route. It elicits anti-V1V2 loop responses, with
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a haltlife of eight weeks which is higher than thatseen with Env¥Fc immunogen
(approximately 5 weeks)GagV1V2-Fcwas more potent than E+kc in elicitingV1Vv2
glycopeptidespecific responses in a higher frequency of animéiswever, umlike Env-
Fc, Gagv1lV2-Fc did not elicit neutralizing antibodiedzuture studies will have to be
conducted to assess the effect of multimerization of VaM®or Fc on immunogenicity.
Challenge studies would better assess whether theV®Ed-Fc is potent enougko

induce protection.
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Chapter 7: Further discussion and future sudies

To develop an effective prophylactic HIV vaccine, efforts are focused on
improving mucosal and systemienmune responses to the poorly immunogenic HIV
envelope (Env) glycoprotein. Our previos work with HIV Gag(Lu et al. 2011)and
otherstudieshave shown that fusion of immunogens to IgG Fc would tdhgeteonatal
Fc receptor (FcRn) for efficient delivery to mucosal sited enhanced immunogenicity
We engineered aHIV g, gpl20Env Fc fusion protein, Enffc, with a gp120 molecule
fused at its @erminus to each arm of the rhesus IgG1 Fc fragment through a Gly/Ser
linker. We verified the functional integritpf Env-Fc or Env-Fc mutant (unable to bd
FcRn) and compared the potency imunogens by intranasal (i.n.) immunizatioh
rhesus macaqud€hapter 3) Unexpectedly, Er¥¥c Mut generatednvw-specific 1gG
responses atigher levels compared to Esikc. We hypothesize thdelivery to mucosal
sites wa notsolely FcRnmediated. At the basolateral side of nasal epithelia, FCRn may
bind EnvFc, but not EmyFc mutant (Mut), and shuttle it back across to the apical
surface. To investigate this hypothesis in future studirsjivo transcytosis asys could
be performed with En¥c, EnvFc Mut, or Env, testing for the presence of each antigen
in serum after delivery. If seruoontains a lower concentration of ERe compared to
Env-Fc Mut or Env, thent would suggesthat EnvFc was recycled oplikely by FcRn
Env-Fc Mut might then be the best immunogen of choice since it would be able to access
mucosal sites and then interact with Fc gamma receptorRg};deading to increased
immunogenicity. Thus, futuren. vaccinatiorstudies might have to test whetl@Rn is
required for mucosal delivery. If not, it might be best to attach a mutant Fc moiety that

does not bind FcRn but binds other!Rs; if so,the Fc fusion might need to be
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administered at a higher dose to account for FHeRdiatedbidirectional transporof
immunogenracross epithelial layers.

In several models of infection, it has been demonstratedntimatinization with
ICs or Fc fusion prote@s mimickingICs yielded enhanced immunogenicity over soluble
immunogens, most likely via Fc:HR mechanismdle tesedwhetherour I1C-like fusion
protein, EnvFc, would induce stronger immunit§Chapter 4) Rhesus macaques were
immunized intramuscularly withEnw-Fc or uncomplexed Env (monomeric gpl20
subunit), plus CpG adjuvant, and serum antiboeponses were characterized. Our
results Bowed that immunization with EmWFc, compared to unmodified Enwmduced
higher serum magnitude amdeadth anttCD4i responsesand modest levels of serum
neutralizingand ADCC activity. Env-Fc resulted in grater durability of the antibody
response, and the plateau was higher than fofilemunized animals.

Previous vaccine studies have shown ti@atcan increase the magnitude and
diversity of the respond2IC immunization broadened the usage @fgéne reertoire in
mouse splenic B cells and induced somatic hypermut@timimvis et al. 1997; Song et al.
1999) rhesus macaque immunization with Venezuela equine encephalitis (VEE) virus
plus 1gG, resulted in higher gk titers that consisted mainly of IgG (versus IgM and 1gG
were elicitedoy VEE) (Houston et al. 1977)In future studies, it would be interesting to
analyze whether ourrz-Fc immunization resulted in broadened B cell ¥sage. We
could also map thepitopes of Env to which the antibody response was moumtenw
Fc versus Emimmunized animalsPotential mechanisms for i@ediatedoroadening of
the immune responses arg:IC lower the threshold of B cell activation by increasing

avidity of antige to B cell receptors (BCR), &) IC fix complement, which bridges
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complement receptors on B cells to BCR and to additional coreceptors, lowleging
activationthreshold(Dempsey et al. 1996) Futurework could test whethethe greater
potency of Envc should be attributed to increased avidity of Env (2 molecules Env on
Env-Fc), its interaction withFc!'Rs, or both This could be dondy comparison of
immune responsesith Env-F(abO)Zno FdR engagementbut avidity present), Eakc
engineered with only one molecule of Env, or Ewwild type (WT, current version).
Mutations in the IgG1 Fc have bedamonstrated that increase binding tbRs(Shields
et al. 200). Comparison to EnfFc immunogens with these types of mutations can be
assessed to test if improved responses can be achieed.could also mutate the
complement binding site on the Fc analuataesponseselativeto EnvFc WT.

The enhanced durahky of antibody observedin the Enw-Fc group might be
attributed to Famediated effector mechanismEnv-Fc may maintain a longenalf-life
by binding to FcRrand/or being retained on FDC proces@dken et al. 208). The role
of antigen persistence in sustaining memory B cells (Bmem) is still not definitive
(Elgueta et al. 2010however, it was shown that persistent antigen is required for the
maintenance of T follicular help€Tfth) cells (Baumjohann et al. 2013yvhich promote
the germinal ceter (GC) response Administration of HIV antigens by repeated dosing
increased antibody responses by at leastdieihrelative toa singlevaccinationfollowing
the prime, anded to prolonged antigen retention in lymph nodesianckasedlth and
GC B ell numberqTam et al. 2016) Bmem cells may replenidbng-lived plasma cell
(PC) pools, which maintain serological antibody levels.

We tested whether conjugation of the muramyl dipeptide (MDP) adjuvant to Env

Fc (MDP-Enw-Fc) would improve immune responses above that of-Fmnwalone
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(Chapter 5). Our studies showed that MBEXR~Fc was a less potent immunogen than
EnwFc. Further studies have to be conducted to tesidéw MDP:Env ratio that
ensure MDP is notblocking immunogenic sites on EnvMDP-Env-Fc canthen be
compared to En¥c or EnvFc ceformulated with MDP for the proof of principle that
conjugated adjuvant might be a superior strategy tdowcoulated adjuvant in that
adjuvant dose could be lowerandpotentialoff-target effectslecreased. According to
our work and previous studi€¥ang et al. 2001)MDP requires LPS to induce pro
inflammatory effects. Thus, a different adjuvdimat does not requireddition of LPS
might be bettesuitedto testour hypothesis.

In our studies, we fused Env gp120 monomer to Fc. Use of quaternary structures
in the fusion protein may further improve efficacy. One approach is to express SOSIP
trimers that are designed poevent dissociation of gp140 into gp120 and gp4lsubunits as
Fc fusion proteins. SOSIP trimers contain a disulfide bond (OSOSO) between gp120 and
gp41 (ecto domain) and an I559P mutation (SOSIP) in the gp4l domain to further
stabilize the trime(Binley et al. 2000; Sanders et al. 2002; Ringe et al. 2015)

Another strategy for vaccine design hbheen to use scaffold proteins for
multimerization of critical conserved epitopes on Env gpl2ddcease bindingo low
affinity germline antibodies and avidity for nasve B cells. We engineered\VGsg-

Fc, which we showed was able to multimerize (due to theassémblig qualities of
Gag) and elicit V1Vpecific antibody responses (Chapter 6). -@ay2-Fc was
immunayenic via thei.n. route of delivery likely due to Fc:FcRn binding and
transcytosis. The Fc on Ga{y1V2-Fc might also be enhancing immune responses by

interaction with FERs though we did not show this directlyGagV1V2-Fc contains
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multiple Fc moietis and multiple V1V2 moieties, and multimerization of each could
contributeto enhanced immunogenicity. Multimeric IC (with multiple Fc) amere
efficiently taken up by FdRs androuted to antigen presentation compartmehtmn
monomeric IC (with one Fc)To try to delineate the effect of multiple Fc versus a single
Fc, we compared GaylV2-Fc anttV1V2 glycopeptide responses to ERe (has two
V1V2 loops from each of the Env molecules and one Fc segmetdwever, these
measurements can only be treaésdan approximation since all animals have presho
been immunized with ER¥c and sinc&/1V2 loop is notas abundant nor is directly
presented in En¥c like it is in the multimeric Gay1V2-Fc. Future sudies could
compare Gagy1V2 (without Fc)to GagV1V2-Fc to measure the degree to which Fc
improves the responsdt is difficult to evaluate the value of one Fc moiety relative to
multiple Fc moieties in our system, but that is another factor to consider in future studies.
Also, GagV1V2 (no Fc) @an be comparetb GagV1V2 assembly mutants that contain
only one molecule of Gag and V1V2 to see how much multimerization of V1V2
enhances the response.

Overall, our studies explored the concept of attaching an Fc to immunogens to
increase their immunogeity. We alsobegan tanvestigatehow adjuvantconjugation
andimmunogen multimerizatioaffects immunogenicity. We were able to show that Fc
adds value from the perspectives of increasing the magnitude and breadth of immune
responses, including eltaetion of antibodies with neutralizing and ADCC activity, and
showing that nasal delivery with some immunogens is improved-{G&@-Fc versus

Gag). We believe that HIV vaccine efforts should incorporate these strategies of
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attaching Fc fragment and adant to the current pipeline of immunogens to get closer to

developing an effective prophylactic vaccine.
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