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COMPOSITIONS AND METHODS RELATED TO HYV-] IMMINOGENS

CROSS-REFERENCE TORELATED APPLICATIONS
{8081} The subject patent application clatms the benefit of priority to ULS.
Provisional Patent Application Numbers 62/330,604 (filed May 2, 2016). The full
disclosure of the priority application is incorporated herein by reference in Hs entirety

and for all purposes.

STATEMENT OF GOVERNMENT SUPPORT
862} This invention was made with government support under AT100663 and
AJOB4817T awarded by the Nationa! Institutes of Health. The government has ceriain

rights in the invention.

BACKGROUND OF THE INVENTION
[6B63] Human immunodeficiency virss type 1 (HIV-1) is the primary cause of the
acguired immune deficiency syndrome (AIDS) which is regarded as one of the world's
major health problems. It is an RNA virus of the family Retroviridae. The HIV-1
genome encodes at least nine proteins which are divided into three classes: the major
siruciural profeins Gag, Pol and Env, the regulatory proteins Tat and Rev, and the
accessory proteins Vpw, Vor, Vifand Nef, HIV-1 can be divided into several different
clades, forsxample A, B, C,IL E, F, G, H, J and K, which vary in prevalence
throughout the world, Each clade comprises different strains of HIV-1 which have been
grouped together on the basis of their genetic similarity.
{8804} The initial phase of the HIV-1 replicative cycle involves the attachment of
the viros to susceeptible host cells followed by fusion of viral and cellular membranes,
These events are mediated by the exterior viral envelope glycoproteing which are first
synthesized as a fusion-incompetent precursor envelope glveoprotein (Env) known as
gp160, The genetic diversity of HIV-1 renders extremely difficult for the development
of an effective vaccine against strains from multiple HIV-1 clades. Tremendous efforis
hiave been expended in the past two decades o produce a preventive HIY vaccine.
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While several candidate vaccines have been developed, they all failed to prevent HIV-1
infection in clinical tosting.

jaagsl The generation of an antibody response capable of neutralizing a broad
range of clinical isolates remains a major challenge in human immunodeficiency virus
type 1 (HIV-1} vaccine development. There is 2 strong and wgent nesd for 8 vaccing
that that is safe and efficacious aroumd the world. The present invention addresses this

and other unmet needs in the art,

SUMMARY OF THE INVENTION
{8806} 1 one aspect, the invention provides modified HIV-1 envelope ppl40
proteins, The proteins are composed of a gp120 polypeptide and a gpd1 polypeptide,
with the N-terminus of heptad 1 region (HR 1) of the gpd1 polypeptide being replaced
by 8 loop sequence of about 6 to about 14 amino acid residues in length that stabilizes
the pre-fusion gpl40 structure. In some of these proteins, the gpd1 polypeptide is
gpdipere. Preferably, the modified HIV-1 gpl40 protein is a trimer. In some
embodiments, the gpl120 polypeptide and the gpd] polvpeptide are derived from the
same HIV-1 strain or subtype. For example, both the gpl120 polypeptide and the gpdl
polypeptide in the modificd HEV-1 gpl40 protein can be derfved from HIV-1 sirain
BGS505, In some embodiments, the gpl20 polypeptide and the gp41 polypeptide are
derived from different HIV-1 strains or subtypes. For example, an engineered gpdl
polypeptide from HIV-1 strain BGS50S as exemplified herein can be used to form
chimeric gpi40 inumunogens with a gp120 polypeptide derived from many other HIV-
siralns or subtypes,
{B067} In some modified HIV-1 envelope gpl40 proteins of the invention, the loop
sequence contains (GS)n (SBQ 1D NO:23), with n being any integer between 3 and 7,
inclusive. In some of these embodiments, the loop sequence is (GS)s (SEQ ID ND:24),
In some embodiments, the loop sequence is obtained via rations! redesign. In some of
these embodiments, the loop seguence is obtained by ensemble-based protein design.
In some modified HIV-1 gpl40 proteins of the invention, the loop sequence contains 10
amino acid residues. Some examples of these loop sequences are shown in SEQ ID
NOs:1-5. Inn some other modified HIV-1 gpl40 proteins, the loop sequence contains &
amino aeid residues. Some oxamples of these loop sequences are shown in SEQ ID

NQOs:6-10,
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[B808] In some ermbodiments, the modified HIV-1 gpl40 proteins of the invention
further contain 3 flexible linker sequence that substitmtes for the cleavage sile sequence
betwaen gpl20 and gpd1. In some of these ewbodiments, the linker sequence has s
sequence of (G5 (SEG ID N22) or 3GS, which substitutes for residoes 508-517 at
the olegvage site. In some other embodiments, the Hinker sequence contains 8 amino
acid residues and substituies for residues 501-518 at the cleavage site. In these
embodiments, numbering of the aming acid residues corresponds to that of HEV-1 sirain
BGS63, SORIP 664 ppldl In some exemplified proteins, the linker ssquence contains
the sequence shown in any one of SEQ 1D NGs:16-20.

{009 in some embodiments, the modified HIV-1 gpl40 proteins of the invention
further contalns {a) an enginesred disulfide bond between gp120 and gpdd andior by a
stabilizing mutation in gpd1. In some of these embodiments, the engineered disulfide
bond ts between residues AS81C and TS05C, and the stabilizing mutstion s [359P.
{8816] Some modified HIY-1 gp140 proteins of the invention contain a gpl40
trimer derived from HIV-1 strain BGS0S, with cach gpl40 monomer containing a
£p120 polypeptide and a gpdipero polypeptide, and the N-terminus of heptad { region
{HR1) {(SEQ Iy N{r28) in gpdlscrs polvpeptide being replaced with a loop sequence
shown in SEQ ID NO:6. In some of these embodiments, the protein additionally
contains {a) a finker sequence (GySkh (SEQ I NO:22) that substitutes for residues 508-
511 at the cleavage site, and (b} an enginecred disulfide bond betwoen residuss ASGIC
and T6OSC.

Y In another aspect, the invention provides HIV-1 vaceine immunogens that
contain a modified trimeric HIV-{ envelope gpi40 protein, In these ioununogens, the
gp 140 protein containg a gpl20 polypeptide and 3 gpd4lscvo polypeptide, with the N-
termninus of heptad 1 region (HR1) of the gpdlsoro polypeptide being replaced with a
loop sequence of about § to abont 14 amino acid residues that stabilizes the pre-fusion
gpldd structure. In some embodiments, the loop sequence contains (G8m (SEQ ID
NO:23}), with n being any integer between 3 and 7, inclusive. In some of these
smbodiments, the loop sequence has a sequence of (G8)¢ (SEQ 1D NO:24). Insome
embodiments, the loop sequence is obtained via rational redesign, ¢.g., by enserble-
based protein design. In some embodiments, the loop sequence contains 10 amine acid

residues, o.g., any sequence as shown in SEQ 1D NGs: 1-5. In some other
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embodiments, the loop sequence contains § amine acid residues, £.g., 8 sequence as
shown in any one of SEQ 1D NOs:6-10.

{6813} Some HIV-I vaccine immunogens of the invention additionally contain a
flexible inker sequence that substinstes for the oleavage site sequence between gpl20
and gpdincro. In some of thess embodiments, the linker sequence containg (GyShor
SGE, and substitutes for restdues 308-511 at the cleavage site. In some embodiments,
ihe linker sequence contains 8 amine acid residues and substitutes for residues 561518
at the cleavage site. In these embodiments, numbering of the amino acid residues
comresponds to that of HIV-1 strain BG303, 8O8IP.664 gpi40. In some embodiments,
the Hnker sequence contains a seguence as shown in any one of SEQ ID NOs:16-20.
{8013} Some HIV-1 vaceine immunogens of the invention additionally contain an
engineered disulfide bond between gpl20 and gp41. In some of these embodiments,
the engineered disulfide bond is between residues AS01C and T60SC. Some of the
HIV-1 vaccine immunogens comtain g gpl40 trimer derived from HIV-1 strain BGS05,
with each gp140 monomer containing 8 gp120 polypeptide and a gpdlzoro polypeptide,
and with the N-terminus of heptad 1 region (HR1) (SEQ 1Dy NO:28}) in gpa 157
polypeptide being replaced with a loop sequence shown in SEQ ID NG, In some
embodiments, the modified HIV-1 gpl40 protein further contains (a) a linker sequence
{GyS ) (SEQ ID NO:22) that substitutes for residucs 508-511 at the cleavage site, and
(b} an engineered disulfide bond between regidues ASGIC and TEISC.

{B014] In another aspect, the invention provides BIV-1 vaccine compositions that
contain an HIV-1 Env-derived trimer immunogen presented on a self-assembling
nanoparticle or a virus-like particle (VLF), In some of these embodiments, the HIV-1
Env-derived oimer Immunogen s VIV2, gpl20 or gpi40. In some embodiments, the
HIV-1 Eav-derived trimey immunogen is 2 modified gp140 protein that contains &
gp120 polypeptide and a gpdlzers polypeptide that has the Neterminus of heptad |
region (HR1) of the gpdiscro polypeptide being replaced with a loop sequence of abowut
6 to zbhout 14 amino acid residues that stabilizes the pre~fusion gp149 structure.

ILGIERYS in some embodiments, the loop sequence contains {a} & sequence of {GSn
{352 1D NG:23), with n being any integer between 3 and 7, inclusive, or (B a
rationally redesigned sequence via ensomble-based protein design. In some
embodiments, the modified gpl40 protein is covalently fused to the nanoparticle
platform. Tn various embodiments, the nanoparticle platform contains a trimeric
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vequence. In some of these embediments, the nanoparticle platform Is dibvdrolipoyt
scylransferase (E2F), forritin, or lumazine synthase (LS}, In some embodiments, the
nanoparticle platform has one or more 3-fold axes on the surface with the N-terminus of
each monomer subunit being in close proximity to the 3-fold axis, and the spacing of
the three N-termini matching the spacing of the C-termind of the moditied gpl40
protein trimer. In some embodiments, the Cerminus of the modified gpl40 protein
sequence is fused to the N-terminus of the subunit of the nanoparticle platform
sequence.  ln some embodiments, the nanoparticie platform containg g self-assembling
nanoparticle with a diameter of about 20nm or less that is assemabled fom 12 or 24
subunits. Some HIV-1 vaccine compusitions of the invention can further contain an
adiuvant.

[8016] In somse HIV-1 vaccine compositions of the invention, the gpl40 trimer is
derived from HIV-1 sirain BGS0S, with a loop sequence as shown in SEQ 1D NO:6,
Some of the compositions further containg (2} 2 linker sequence (GSh (SEQ D
NC:22) that substitutes for residues 508-511 at the cleavage site, and (b) an engineered
disulfide bond between residues AS01C and T603C.

{8017] In still apother aspect, the invention provides methods of preventing HIV-1
infection in a subject. These methods cntail administering 1o the subjecta
therapeutically effective amount of the HIV-1 immunogen or vaceine composition
described herein. The administration of the immunogen results in prevention of HIV-1
infection in the subject, In arelated aspect, the Invention provides methods of treating
HIV-{ infection or elicling an inumune response against HIV-1 in a subject. These
methods involve administering to the subject a pharmaceutical composition that
contains a therapeutically effective amount of the HIV-1 immunogen or vaccine
described herein.

{8918} A further understanding of the nature and advantages of the present
invention may be reahized by reference to the remaining portions of the specification

and clatms.

DESCRIPTION OF THE DRAWDNGS
[8519] Figure | illustrates computational redesign of HR1 N-terminus and
cleavage site, (a) Atomic model and molecular surface of BGS0S SOSIP.664 trimer
(PO ID: 4TVYP) with gpl20 and two regions of gpdlpora (residues 518-547 and 56%-

3



=1

ig

i35

WO 2017/192434

664} within one gpl40 protomer eolored I blue, orange, and red, respectively, A
zoomed-in view of the gpl40 structure surrounding the HR1 Neterminus (residues 548~
368) and the cleavage site-containing region {residuss 505-518) is shown on the right
with the structural gaps connscted by black dotted Hnes. (b} Schematic presentation of
the HR1 redesign. (c) Computations] procedure for ensemble-based 42 nove protein
design of the HR 1 region (residues 548-368). After local backbone sampling in torsion
space (step 1) and exhaustive scarch in sequence-siructure space {step 2), the designed
sequences #1-3 (SEQ ID NOs:11-13, respectively) are ranked by energy (step 3) prior
1o manusl selection of candidates for experimentsl validation,

HE i Figure 2 shows design and validation of 8 goneric HR1 loop sequence
{linker}, (GS); (SEQ ID N{n24), to stabilize Env trimer. (3) Schomatic representation
of a generic HR1 lnker (HR1-G) design. (b) SEC profiles of SOSIP and HR1-G trimers
from a Superdex 200 10300 column for clade-A BGS0S dlop, left), clade-B IRFL {top,
right}, clade-C DUL72.17 (middle, two HR1 redesigns obfained from ensemble-based
de novo protein design included on the vight), and BY/C recombinant strain CH115.12
{(bottom, CSF-808 included on the right), The UV value of the irimer peak and the
ratios of UV values for aggregate pesk (at & mL) and dimer/monomer peak {at 12 mL}
relative to the trimer peak (at 10.5 mL) ave Inbeled.

f0021} Figure 3 shows snsemble-based protein design of the HRI region with loop
tengths of § and 10 residues. {2) Conformational ensembles of 8- (Jeft) and 10-residue
{right} HR1 loops colored in green with gp120 and two gpdlgcro regions (318547 and
365-664} within one gpl40 protomer colored in blue, orange, and red, respectively. (b)
Ce root-mean-square (RMS) fluctuation of 8- (upper panel} and 10-residue (lower
panel} redesigned HR1 loops. (¢} Correlation between RAPDF score and Ca root-
mean-square (RMS) fluctuation determined for 8- (lefl} and 10-residue (right)
redesigned HRI loops. () § top-ranking sequences manually selected for 8-residue
HRI redesign (left; SEQ ID NOw:6-10, respectively) and 10-residue HRT redesign
{right; SEQ 1D NQOs:1-5, respectively) between residues G547 and TS69, HR1
sequence encompassing itk N-terminus (SEQ ID NO:27), including residues 548-568
{SEQ ID NO:28} being replaced by the loop sequences, is shown above these top
ranking loop seguences, The region in WT SOSIP.664 that was subjected to

computational design,
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[Ba22] Figure 4 shows ensemble-based protein design of the cleavage site-
containing region (500-51%) and biochemical charactorization of top 5 designs. {8}
Conformational ensemuble of Eresidue loops connecting B500 and F5319 (left), Ca
RMSF distribution of §-residue loops {upper right), and correlation between RAPDF
score and Co RMSF (lower right). (b} § top-ranking 8-residue CST designs (SEQ ID
MOs: 16-20, respectively) are shown below the cleavage siie-containing sequence (SEQ
I NOn21) The region in W SOSIP.664 that was subjected to computational design is
highlighted in yellow. (¢) BN-PAGE of five 293 F-expressed, ONL-purified cleavage
site truneated (CST) BGSUS constructs, C8T1-3, after SEC on a Superdex 200 10/300
column. For each trimer construct, the range of SEC fractions is labeled. For C8T 1,

wrimer, dimer, monomer, and an unknowsn By form are labeled on the BN gel.

DETAILED DESCRIPTION
L Ohverview
[0623] The goal of vaceine development for human immunodeficioncy virus fype-
I (HIV-1} is to induce protective or therapeutic broadly neutralizing antibody (BINAD)
responses by vaceination. All bNAbs identified thus far target the envelope
giveoprotein (Env} rimer on the surface of HIV-1 virions. The precursor Env protein,
gpi6d, is trafficked from the endoplasmic reticnhan (ER) to the Golgi and cleaved by
celiular proteases of the furin family into its mature form. The cleaved Env trimer
engages host receptors to mediate viral entry and is the primary {arget of humoral
imunune responses. Functional Env is a trimer of heterodimers, each containing 2
receptor-binding protein, gp120, and a transmembrane protein, gpdl, which are held
together by non-covalent interactions. This mature form of Env is metastable as it is
poised o undergo dramatic and trreversible conformational changes upon binding to
host receptor and co-recepior to mediate membrane fusion. Env metastabilily also
facilitates immune evasion by causing gp120 shedding and generating a diverse
assoriment of native, more open and non-native conformations.
[8624] Various strategies have beon proposed in stiempts to overcome Env
metastability, and to create stable, bomogeneous gpl40 trimers for structuwral and
vaceine studies. For example, development of the BG503 SQSIP.664 gpl40 trimer
(Sanders et al, PLoS Pathog. ${9):c1003618, 2013) has facilitated high-resclution
structural analyses, provided a rational basis for trimer-based vaceine design, alfowed
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expansion of the SOBIP design to other HIV-1 strains and incorporation of new
stabilizing mutations, and removal of furin dependency by cleavage site modification.
However, a promium is placed on trimer purification in order fo minimize unwanted
Env forms and misfolded trimers. Complex methods such as BNAbD affinity purification,
negative selection, and multi-cvele SEC have been developed for trimer purification,
which can certainly be adapted for indusirial scale production but will likely require
special considerations. It is plausible that trimer impurity and general protein
production inefficiency are lnked to the fundamental causes of metastability that have
not been completely solved by previous HIV-1 trimer designs.

035} The present invention is predicated in part on the present inventors’
development of computationally redesigned HIV-1 Env trimer molecules as vaceine
immuproegens. As detailed in the Examples below, the inventors investigated the
primary causes of HIV-1 trimer metastability and explored alternative trimer designs.
The inventors hypothesized that the disorder observed at the HRI Negrminus {residues
548-568) is indicative of metastability that could potentially be minimized by protein
gngingering. The inventors redesigned a largely disordered bend in hepiad region 1
{HR 1} that connects the long, central HR1 helix to the fsion peptide region,
substantially improving the vield of well-folded trimers, Additionally the cleavage site
botween gpl20 and gpd1 was replaced with various linkers in the context of the HRI
redesign, Specifically, the inventors tested 10 BGS0S trimers with the N-terminas
region of HR1 redesigned computationaily. These constructs showed substantially
higher trimer vicld and purity, with SGSIP-like propertics demonstrated by crystal
siructures, EM, and antibody binding. The inventors then examined the structural and
antigenic effect of replacing the furin cleavage site betwesn gpl20 and gpd] with a
linker in the context of a selected HRI redesign. These stadies sncoversd the sensitivity
of gpl140 folding to modification of this proteclytic site, with a fusion intermediste stale
cbserved for trimers with short linkers lacking the SOS mutation. By conirast, the
HRI-redesigned trimers with a long linker, termed uncleaved pre-fusion-optimized
{UFO) trimers, adopted a nstive-Hike conformation that resembled many salent Ratores
of the SOSIP trimer. Additouslly, the inventors demonstrated the utility of a generie
HR/I linker in trimer stabilization for diverse strains of HIV-1. Further studies
undertaken by the Inventors showed that the engineered gpdl domaing described hercin
can be used o pair with a gpl20 polypeptide from many different HIV-1 strains or
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subtypes to form “chimeric” gpl40 rimers, e.g., “UFG-BG” or “UFG-U™ a5
exeraplified herein. Together, these studies demonstrated s general approach for
stabilization of Env trimers from diverse HIV-1 strains.

{6826} COrther than the gpl40-derived soluble trimer immunogens with modified
HR1 region, the inventors further investigated the display of trhmeric HIV-1 antigens on
nanoparticles with an in-depth structural and antigenic characterization. The inventors
hypothesized that the trimeric Env antigens, such as VIVZ and gp120, can be presented
in native-fike conformations arcund the threcfold axes on the surface of nanoparticles.
To test this hypothesis, the inventors designed constructs containing VIV2 and gpl20
fused to the N-terminus of forritin subunit. These chimeric antigens aseembled into
nanoparticles with high affinity for bNAbs targeting the apex as well as other key
epitopes consistent with native-like trimer conformations. The inventors then
investigated the particelate display of a stabilized gp140 trimer with a redesigned
heptad repeat 1 (HR1) bend that showed substantial improvement in trimer purity. To
facilitate this analysis, the inventors designed three gpl40-ferritin constructs containing
differemt linkers, with gp41 truncated at either position 664 or 681, While all gn140-
ferritin nanoparticles bound to the apex-directed BNAbs with sub-picomotar affinities,
the MPER-containing gp140 nanoparticle could also be recognized by MPER-specific
bNAb 4E10. In addition to ferritin, the inventors also examined the utility of a large,
60-meric E2p nanoparticle to present gpl20 and ppl40 trimers, As demonstrated herein,
the gp140-E2p nanoparticle carrying 20 well-folded trimers demonstrated officient
particle assembly and desired antigenicity.

{8827} In accordance with these exemplified studies, the invention provides
various HIV-1 vaccine immunogens and their clinical applications. Some HIV-1
vaccine immunogens of the invention are soluble gp140-derived protein that harbors a
modified N-terminus of the HRI region in gpd1 as disclosed hereln. Some HIV-1
immunogens of the invention contain an HIV-1 Env-derived frimer protein that is
presenied on a nanoparticle platform. Therapeutic and preventive uses of the HIV-1
vaceing compositions of the invention are also provided in the invention.

{8828} Unless otherwise specified herein, the vaccine immunogens of the
invention, the encoding polynuclentides, expression vectors and host cells, as well as
the related therapeutic applications, can all be generated or performed in accordance
with the procedures exemplified herein or routinely practiced methods well known in

g



i0

15

25

WO 2017/192434 PCT/US2017/030375

the art. See, e.g., Methods in Enzymeology, Volume 289: Solid-Fhase Peptide
Synthesis, J. N. Abelson, M. L Simon, G. B. Fields (Editors), Academic Press; Ist
edition {1997} {ISBN-13: 978-0121821908); U.S. Pat. Nos. 4,965,343, and 3,849.954;
Sambrook st al,, Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Press,
NY. (3%ed, 2000); Brent et al., Current Protocols in Molecular Biology, Jobn Wiley
& Sons, Inc. {ringbou ed., 2003); Davis et al,, Basic Methods in Molecular Biclogy,
Elsevier Science Publishing, Inc., New York, USA (1986); or Methods in Enzymology:
Guide to Molecular Cloning Techniques Vol. 152, 5. L. Berger and &. R, Kimmerl
Eds., Acsdemic Press Inc., San Diego, USA (1987); Current Protocols in Protein
Science (CPPS) (John E. Coligan, et, al,, ed., John Wiley and Sons, Ine.), Current
Protocols in Cell Biology (CPCB) (Juan S, Bonifacine et. al. ed,, John Wiley and Sons,
ine.}, and Cubture of Animal Cells: A Manual of Basic Technigue by R. Tan Freshney,
Publisher: Wiley-Liss; Sth edition (2005}, Animal Cell Calture Methods (Methods in
Cell Biology, Vol. 57, Jennie P. Mather and David Barmes editors, Academic Press, Ist
edition, 1998}, The following sections provide additional guidance for practicing the

compaositions and methods of the present invention.

i Definitions

[082%) Unless defined otherwise, all technical and scientific torms used herein

have the same meaning as commenly understood by those of axdinary skill in the art to
which this invention pertains. The following references provide one of skill with a
general definition of many of the terms used in this invention: Academic Press
Dictionary of Science and Technology, Morris (Bd.), Academic Press (1% ed,, 1992);
Oxford Dictionary of Biochemistry and Moleculor Biology, Smith et al. (Eds.}, Oxford
University Press (revised ed., 2000, Encvelopaedic Dictionary of Chemistry, Kumar
(Ed.}, Anmol Publications Pvt. Ltd. (2002); Dictionary of Microbislogy and Molecilar
Bivlagy, Singleton et al. (Eds.), John Wiley & Sons (3% ed,, 2002); Dictionary of
Chemistry, Hunt (4.}, Routledge (1% ed,, 1999); Dictionary of Pharmaceution!
Medicine, Nahler (Ed.), Springer-Verlag Telos (1994); Dictionary of Organic
Chemistry, Kumar and Anandand (Bds.), Aomol Publications Pvi. Ltd, (2002); and 4
Dictionary of Biolegy (Oxford Paperback Reference), Martin and Hine (Eds.}, Oxford
University Press (4% ed,, 20003, Purther clarifications of some of these terms as they
apply specifically to this invention are provided herein.
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030} As used herein, the singolar forms "a," "an,” and "the,” refer o both the
singular as well as plural, unless the comtext clearly indicates otherwise. For example,
"an Env-derived trimer” can refer io both single or phiral Bnv-desived trimer molecules,
and van be considerad squivalent to the phrase "at lesst one Env-derived tsimer.”

Ba3y As used herein, the tevms "sntigen” or "immunogen” are used
interchangeably to refer to a substance, typically a protein, which is capable of inducing
an immaone response in & subject. The term also refers to proteins that are
immunoclogically active in the sense that once administered to a subject {cither directly
or by administering to the subject a nucleotide sequence or vecior that encodes the
protein) is able to evoke an immune response of the humoral andfor celiular type
directed against that protein.

06032} Conservative amino acid substitutions providing functionally similar amino
acids are well known in the art. The following six groups each contain amino acids that
are conservative substitutions for one another: 1) Alaning (A), Serine (8), Threonine (T
2y Aspartio acid (I3, Ghutamic acid (B); 3) Asparagine (N), Glutamine (Q}; Arginine
(R}, Lysine (K}; 5} Iscleucine (I}, Leucine (L}, Methionine (M), Valine (V) and 6)
Phenylalanine {F), Tyrosine (Y), Tryptophan (W), Not all residue positions within a
protein will tolerate an ofherwise "conservative™ substitution. For instance, if an amino
acid residue is essential for a function of the protein, even an otherwise conservative
substitution may disrupt that activity, for example the specific binding of an antibody to
a target epifope may be disrupied by a conservative mutation in the target epitope.
{B833] Epitope refors to an antigenic determinant, These are particular chemical
groups or peptide sequences on a moleculs that are antigenic, such that they elicita
specific immune response, for example, an epitope is the region of an antigen to which
B and/or T cells respond. Epttopes can be formed both from contiguous amino acids or
noncontiguous smine acids hottaposed by tertiary folding of a protein.

{80341 Effective amount of & vaccine or other agent that is sufficient to generate 8
desired response, such as reduce or eliminate a sign or symptom of a condition or
disease, such as AIDS. For instance, this can be the amount necessary {0 inhibit viral
replication or to measurably alter outward symptoms of the viral infection, such as
increase of T cell counts in the case of an HIV-1 infection. In general, this amounnt will
be sufficient t© measorably inhibit virus (for example, HIV) replication or infectivity,
When administered to 2 subject, a dosage will generally be used that will achieve target
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tissue concentrations (for example, in ymphocyies) that has been shown to achieve in
vitre inhibition of viral replication. o some examples, an "effective smount” is one that
trogts {including prophylaxis) one or more symptoms andfor underlying causes of any
of a disorder or dissase, for example to treat HIV. In one example, an sffective amount
is a therapeutically effective amount. In one example, an effective amount is an amount
that prevents one or more signs or symptoms of a particular discase or condition from
developing, such 85 one or more signs or sympioms associated with AIDS,

{8835 Ferritin is a globular protein found in all animals, bacteria, and plants. Tt
acts primarily to control the mate and location of polvouclear Fe{TllnO: formation
through the transportation of hydrated ron ions snd protons to and from a mineralized
core. The globular fonn of forritin is mede up of monomeric subunit proteins {also
referred o as monomeric ferritin subunits), which are polypeptides having a molecnie
weight of approximately 17-20 kla.

[8036] As used herein, 2 fusion protein is 8 recombinant protein containing amino
acid sequence from at least two unrelated proteins that have been joined together, via s
pepiide bond, to make a single protein, The wrelated amine acid sequences can be
Joined directly to sach other or they can bs joined vsing a linker ssquence. As used
hersin, profeins are unrelated, if their amino acid sequences are not normslly found
Jjoined together via a peptide bond in thelr natural environment(s} {c.g., inside a cell},
For example, the aminoe acid sequences of monomeric subunits that make up ferritin,
and the amino acid sequences of HIV-1 gpl20 or gpdl glycoproteing are not normally
found joined together via a peptide bond.

{8637} HIV.1 envelops protein (Env) is initially synthesized as a longer precursor
protein of 345-870 amino acids in size, designated gpl60. gpl160 forms a homotrimer
and ondergoes glycosylation within the Golgl apparaius. In vive, gplsh glyeoprotein is
endo-protesiytically processed to the mature enwvelope glycoproteins gpl20 and gpél,
which are noncovalently associated with each other in a complex on the surface of the
virus. The gpl20 surface protein contains the high affinity binding site for human CD4,
the primary receptor for HIV, as well as domains that interact with fusion coreceptors,
such as the chemokine receptors CCRS and CXCRA4. The gp4l protein spans the viral
membrane and contains 8t ity sminoterminus a sequence of amino acids important for
the fusion of viral and cellular membranes. The native, fusion-competent form of the
HIV-1 envelope glycoprotein complex is a trimeric structure compased of three gpl20
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and three gpd! subunits. The receptor-binding (CDM and co-receptor) sites are located
in the gpl20 moietizs, whersas the fusion poptides are located in the gpd! components.
Exemplary sequence of wildtype gp 160 polypeptides are shown in GenBank, e.g.,
under acoession numbers AABOSOS and AADIZ 142,
8838} gp 140 refers to an oligomeric form of HIV envelope protein, which
contains all of gpl20 and the entire gp4l ectodomain.
{8839 g1l is an envelope protein of the Human Bmmunodeficiency Vires (HIV).
gp120 containg most of the external, surface-exposed, domains of the HIV envelope
glycoprotein complex, and it is gp120 which binds both to cellular CD4 recepiors and
to celhilar chemokine receptors {such as CCR3). The mature gp120 wildtype
polypeptides have about 500 amino acids in the primary sequence. Gp120 is heavily N-
glycosylated giving rise to an apparent molecular weight of 120 kD, The polypeptide is
comprised of five conserved regions (C1-05) and five regions of high variability (V1-
V&) In s tertiary structure, the gpl20 glycoprotein is comprised of three major
structural domains {the outer domain, the lnner domain, and the bridging sheet) plus the
variable Ioops. See, e.g., Wyalt et al, Nature 393, 705-711, 1998; and Kwong st al,
Nature 393, 649-30, 1998, The inner domain is believed to interact with the gpd1
envelope glycoprotein, while the outer domain is exposed on the gssembled envelope
glycoprotein trimer,
jBd40] Variable region | and Variable Region 2 (V1/V2 domain) of gp120 are
comprised of about 50-90 residues which contain two of the most variable portions of
HIV-1 {the V1 loop and the V2 loop], and one in ten residues of the VI/V2 domain are
Neglveosylated.
{8041} gpdl is a proteolytic product of the precursor HIV envelope protein. It
gontains an N-terminal fusion peptide (FP), a transmombrane domain, as well as an
ectodomain that Hoks the fusion peptide and a transmembrane domain. gp4l remains in
a trimeric configuration and interacts with gp120 in a non-covalent manner. The smino
acid sequence of an exemplary gpd! is set forth in GenBank, under Accession No,
CADRGRTS,
{8042} BGS303 SO8IP.664 gpt40 is a HIV-1 Env immunogen developed with the
gpl4d trimer from clade-A strain BG303. It contains a covalent linkage between the
cleaved gpl120 and gpdlgcro with an engineered disulfide bond (teymed $08). Tn
addition, it has an IS39P switation (termed IP) to destabilize the gpdl post-fusion
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conformation and also a runcation of the membrans-proximal external region (MPER}
at residue 664 to Improve solubility. This HIV-T immunogen has an outstanding
antigenic profile and excellent structural mimicry of the native spike. Using the SOSIP
frimer 48 g sorting probe, now bBNAbs have been identified and characterized. The
SOSIP design has also been extended to other HIV-1 sirains and permitted the
incorporation of additfonal stabilizing muiations. Recently, invnunogenieity of 80OSP
trimers in rabbits and nonbumen primates was reported, paving the way for human
vacoine trials,

[9043] HXBZ numbering systom is a roferonce numbering system for HIV protein
and nucleic acid sequences, using HIV-1 HXB2 strain sequences as a reference for alf
other HIV sirain sequences, The person of ordinary skill in the art is familisr with the
HXB2 nunbering system, and this system is set forth in "Numbering Positions in HYV
Relatbve to HXB2CG,” Bette Korber ot al., Human Retroviruses and AIDS 1998 A
Compilation and Analysis of Nuclele Acid and Amino Acid Ssquences. Korber B,
Kuiken C L, Foley B, Haha B, MeCetchan F, Melors J W, and Sodroski J, Bds.
Theoretical Biology and Biophysics Group, Los Alamos National Laboratory, Los
Alamos, N. Mex.

[B844) Immunogen is a protein or a portion thereof that is capable of inducing an
immune response in a mammal, such as a mammal infected or at risk of infection witha
pathogen. Administration of an Immunogen can lead 1o protective mmunity and/or
proactive inmuonity against a pathogen of inferest.

{0045} Immunogenie sweface is 3 surface of a molecule, for example s profein such
as gpl20, capable of cliciting sn umune response, An immunogenic surface includes
the delining features of that surface, for example the three-dimensional shape and the
surface charge. In some examples, an bunnmogenic surface is defined by the amine
acids on the swrface of 3 protein or peptide that are in contact with an antibody, such as
a nentralizing antibody, when the protein and the antibody ave bound together. A tarpet
epitope inohedes an immunogenic surface. Immunogenic surface is synonymous with
antigenic surface.

LIS Y {mpnune response refors to  response of a ool of the Immune sysiom, such
8s a B cell, T cell, or monocyte, to a stimulus. In some embodiment, the response is
specific for a particnlar antigen {an "aniigen-apecific responss™. In soms embodiments,
an immuone response 1s 2 T cell response, such as & CDdY response or 8 CD&+ vesponse,
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In some other embodiments, the response is a B cell response, and vesulis in the
production of specific antibodies.
[6847] Immunogenic composition refers {0 8 composition comprising an
immunopenic polypeptide that induces a measurable CTL response against virus
expressing the imnumogenic polypeptide, or induces a measurable B cell response
{such as production of antibodies) against the immunogenic polypentide.
{8048} Sequence ientity or similarity between two or more nucleic acid sequences,
or two or more anino ackd sequences, Is expressed in terms of the identity or similarity
between the sequences. Sequence identity can be measured in terms of percentage
identity; the higher the percentage, the more identical the sequences are. Homelogs or
arthologs of nucleic acid or aming acid sequences possess & relatively high degree of
sequence identity/similarity when aligned vsing standard methods. Methods of
aligmment of sequences for comparison are well known in the art. Various programs
and slignment algorithms are described in: Smith & Waterman, Adv. Appl. Math, 2:482,
1981; Needieman & Wunsch, 1. Mol Biol. 48:443, 1970; Pearson & Lipman, Proc,
Natl. Acad., 5¢i. USA 85:2444, 1988; Higgins & Sharp, Gene, 73:237-44, 1988;
Higgins & Sharp, CABIOS 5:151-3, 1989; Corpet et al, Nuc. Acids Res. 16:10881-90,
1988; Huang et al. Computer Appls, in the Biosciences §, 135-65, 1992; and Pearson et
al., Meth. Mol. Bio. 24:307-31, 1994, Alischul et al,, J. Mol. Biol. 215:403-10, 1990,
presents & detailed consideration of sequence alignment methods and homelogy
calculations.
[8849] Rotational symmetry, also known in biological contexts as radial symmetry,
refers to the property of an object that looks the same afier 2 certain amount of rotation,
An object may have more than one rotational symmetry; for instance, if reflections or
turning it over are not counted. The degree of rotational symmetry is how many degrees
the shape has 1o be turned to look the same on g different side or vertex. It cannot be the
same side o vertex. Rotational symmetry of order n, also called n-fold rotational
symumetry, or discrete rotational symmetry of the nth order, with respect to a particular
point {in 2D) or axis {in 3D; e.g., 3-fold axis deseribed herein) means that rotation by
an angle of 360%n (180°, 120°, 80°, 72°, 60°, 51 377", cic.) does not changs the object,
{6638} Bacteriophage Qg (Qp or § as denoted herein) is an icosahedral virus with a
diameter of 25 nm, Its host is Hscherichia coli. Qp enters its host cell through the side of
the ¥ pilus. The genome of Qp is 4217 nucleotides long. The genome bas free open
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reading frames and encodes four profeing: Al, AZ, U and gff replicase. See, e.g., van
Dniin ot al., "Single-stranded RNA phages. Chapter 137, In Calendar, B L. The
Hacteriophages (Second ed,, 2006}, Oxford University Press. pp. 175196, The genome
of (g 15 highly structured, which regulates gene expression and proteots the genome
from host RiNases.

[B031] The term "subiect” refers to any animal classified 83 a mammal, ¢.g., human
and non-human mammals. Examples of non-human animals include dogs, cats, cattle,
horses, sheep, pigs, goats, rabbits, and ste. Unless otherwise noted, the terms “patient”
or “subject” are used herein imterchangeably. Preferably, the subject is human,

80831 The term “reating” or “alleviating” includes the adminisiration of
compounds or agents to a subject to prevent or delay the onset of the symptoms,
complications, or biochemical indicia of 3 disease {e.g., an HIV infection), alleviating
the symiploms or arresting or inhibiting further development of the disease, condition,
or disorder. Subjects in need of treatment include those already suffering from the
diseass or diserder as well as those being at risk of developing the disorder. Treatment
may be prophylactic (to prevent or delay the onset of the disease, or to prevent the
manifestation of clinieal or subelinical symptoms thereof) or therapeutic suppression or
alleviation of symptoms afier the manifestation of the disease.

[B853] Yaceine refers to a pharmacentical composition that elicits a prophylactic
or therapeutic immune response in a subject. In some cases, the immune response is a
protective inunune response. Typically, a vaccine eliclts an antigen-specific immune
response to an antigen of a pathogen, for example a viral pathogen, or 1o 2 celiular
constituent correlated with a pathologics] condition. A vaccine may include 2
polynucleotide (such as a nucleic acid encoding & disclosed antigen), a peptide or
polypeptide {such as a disclosed antigen), a virus, a cell or one or move cellular
constituents.

{0054] Virus-like particle (VLP) refers to s non-replicating, viral shell, derived
from any of several virusss. VLPs are generally composed of one or more viral proteins,
such as, but not Hmited i, those proteins referred to as capsid, coat, shell, surface
and/or envelope proteins, or particle-forming polypeptides derived from these proteins.
YLPs can form spontanesusly vpon recombinant expression of the protein in an
appropriate expression system. Methods for producing particnlar VLPs are known in
the art. The presence of VLPs following recombinant expression of viral proteins can
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be detected using conventional techniques known in the art, such as by slectron
nsicroscopy, blophysical characterization, and the like. See, for example, Baker et al.
{1991} Biophys. I, 6{:1445-1456; and Hagensee et al. {1994} 1. Virol, 68:4503-4505.
For example, YLPs can be isolated by density gradient centrifigation and/or identified
by characieristic density banding. Alternatively, orycelectron microscopy can be
performed on vinified agueous samples of the VLP preparation in question, and images

recorded under appropriale exposure conditions.

AT i ot TN ¥ AEY st . - ST | Foaeet o 4oLV Y et
HIR Modifled HIV-1 gp148 proteins and Iimmnosens with redesigned HRU region

{0858} HiV-1 Env is a heterodimer of 3 transmembrane glycoprotein {gpdliand a
surface glycoprotein (gp128). These dimers are organized as trimers on the swiace of
the viral membrane. The HIV-1 wimer immunogens of the invention are formed of a
gpidt-related protein thal contains a gpl2i-derived polypeptide and a gpd 1-derived
polypeptide with a redesigned N-terminus {residuss 548-568) of the heptad region 1
{HR1} in gpdl. The gpldO-related protein should maintain an appropriate frimeric
structure described hereln {e.g., & native-like trimeric conformation). The gpi20-
derived polypeptide and the gpd1-derived polypeptide can be associated non-covalently
as in the natural HIV-1 gpl40 protein or covalently linked via a linker sequence
desoribed horein, The well characterized ep120 glycoprotein contains the core and
several variable loops or domains (.8, the VIV2 domain snd the V3 domain). Varions
gpl28-derived polypeptides can be emploved in the practice of the invention. The
gpl20-derived polypeptide doss not have to contsin the full-length sequence of 3
wildtype gpi20 glveoprotein. Thus, the gpi20-derived polypeptide can be, e.g., the
natural gpl20 protein, the VIV2 domains of the gpl20 glycoprotein, the gpl20 core
{i.e., the inner domain and the outer domain), and just the outer domain of gp120 core.
In some embodiments, the employed gpl20-derived polypeptide encompasses its gpdl-
interactive region and the antigenic epitopes (e.g., the outer domain).
{8035] Typically, the gpl40-derived polypeptide should harbor and expose the
native epitopes {e.g., “sites of HIV-1 vulnerability”™ or “broadly neutralizing epitopes™)
recognized by one or more of the well charscterized HIV bnabs (e.g., PGS, PGIS,
CHO3, PGDM1400, VRO, 4E10 and 10ER). For example, PGY is a broadly
neutralizing monocional antibody that specifically binds to the VU/V2 domain of HIV-1
gpll8 and prevents HIV-1 infection of target cells (see, o.g., Walker et al,, Nature,
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477:466-470, 2011; and WOZB1H/ 107935}, In addition, sequences with conservative
amine acid substitutions or ssquences thet are substantially identical to the gp148-
derived polypeptide exemplified herein can also be used in the invention. In various
embodiments, the vaccine immunogens of the invention sre further characterized by
their antigenioity of specifically binding to one or more {e.g., 2, 3, 4, § or morg) of the
well known HIV-1 bnAbs {e.g., PGY, PGL6, CHO3, PGDMI1400, VRCOL, 4E10 and
10E8). Such antigenicity can be readily assessed via methods routinely practiced in the
art, e.g., the Cotet measurement (ForteBio, Inc.). See, g.g., Fera et al, Proc, Natl, Acad.
Sci. USA. 111: 1027510280, 2014; and McGuire et al,, J. Virol, 88: 2645-2657, 2014
{0057} Other than the gp128-derived polypeptide, the gpl4Q-related protein for
producing the HIV-1 trimer inmmunogens of the invention also containg a gpd1-derived
polypeptide with a redesigned N-terminus (residues 548-568) of the heptad region |
{(HR1). In some embodiments, the gpl20 and gpd !l polypeptides in the enginesred

gp 140 immunogens of the invention are derived from the same HIY-1 sirain or subtype.
In some embodiments, the gp120 and gp12{ polypeptidss in the gpi40 protein are
derived from different HIV-1 strains or subtypes. For example, as exemplified herein,
a modified gpd! fom strain BGSES or g universal gp41 domain derived from the HIV-
1 sequence database can be combined with gpi20 from various other HIV-siraing or
subtypes to form different chimeric gpl40 trimer immunogens. The modified gpé1-
derived polypeptide in the enginecred ppl40 immunogens of the invention typically
harbors the HRI region of the native ppd! protein excerpt for the N-terminus
modification described hereln. The HRI region undergoes drastic conformational
change during vial fusion with host cells, Preferably, the gpdl-derived polypeptide i1
soluble polypeptide that has the transmembrane region truncated, e.g, a polypeptide
containing the ectodomain {gpd 1zove) or a polypeptide containing the fusion peptide
and the ectodomain, In various embodiments, the 21 regidue N-terminus of HR1
{residues 348-368) of the gp41-derived polypeptide ix replaced with a shorter loop
sequence to stabilize the pre-fusion gpl4d0 structore. The leop sequence can contain
from about & to about 14 amine scid residues. Specific loop sequences suitable for the
HIV-1 irfmer immunogens of the invention can be obtained by rational design 1o ensure
proper function {(o.g., stabilizing the pre-fusion conformation of gpl49). For example,
shorter loop sequences replacing the HRI N-terminus can be designed via the
ensemble-based de nove protein design method exemplified herein. As detailed in the
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Bxamples herein, almost all HRI redesigns based on the computational method showed
substantial improvement in terms of rimer yield and purity.

[BO58) In some embodiments, the inserted loop soquence replacing the HRI N-
terminus contains 10 amino acid residues. Specific examples of such loop sequences
are showa I SEQ ID NQOs:1-8. In some other embodiments, the substituding loop
sequence contains 8 amine acid residues. Bxamples of such loop sequences are shown
in SEQ I NOs:6-15. In stilf some other smmbodiments, the loop sequence replacing the
HR1 N-terninus can contain about 6, 7, 9, 11, 12, 13, or 14 amino acid residues. Such
loop sequences can be readily obiained by applving the same rational resign methods
exemplified herein for the 8-residue and 10-residue loop sequences. In some other
embodiments, a generic loop sequence containing 2-7 tandem repeats of GS ({GS)y
SEQ 1D NO:23) can be used in the redesign of the HRI Ne-terminus. As demonstrated
herein {o.g,, Fig. 2a), a generic loop sequence (G8}4 (SFQ ID N(:24) was shown to be
sffective in constructing modified gpl48 immunogens fom various HIV-1 strains.

HE B In addition to the HR1 N-terminus modification, some gp140-derived
proteins for forming BIV-| trimer immunogen of the invention also have the protease
cleavage sitc between gpl20 and gpd! replaced with a linker sequence to create non-
cleavable gpl4l) protein. As exemplified herein, various cleavage sife linkers can be
used in the gpl4f-derived protein immunogens of the invention. In varicus
embodiments, the lnkers can contain different amino acid residues of varving length.
In some embodiments, the 4-residue cleavage site (.o, residues 508-311) is replaced
with the linker sequence. For example, the cleavage site can be replaced with a linker
containing one or more tandem repeats of a SGS motif, Alternatively, the cleavage site
can be replaced with s linker of (G48); (SEQ ID NG:22). In some other embodiments,
a longer cleavags site-containing region (8.8, residues 501-518) is replaced with the
linker sequence. In some of these embodiments, the linker contains an 8-amino acid
residue sequence. Some specific lnker sequences that roplace the cleavage siie in the
gpidd-derived protein are shown in SEQ 1D NCs:16-20. As exemplified hercin, a
combination of the cleavage site Hinker sequence and the redesigned HR1 N-terminus in
the gpl4fl immunogens of the invention lead to further mprovement in trimer vield and
purity.

{89601 In some smbodiments, the association between gp120 and gpd can be
stabilized by the introduction of a correctly positioned imtermolecular disulfide bond to
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make & soluble form of Eny, SO8 gp140. Such a stabilized, native Eav complex would
increase the time that the trimeric gpi20-gpd ! complex is presented o the Immune
system. The gpi20-gpd! interactions in SOS gpl40 can slso be stabilized by deleting
the first and second variable (V1 and V2) loops and by introducing amino acid
substifigions into the N-terminal beptad ropeat region around position 359 of gpd1 (see,
e.g., WO 03022869 One such modified gpl40 protein is BOSIP gpi40, which
containg an 1559P substilution. SOSIP gp140 is properly folded, proteolytically
cleaved, substantially trimerie, and has appropriate receptor binding and antigenic
properties. Stahility and immunogenicity of gpl40 or other Env-derived trimesrs can be
sdditionally enhanced by the trimer-presenting formats described hersin,

(8851} In some embodiments, the modified ppl4Q-related protein may additional
include modified glvean site at residue 332 (T332N). In some other embodiments, the
meodified gpl40 protein harboring 2 redesigned HR1 N-terminus also has other
mutations or alterations infroduced at the clesvage siie, e.g., replacing REEKR {(SEQ D
NG:25) with RRRRRR (SEG ID NO:26). In varicus embodiments, the C ferminus of
the modified gpl40 protein can be truncated to either residue 664 or 481 (sccording to
HXB? nomenclature}, resulting in the two gpl40 versions like “BGS03
SO8IP.gp140.664” and “BG30S SOSIP.gp148.6817 which are known in the art. Also,
the HIV-1 inumunogens of the imvention can employ the different gp140 derived
proteins from various HIV-1 clades or sirains {e.g., strains BGS50S {clade A), JRFL
{clade B) CAP43 (clade C), ZM109 (elade C), DUIT2.17 {clade C), and CHI 15,12
{clade B'/C) exemplificd herein). HIV-I can be classified into four groups: the "major”
group M, the "outlier” group O, group N, and group P. Within group M, there arg
several gengtically distinet clades {or subtypes) of HIV-L. The gpl40 trimers for the
present invention can be derived from any subtype of HIV, such as groups M, N, O, or
PorGlade A, B, C, 11, F, G, H, J or K and the like. Sequences encoding HIV-1 Env
glycoproteins and methods for the manipulation and insertion of such nucleic acid
sequences o veotors, are known {seg, e.g., HIV Sequence Compendium, Division of
AIDS, Nationa! Institite of Allergy and Infectious Diseases (2003 HIV Sequence
Pratabase (hiv-web lanl goveonent/hiv-db/mainpage himi); Sambrook et al, Molecuolar
Cloning: A Laberatory Manual, Cold Spring Harbor Press, NUY., (3 ed., 2000); and
Brent ¢l al., Current Protocols in Molecular Biology, John Wiley & Sons, Ine. (ringbou
ed., 2003}, Further, there is an HR I-ype region in most enveloped viruses that employ
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a similar fype-1 fusion mechanism, such as influenza virus, Ebola, and respiratory
syneytial virus (R8V). The strategy for generating HIV-} gpl40 immunogens of the
invention can also be employed for stabilizing Env spikes in designing and producing
vaccine immunogens for the other enveloped viruses,

{8063] As detailed below, the gpl40-derived protein may be conjugated to the
presenting patform {e.g., nanoparticles or VLPs) via various means, Preferably, the
conjugation is achieved via covalent linkage, e.g., protein fusions or insertions. In
some preferred embodinents, the protein sequence is fused with the presenting
platform sequence via a linker sequence, In the various immunogens of the invention,
other modifications can siso be made to the gpl40-derived trimers or the conjugating
pariner tn order 1o Improve stability or antigenicity.

063} The various gpid{-derived proteins used in the invention can be obiained
or generated in accordance with the protocols exemplified herein or methods well
known in the art. Upon recombinant expression {o.g., in HEK293 F cells as detailed
herein), the proteins can be purified by any of the routinely practiced procedures, See
for example Guide to Protein Purification, ed. Deutscher, Meth. Enzymeol. 185,
Academic Press, San Diego, 1990; and Scopes, Protein Purification: Principles and
Practice, Springsr Verlag, New York, 1982, Substantial purification denates
purification from other proteins or cellular components. A substantfally purified protein
is at least 60%, 70%, 80%, 80%, 95% or 98% pure. Once purified, antigenicity and
other properties of gpl4¢ frimer Immunogens formed of the gp148 derived protein can
also be readily examined with standard methods, e.g., antigenic profiling using known
bNAbs and non-Nabs, differential scanning calorimetry (DSC), electron microscopy,
binding analysis via ELISA and Biolayer Light Interferometry (BLI), and co-

crystallography analysis as exeraplified herein,

IV,  Scaffolded HIV-1 trimer mnumoren compositions
{8064} (ither than schuble gpl40-based trimer immunogens described above, the
invention also provides HIV-1 immunogens that contain a heterolpgous scaffold that
presents of incorporates a trimeric Env-derived protein. In some embodiments, the
heterologous scaffold is 2 nanoparticle or virus-like particle (VLP). Various
nanoparticle platforms can be employed in generating the vaccine compositions of the

invention. In general, the nanoparticles employved in the invention need to be formed
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by multiple copies of 8 single subonit. Addidonelly or alternatively, the amino-
terminus of the particle subunit has fo be exposed and in close proximity to the 3-fold
axis, and the spacing of three amino-termini has io closely match the spacing of the
carboxyol-termini of various HIV-1 trimeric components, In some preforred
embodiments, the immunogens comprise selif-asserbling ngoparticles with a dlameter
of about 20nm or less {usually assembled from 12, 24, or 60 sububits) and 3-fold axes
on the particle surface. Such navoparticles provide sultable particle platforms to
produce multivalent HIV-1 trimer vaccines.

[6865] n some ewbodiments, the HIV-1 rimer-presenting nanoparticles are
naturally existing nanoparticles such as ferritin fon cages with 3-fold axes on the
surface. They allow presentation of multiple copies of the trimeric component of HIV-
1 envelope complex (Env), enabling 2 scries of multivalent trimer vacoine candidates,
As an example, one of such nanoparticles is the ferritin nanoparticle from Helicobacter
pyiori. Ferritin is a globular protein found in all animals, bacteria, and plants. Iis
primary function is to conirol the rate and location of polynuclear Fe(li1),(h formation
through the ransportation of hydrated iron lons and protons fo and from a mineralized
core. The globular form of ferritin is made vp of monomerie subunit proteins (also
referred 10 as monomeric ferritin subunits), which are polypepiides having a molecule
weight of approximately 17-20 kDa.

[BBas] A monomeric ferritin subunit used in the invention is a full length, single
poiypeptide of a forvitin protein, or any portion thereof, which is capable of directing
self-assembly of monomeric ferritin subunits into the globular form of the protein.
Amino acid sequences from monomeric ferritin subuniis of any known ferritin protein
can be used to produce fusion proteing of the present invention, so long as the
monomeric ferritin subunit is capable of seifassembling into a nanoparticle displaying
HIV-1 epitopes on its surface. Tn addition to ferritin, the invention can also smploy
many other self-assembling nanoparticles with similar molecular traits. These include,
e.g., mofecules with the following PDR 1s: 110G (12-mer Dlp-2 from Bucilius
anthracisy, TUVH (12-mer DPS from Mycrebacterium Smegmatis), 2YGD (24-mer eye
lens chaperons aB-crystaffing, 3080 (24-mer DegP24), 3MH6 and 3MH7? (24-mer HizA
proteases), 3PV2 (12-mer HirA homolog Deg(Q WT), 4A8C {12-mer Degll from £,
Coli}, 449G (24-mer Deg(} from E. Jolil), 4ABVE (12-mer HP-NAP from Helicobacter
pylori strain YS29), and 4GQU (24-mer HisB from Myveobacterium tuberculosis).
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{00673 ins some smbodiments, the HIV-1 irimer immunogen presenting
nanoparticles are thermostable 60-meric nanoparticles, ¢.g., dilydrolipoyl
acvltransferase (B2p) from Bacillus stearothermophilus, In some embodiments, the
employed nanoparticles can be lumazine synthase (LS) from Aquifex seolicus. EZpisa
hollow dodecahedron with 8 diameter of 23.2 nm and 12 largs openings separating the
threefold vertices on the particle surface. LS, with a dismeter of 14.8 s, is an
assembly of 60 subunits arrangsd in a capsid with T % 1 icosahedral symmetry. As
sxemplified herein, trimer mnunogens presented on these nanoparticles (e.g., E2p)
have excellent structural and functional properties, including an optimal size for direct
uptake by BCs and increased recognition by bNAbs,

{8068} Any Env-derived HIV-1 trimer proteins can be used in the nanoparticle-
presenied vaceine compositions. In some embodiments, the nanoparticles present a
native trimeric form of HIV-1 Env based glycoproteins or domains, e.g., gpl4l, gpl20
or V1¥2 domains as exemplified herein (see, e.g., Table 2}, In some embodiments, the
nanoparticles present a modified gp140 trimer inununogen, e.g,, 8 HR -modified gpl40
trimer described herein. As the receptor-binding protein of HIV-1 Env, gp120 has been
extensively studied s 2 vaccine immumogen, but is now considered suboptimal due to
the exposure of a non-neuiralizing face that is buricd within the native spike. As
demonstrated herein, display of full-length pp120 with ferritin and E2p nanoparticles
can restore the native-like trimer conformation in the absence of gp4l. With SOSIP-like
antigenicity and variations in particle size and surface spacing, these nanoparticles
provide versatile platforms to investigate gp120-based HIV-1 vaccines.

{566%] In addition, the Env-derived trimer protein can be obtained from various
HIV-1 strains. In some embodiments, the Env-derived frimer is from HIV-1 sirain
BGSGS. As exemplifications, VIV 2-forritin nanoparticles were produced with trimer
proteins of HIV-1 strains ZM109 and CAP4S. Also exemplified herein are
nanoparticles (E2p or ferritin) displaying ppl40 trimers, full length gpl20, full length
gp120 with an additional disulfide bond to stabilize the gp120 termini, and gpl20
molecules of different lengths, These emplifications indicate that the general
nanoparticle structure and design described hersin strategy can be applied to create
multivalent HIV-1 vaccine candidates based on other HIV-1 sirains,

{8678 In various embodiments, nanparticle displaying any of these HIV-1 Env-
derived immunogens can be constructed by fusing the irimer immumogen to the subunit
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of the nanoparticle {e.g., Edp or forritin subunit). The antigeniciy and structural
integrity of thess nanoparticle based HIV-1 immumogens can be readily analyzed via
standard assays, ¢.g., antibody binding assays and negative-siain slectron microscopy
{(EM}. As exemplified herein, the varfous fusion molecules can all self-assemble into
3 nanoparticles that display immunogenic epitopes of the Env-derived trimer {e.5.,
gp140). By eliciting a robust trimer-specific bnAbs, these nanoparticles ave useful for
vaceinating fndividuals against & broad range of HIV-1 viruses.
{8971} In some embodiments, the heterologous seaffold that presents or
incorporates a rimeric Brv-derived proteln, e.g., a gpldQ-derived trimer protein
10 described herein, is 8 virue-like particle {YLP) such as bacteriophage Qp VLP as
exemplified herein, or 2 self-assembling nanoparticle possessing the same molecular
and geometric tralts as a VLP. In goneral, the VL Ps to be used in the present invention
need 10 meet at least one, and preforably all, of the following oriteria: {1} the VLP has
to be formed by multiple copies of a single subunit; {2} the VLP has to have 3-fold axes
13 displayed on the surfice; and (3) the N-terminus of each VLP subunit has to be exposed
and in close proximity to the 3-fold axis, and the spacing of three N-termini maich the
spacing of the C-termini of an HIV-1 trimeric antigen so that the HIV-1 antigen can be
fused to the N-terminus of the VLP subunit. Or aliernatively, the 3-fold axis is
surrounded by three surface loops, each from & VLP subunit, where the HIV-1 antigen
20 can be inserted into the subunit chain,
{0073 In various embodiments, the VLP based HIV-1 immunogens of the
invention can have a minimum of 20-25 epliopes spaced by 5-10nm, which {s sufficient
for Becell activation. In some embodiments, the VLPs have a diameter of 1040 nm
and 3-fold sxes on the surface, which provide an ideal platform to develop multivalent
23 HIV-I frimer vaccinegs. In some embodiments, the VLP based HIV-1 immunogens can
smploys any of the VLFs identified by the inventors via bioinformatic analysis of an
annotated database for icosahadral virus capsids, VIPERD (hitp:/fviperdb.seripps.edul,
These include bacteriophage Q with a 3.5A crystal structure (PDR 11 1QBE), flock
house virus (FHV) capsid with a 3.54 crystal structure (PDB ID: 4FSD, Orsay virus
30 capsid with a 3.25A crystal structure (PDB ID: 4NWV) in the PDB database
{(http:/fwww. resh.org/pdb), and B-cell activating factor (BAFF) with a 3.0A crystal
sirgcture (PD¥B IIx 1JHS), which forms a 60-mer VLP-like assembly. In some
preferred embodiments, bacteriophage  Is used due to #s optimal structura! features.
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Additional YLPs suitsble for the invention can be readily identified via bisinformatic
search of similar particle assembly and subunit structure as that tdentified for any of
these exemplifisd YLPs, For example, bacteriophages MB2 (P8 1D ZWBH) and P22
{2XYY and 2XYZ) have been used to enginesr antigen-presenting VELP vaccine
platforms. These two bacteriophage VLPs can also be used to construct multivalent
HIV-1 vaccine inmunogens of the invention.

[O8731 The multivalently scaffolded HIV-1 trimer immunogens of the invention
can be constructed in accordancs with the methods described herein (2.8, Examples 9-
13). Various nanoparticle presenting HIV-1 trimer imnunogens are exemplified herein,
These inchude VIV2Z trimers presented on ferritin (SEQ ID NO2:28-31), gpl26 trimers
presented on ferritin (SEG ID NOs:32-34), gpl20 trimers presented by E2p or LS (S5EQ
1D NQO=:35-363, gpl40 trimers presented on ferritin nanoparticles (SEQ 1D NOs:37-39),
and gpl40 rimer immumogens presented on LS or E2p nanoparticles (SEQ ID NOs:40-
41}, In general, to construct the VLP presenting HIV-1 trimer immunogens, the trimer
sequences can either be fused with the VLP sequence {8.g., 8t the Nterminns of the
VLEF) or inserted into the VLP sequence. In some embodiments, the VLP is fused at its
N-terminus with the HIV-1 Env-derived trimer, c.g., HIV-1 VIVZ, gpl20, and the two
versions of SOSIP gpl44 trimer noted above can be presented on the VLP. In some
other embodiments, the HIV-1 Env-derived trimer is inserted into the VLP. In these
embodiments, the HTV-1 trimer can be the V1V¥2 domains or the gpl 20 protein. Since
the N- and C-termint of gpl46 are distant, this Env-derived trimer is not suited for
insertion into the VLP. As exemplified herein, a series of VLP constructs were
generated by fusing HIV-1 VIVZ, gpi24, and two versions of SOSIP gpidl o the Q
subunit, by inserting VIV2 into the surface loops of FHV and Orsay subunits, and by
inserting VIVZ and gpl20 into a surface loop of BAFF. As detailed in the Examples
below, antigenicity and VLP assembly were validated for all Q-based VLPs with
antibody binding assays and negative stain electron microscopy (EM). Antigenicity was
also validated for the FHY -, Orsay-, and BAFF-based VLPs.

Y Fharmacsuhios
. S AR PRI AR

{0074} The invention provides pharmaceutical compositions and related methods

of using the HIV-1 immunogens {e.g., soluble ppldi-derived proteins or nanoparticles
displaying an Bov-derived trimer) deseribed herein for preventing and treating HIV-1
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infections. In some ombodiments, the nmmogens disclosed herein are included ina
pharmaceutical composition. The pharmaceutical composition can be sither a
therapeutic formulation or a prophylactic formulation, Typically, the composition
additionally inclades one or more pharmaceutically acceptable vehicles and, optionally,
3 other therapeutic ingrediemts (for example, antibiotics or sntiviral drugs). Various
pharmaceutically acceplable additives can also be used in the compositions.
{00751 Some of the pharmaceutical compositions of the invention are vaccines.
Faor vaceine compositions, appropriste adjuvanis can be additionally inchuded.
Examples of suitable adiuvants inchude, e.g., aluminum hydroxide, lecithin, Freund's

10 adjuvant, MPL™ and 1112, In some embodiments, the HIV-1 immunogens disclosed
herein can be formulated as a controlied-release or time-release formulation. This can
be achigved in a composition that contains a slow release polymer or viaa
microgncapsulated delivery system or bioadhesive gel. The varlous pharmacentical
compositions can be prepared in accordance with standard procedures well known in

15  theart. See, e.g., Remington’s Pharmaceutical Sciences, 18.sup.th Ed., Mack
Publishing Company, Easton, Pa., 1995, Sustained and Controlled Release Drug
Delivery Systems, J. R. Robinson, ed., Marcel Deltker, Inc., New York, 1978); U.S.
Pat. Nos. 4,652,441 and 4,917,893; U.8. Pat. Nos. 4,677,191 and 4,728,721; and U.S.
Pat. No. 4,675,189,

28 [9878) The pharmaceutical compositions of the invention can be readily employed
in a variety of therapeutic or prophylactic applications for treating HIV-1 infection or
eliciting an [mmune response to HIV-1 in a subject. For example, the composition can
be administered to a subject to induce an immune response to HIV-1, e.g., 1o iInduce
production of broadly neutralizing antibodics to HiV-1. For subjects at risk of

25 developing an HIV infection, a vacoine composition of the invention can be
administered to provide prophylactic protection againgt viral infection. Depending on
the specific subject and conditions, the pharmaceutical compositions of the invention
can be administered to subjects by & variety of administration modes known to the
person of ordinary skill in the art, for example, intramuscular, subcutaneous,

30 intrgvenous, intra-arterial, intra-articular, intraperitonesl, or parenteral routes, In
general, the pharmaceutical composition is administered fo 8 subject in need of such
treatment for a fime and under conditions sufficient to prevent, inkibit, and/or
ameliorate a selected disease or condition or one or more sympiom(s) thereof. The
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immumogenic compoesition is administered in sn smount sufficient o nduce an mmune
response against HIV-1. For therapeutic applications, the compositions should contain
a therapeutically effective amount of the HIV-1 immuncgen described herein. For
prophylactic applications, the compositions should contain a prophylactically effective
amount of the HIV-1 immumogen described hersin, The appropriate amount of the
immmogen oan be determined based on the specific disease or condition to be freated
or prevented, severily, age of the subject, and other personsl! ativibutes of the specific
subject {¢.g., the gencral state of the subject’s heakth and the robustuess of the subject’s
imunune system}. Determination of effective dosages is additionally guided with
animal model studies followed up by human clinical trials and is goided by
administration protocols that significantly reduce the ocourrence or severity of targeted
diseass symptoms or conditions in the subject.

{0877} For prophylactic applications, the immunogenic composition is provided in
advance of any symptow, for example in advance of infection. The prophylactic
administration of the invnunogenic compositions serves to provent or ameliorate any
subsequent infection. Thus, in some embodiments, g subject to be treated is one who
has, or is at risk for developing, an HIV infection, for example because of exposure or
the possibility of exposure to HIV. Following administration of a therapentically
effective amount of the disclosed therapeutic compositions, the sebject can be
monitored for HIV-1 infection, symptoms associated with HIV-1 infection, or both,
{6878} For therapeutic applications, the immunogenic composition is provided at
or after the onset of a symptom of disease or infection, for example after development
of a symptom of HIV-1 infection, or aBler diagnosis of HIV-1 infection. The
imnnunogenic composition can thus be provided prior to the anticipated exposure (o
HIV virus 50 as {0 atienuats the anticipated severity, duration or extent of an infection
and/or associated disease symptoms, afler exposure or suspecied exposure 1o the vires,
or after the actual initiation of an infection.

{3079} The pharmaceutical composition of the invention can be combined with
other agents known in the art for treating or preventing HIV infections. These include,
2.8., antibodies or other antiviral agents such as nucleoside reverse transeriptase
inhibitors, such as sbacavir, AZT, didanosing, emtriciiabine, lamivadineg, stavuding,
tenofovir, zalcitabine, idovudine, and the Hke, non-nuclesside reverse transeriptase
inhibitors, such as defavirding, efavirens, nevirgpine, protease inhibitors soch as
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amprenavir, atazanaviy, indinavir, lopinavir, nelfinavir, csamprenavis, ritonavir,
saquinavir, tipranavir, and the like, and fusion protein inhibitors such as enfuvirtide and
the like. Administration of the pharmaceutieal compostion and the known anti-HIV
sgents con be either concurrently or sequentially.

[6686] The HIV-! vaceine inmunogens or pharmaceutical compositions of the
invention can be provided as components of a kit. Optionally, such 2 kit includes
additional components including packaging, instructons and various other reagents,
such as buffers, subsirates, antibodies or ligands, such as control antibodies or ligands,
and detection reagents. An optional instruction sheet can be additionally provided in

the kits,

EXAMPLES

[8881] The following examples are offered to ilustrate, but not to limit the present

irrvention.

Hxample §
{0082}

critical determinant of HIV-1 trimer metastability because it is poised to elongate

during fusion and is disordered in all but one reported structure of the SOSIFP trimer,
where it still appears less crdered compared to the surrounding regions (Fig. 1a).
Disorder at the top of the long HR1 central helix is somewhast unexpected because this
region is at the core of the Env complex; however, this region is expected to refold and
become helical in the post-fusion form, as in the equivalent region of nflucnza
hemagghutinin and other type 1 viral fusion proteing (Wilson et al., Nature 288, 1881},
and therefore less ordered in the pre~fusion form or gt least adopt a completely different
conformation. In the SOSIP design, in addition to an engincered disulfide bond
{AS0IC/TE05CY, the 1559P mutation was introduced to destabilize the post-fusion state
and was oritical for production of high~quality Env proteln, strongly supporting the
notion that this HR1 region might be related to Env metastability,

{8083 In this study, the HR1 bend was subjected to rational redesign aimed to
stabilize the pre-fusion conformation, rather than to just destabilize the post-fusion
conformation as in the BG30S SOSIP.664 frimer (Fig. 1b). Although this wild-type

{WT HR1 region consists of 21 residues, the Co distance between G347 and T369 is
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merely 24.8A, which is equivalent 1o 3 fully extended polypeptide backbone of oaily 6.3
residues, Hers, we decided to examine two loop lengths — 8 and 10 amino acids — for
the HR I redesign, allowing for 2 small degres of Sexibility while dramatically
shortsaing the WT HRI loop. We uiilized ensembie-based protein design (see
Methods) to identify sequences thal may stabilize the pre-fusion trimer structure (Fig.
e}, Given a specified loop length, & large ensemble of backbone conformations was
generated to bridge the gap botwesn G547 and TS69 (Fig. 3a). For 8-residue loops, the
Co root-mean-square fluctuation (RMSBF) ranges from 1.3 1o 5.7A with an sversge of
2.3A, whereas for 1{-residue loops, 3 greater conformational space was sampled with
an average Co RMSF of 3,64 (Fig. 3b). Afler an exhaustive sempling in sequence
space, all designs were ranked by thelr energy scoves (Fig. 3¢} The 5 top-ranking
sequences for each loop length, totaling 10, ware advanced to experimental validation

(Fig. 3d).

Example 2 Bipchemicsl and Mopbysical characterization of HR U redesigns
{3084] As demonstrated for SOSIP, sc-gp 140, and NFL trimers, biochemical and
biophysical properties provide an initial assessment of trimer designs. Following s
similar strategy, we assessed the 10 HR -redesigned BGS0S irimers containing the
same TI3ZN {to restore the N332 epitope), SO8 (AS01C/TH05C), and RS mutations as
the BOSIP 664 trimer (except for IS59P). As noted, various purification protocols can
produce frimers of varying quality. Here, we adopted a rather simple protocol utilizing
materials that ave readily gvailable o most rescarchers and can be scaled up in an
industrial setting. All constructs were expressed transiently in HEK293 F celis with co-
transtected furin as previously described (Sanders ef al. PLoS Pathog. 9, e1003618,
2013} The seoreted Bry proteins were pwrified using a Galnnthus nivalis lectin (GNL)
cotumn followed by a single SEC on a Superdex 200 10/300 column. One-liter
expression produced sufficient quantities (3-7 mg) of HR l-redesigned trimers,
compared to three separate two-liter expressions for the SOSIP trimer. Although GNL
purification does not yicld the purest trimers, i enables the comparison of basic
properties for various trimer constructs such as monomer/dimer and higher multimeric
species that would otherwise be filtered out by more sophisticated purification methods,
{0085} We compared the SEC profiles based on simple metrics utilizing the
uliraviolet 280 nm absorbance values (UV), The UV value of the trimer peak was used
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83 an indicator of the trimer vield, with the sgeregate and dimer/moncimer peaks
measured as ratios of their UV values versus that of the trimer peak. The two-Heer
SOSIP expression showed an average UV value of 371 for the irimer peal, with
average ratios of 31% and 499 for the aggrepate and dimer/monomer peaks,
respectively. The five B-residus HR1 redesigns (named HR L-redesign 1-5, respectively)
showed significantly Increased trimer vield with reduced aggregaie and dimer/monomer
pesks in the SEC profiles. Overall, HR1 redesigns 1 and 2 appeared to be the best
performers in this group. For example, the HR1 redesign 2 showed a near two-fold
increass in the UV value of the trimer peak, with a 16% and 22% reduction in UV
values for aggregate and dimer/monomer peaks relative to SOSIP, indicative of
improvement in both trimer vield and purity. The five 10-residue HRI redesigus
{named HR-redesign 6-10, respectively} presented & similar trend, but less pronownced
mmprovement, Notwithstanding, HRI redesign 10 showed a UY value for the frimer
peak that s comparable 1o the SOSIP irimer from two-liter expression, with the same
low level of unwanted Euy species as HRI redesigns 1 and 2. This finding was
consistent with the dlue native pobyacrylamide gel elecirophoresis (BN-PAGE) anslysis
that showed more concenirated trimer bands on the gel. The trimer-containing fractions
were chited at 10.23-30.73 mL for the initial assessment of thermal stability by
differential scanning calorimetry (DSC). For all 10 tested HR1 redesigus, the DSC
profiles showed similar unfolding peaks with g thermal denaturstion midpoint (T}
ranging from 65.7 to 68.2°C, clossly resembling the Ty, of 68.1°C reporied for the
SOSTP wrimer.

{30861 Orverall, shortening and redesign of this HR1 region exerted a positive
effect on the composition of produced Env proteins. In addition o incressing the trimer
vield and reducing other Env speciss, HRI redesigns retained the thermal stability of
parent SOSIP.664 trimer, supporting the notion that this HRY connecting loop region is
a key determinant of HIV-1 irimer metastability with respect to exprassion and the

presence of ynwanded Env species.

Example 3 Crystalloprapbic analvsis of two representative HB L redesigus

{00871 HRI redesigns 1 and @ wers selocted for crystallographic analysis. These
two constructs differsd not only in the redesigned loop length (8 versus 18 amine
acids), but also notably in their SEC profiles, with redesign 9 displaying higher

30



10

oy
i85

WO 2017/192434

quartities of dimer, providing an opportunity 1o examine how HRI truncation and
design variation affect gp 4l trimer structure. Due to the sivingent requirement of
sample bomogeaeity for erystallization, we propared the HR l-redesigned and WT
SOSIP trimers a3 provipusly described in Kong of al. Acta Crystalloge. Sect. IWBiok
Crystalipgr. 71, 2099-2108, 2015, In brief, all trimers were produced in A~
acetylglucosaminylransferase I-negative (GnT1) HEK293 § cells and purified using a
G2 affindty column followed by SEC on a Superdex 200 16/600 column, For the WT
SOSTP wrimer, the SEC profile displayed a notable ageregate peak of high molecular
weight, with a UY value that is 58% of the trimer peak and a lower peak containing
monomeric gpl40. By contrast, the 2G12-purified HRI redesigns showed a marked
improvement in trimer vield and purity. Of particular note, the HR1 redesign 1 showed
an almost undetectable level of gpldl) monomer, whereas HR redesign ¢ still
contained a small fraction of monomer. Nevertheless, the SEC profiles of 293 8-
expressed, 261 2-purified irlmers are consistent with that of the 293 F-oxpressed, GNL-
purified trimers dosoribed above. This finding was further confirmed by BN-PAGE and
the thermal stability of the modificd wimers meastred by DSC, suggesting that the
improved trimer properties are an fndvinsic feature of the HR I redesigns and
independent of the expression and porificalion sysiems.
10888] Co-orystaliization with sntigen-binding fragments {Fabs) of PGTI28 and
BANC19S vielded complex structures at resolutions of 6.9 and £.3A for the & and 10-
residue HR Lredesigned irimers, respectively {Table 1), Overall, the redesigned trimers
displayed nearly identical structures to that of the SGSIP trimer at this modest solution,
with Cox root-mean-square deviations (RMBD) < 0.23A. Thus the resulis confismed that
g 140 trimers with shortened and redesigned HR1 still adopt a SOSIP-like pre-fusion
structure, Limited by the resclution, we could only determine the spproximate
backbone conformation of the redesigned HR 1 loop, which alluded o how these two
distinet desigus stabilize the pre-fusion trimer. We speculated that the shortened loop
length (8 or 10 versus 21 amino acids) and & redesigned sequence disrupted the heptad
motif and stabilized the pre-fusion form. Furthermore, both HRI redesigns contained
profines, st positions 2 and & in the 8wesidue loop and &t position § in the 10-residus
foop, which likely increased the rigidity of the backbone. Of note, Asp & in HR
redesign % is poised to form a salt bridge with Arg 579 of the neighboring HRY helix,
stabilizing the slightly turned loop. In conclusion, gpl40 appears to be highly toleramt
31
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of the BRI radesign, which greatly enhances protein production sificiency without

sacrificing overall structural integrity.

Example 4

{H08% The BGSO3 BOSIP.664 wimer represonts 3 close mimic of the native spike
in immune recognition by antibodies. Hers we sought to investigate whether HRI
redesign would affect Env trimer binding to bNAbs or affect binding to non-NAbs
using bio-layer inferferometry (BLD and immuonoglobulin G (JG). Again, we studied
trimers prepared using a simple GNL purification so we could more readily compare
the basic properties of different trimer constructs. BNWPAGE of SEC fractions obtained
from a Superdex 200 16/800 column following GNL purification was performed to
facilitate selection of well-folded trimers for antigenie profiling. In this context, we also
characterized the HR1 redosign 1 by negative-stain EM. In the unliganded state, the
22A reconstruction displayed 2 morphology closely resembling that of the SOSIP
frimer prepared vsing the same protocol. The agreement of erystal and EM structures
further confirmed the integrity of HR 1-redesigned trimers prior {o sntigenic
characterization,

{6690) First, we measured trimer binding to a panel of representative bNAbs. We
utilized V1V2 apex-directed, quaternary bNAbs PGDMI400, PGT145, and PGis 1o
examine whether the trimeric structure with associated glycan shield was native-like.
For PGDMI400, the HR1 redesigns | and 9 displaved faster on~ and off-rates than WT
SOSIP, with a comparable KD KoffKon) of 7 to 11 nM. A similar patiern was
observed for PG16 and PGT145. For VRO, a representative of a class of CD4-
binding site {CD4bs)-directed bNAbs, all three trimers showed nearly identical binding
profiles, suggesting that the HR1 redesign had little effect on the presentation of this
conserved site of vulnerability. A similar pattern was also seen for NAb b2, which
engages the CD4bs with a different angle of approach relative to VRCOL, For bNAbs
targeting the V3 stem and swrrounding glyeans (PGTI21, PGTI28 and PGTI3S) and
the high-mannose gpl20 glycan cluster (2G12), all three trimers showed identical
binding profiles, indicating that these glycan epitopes remained intact upon HR1
redesign. Finally, we measured {rimer binding to two BNAbs that recognizs

conformational epitopes spanning regions in both gpl20 and gpd1. All theee trimers
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bound strongly to PGT1S1 with a fast onerate and g flat dissociation curve, with subtle
differences observed in 35022 binding kinatics,

[8891] Mext, we measured rimer binding 1o & panel of representative non-NAbs.
All three tosted trimers bound to CD4bs-specific MAbs, b6 and F105. The HR1-
redesigned trimers displayed weaker binding 1o F103 than did the SOSIP trimer, with a
siightly faster off-rate detected for HR1 redesign 1. However, no differences in kinetics
were observed for b6, For two Vi-specific MAbs, 19b and 447-32D0, all three trimers
showed fast association and slow dissociation, indicative of some V3 exposure that was
confirmed by surface plasmon resonance (SPR) using the 2G12-purified SOSIP trimer.
Previcusly, 195 was found to bind the SOSIP trivaer by ELISA, but only 1o 3 limited
extent by EM. Nevertheless, the V3 exposure may be minimized by conformational
fixation as demonsivated recently for the SOSIP trimer. We then tested two MAbs
targeting the immunodominant epiiopes in cluster I of gpdiscro, F240 and 782. The
SOSTP wrimer appeared 1o bind both MAbs at 2 low level with a slight preference for
F240. Interestingly, the two HRI redesigns showed reduced binding to F240 and an
almost negligible binding to 7B2, indicating a more closed or less flexible gpélacre.
We also investigated the binding of two CD4i MAbs, 17b and A32. All three trimers
showed no binding to 17b in the absence of sCD4, with the HRT redesign 1 exhibiting
only a minimal level of A32 recognition alihough all trimers bound weakly to this
MAbD.

B892} Overall, the two HRI redesigns displayed broadly similar patierns in their
recognition by bNAbs with an exception of altered kinetics for apex-directed
gusternary bNAbs, While all three trimers showed some V3 exposure, the two HRI
redesigns appeared to shield non-neutralizing gpdlecve epitopes more effectively. The
observed binding fo non-NAbs may be attributed to the use of IgG instead of Fab and 2
different immobilization strategy in the BLY experiment.

Example 3 Neplcing the furin cleavage site with short Hnkers

{B893] Sharma ef of. recently reporied a native-like, cleavage-independent gpi40
trimer designated NFL {Cell Rep, 11, 538-550, 2015), In a separate shudy, Georgiev et
. replaced the cleavage site between gpl20 and gpdl with Hokers of up o 20 residues
designated sc~gp14¢ (I, Virol. 8%, 5318-5329, 2015). Although the presence of
aberrant structures was spoculated for sc-gp 140 trimers with short Hnkers, the precise
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effest of cleavage site medification on gp140 folding and structure remained unclear.
Here, we addressed this critical issue in the context of the HR1 redesign 1 that had been
validated both structurally and antigenically (Figs. 2 and 3).
{0094} We first examined the ostcome of replacing the cleavage site-containing
region {residues 300-319) with a redesigned connecting loop bebween gpl20 and gpd1.
The Co distance between RS00 and F519 iz 16.8 A, equivalent to g fully extended
backbone of 4.4 residues. Ensemble-based protein design vielded a large pool of §-
residue loops connecting R300 and F319 (Fig, 4a). Of note, this design strategy was
rather aggressive in that these loops may pack differently than the uneleaved WT
sequence due to a 18-residue truncation in this region, and exclusion of the SO
mutation since ASGT was now part of the region subiected to redesign (with the T8O
mutation roversed). Similar to the HRI redesign, the § top-ranking designs {lermed
CRT1-5, Fig. 4b) were characterized by SEC following transiont expression in HEKZ93
F celis withowt furin followed by GNL purification. Oversll, UST1-5 showed reduced
trimer vield, as well as increased sggregates compared 1o the parert HR1 redesign,
indicated by g higher shoulder left of the main trimer peak in the SEC profiles. For all §
ST redesigns, an extra band was observed in BN-PAGE analysis, suggestiog the
presence of an uncharacterized Env species in the produced proteins (Fig. 4¢).
[6095] We next examined the effect of replacing the cleavage site {spBEKR 1}
with a pear full-length SGS linker (termed CSF). Interestingly, CSF displayed a notably
reduced aggregate poak in the SEC profile compared to CST1-5, which was further
improved by adding back the SOS mutation (termed CSF-808). Similar to C8T1-8, an
extra band was observed for the CSF rimer in BN-PAGE analysis of rimer-contsining
fractions after SEC on a Superdex 200 16/600 column, suggesting a common patiemn
associated with short cleavage site linkers. To identify this unknown Env species, we
used negative-stain EM fo oblain 31 reconstructions for the CSF trimer. Remarkably,
two distinet morphologies were observed for the unliganded frimer: one in the pre-
fusion state {(20A) similar to the SOSIP trimer and the other in a non-pre~fusion state
{174) that has not been previously reported. This non-pre-fusion trimer conformation
contains an extended gpd1 (approximately 40-43A) and is termed “fusion intermediate”
hereafter. The ~20A EM reconstructions of PGV04-bound CSF trimers in the two
different states showed some unoccupied densities that could not be interpreted at this
resolution, By contrasy, a single conformation was observed for the EM reconsiruction
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of the CSF-808 trimer in both unliganded (21A) and PGV04-bound form (204). In
surnmary, BM suggested that with short cleavage site Hinkers the UST and C8F trimers
contain & fusion intermediate state thet can be effectively suppressed by the SU5
piutation.

{3096} We then tested the CSF and CSF-80S trimer binding to a small pane] of
bNAbs and non-NAbs, For bNAbs, we utilized PGDM 1400, VRCO, and PGT151,
which target the VIV2 apex, CD4bs, and gp120-gpd] interface, respectively. Both CSF
and C8SF-SOS trimers bound to PGDM 1400 with similar kinetic profiles and affinities.
However, due to the two mixed trimer forms, CSF showed a reduced binding relative to
CSP-S08. C8SF and CSF-805 exhibited identical YRCO! binding profiles similar to
that of the SOSIP wimer, suggesting that the CD4bs is equally accessible in these
trimers. For PGT151, OSF and CSF-SOS showed reduced binding with a notable off-
rate, suggesting that the Uoker between gpl120 and gp4! may affect PGT151 binding.
Three non-neutralizing MAbs were also tested. CSF bound more strongly 1o CD4dbs-
directed F105 than CSF-SOS due to the mixed fusion intermediates. For the V3-
directed 19b, both CSF trimers displayed similar binding profiles relative to the S8QSP
trimer and HR1 redesign 1. By contrast, CSF showed enhanced binding to the gpdl-
directed F240 that was effectively reduced by the SOS mutation in CSF-808.

Example 6 Kenlacing the furin cleavags site with long linkers

[0097] Based on our snalysis thus far and the reports on NFL and sc-gp140
trimers, we hypothesized that HR1 redesign combined with a long cloavage site linker
may overcome the tendency to form fusion infermediates and render an uncleaved, pre-
fusion optimized {UFO) trimer. To this end, we tested two trimers based on the HRI
redesign | and an NFL-like linker (232(3,8). These two constructs, termed CSL and
CSL-808, were transiently expressed in HEK293 ¥ colls followed by GNL purification
and SEC on & Superdex 200 16/600 column. Both CSL trimers showed reasonable
vields with similar SEC profiles to that of the CSF trimers, For CSL, although no exira
bands were definitively identified on the BN gel, the trimer bands appeared to be more
diffuse than those observed for CSL-SOS. To further characterize their structures, we
obtained BEM reconstructions for the unliganded CSL and CSL-80S trimers at 17 and
204 resolutions, respectively, The CSL trimer showed a somewhat difforent
morphology than of WT SOSIP, HR1 redesign 1, pre-fusion CSF and C8F-808 trimers:
35



ig

15

26

36

WO 2017/192434 PCT/US2017/030375

the density of CSL trimer appeared to be narrower st the top of the trimer apex with
additional densities pointing outwards and s wider bottom around gp41. The overall
shape of the OSL-808 ¢rimer was consistent with that of the CSF-S0S trimer. The
~20A reconstructions of PGV04-bound CSL and CSL-SO8 trimers resembled that of
the SOSIP rimer, indicative of stabilization upon BNAD binding, Taken together, a
long cleavage site linker can reduce the formation of fusion intermediates, likely at the
cost of greater conformations! variability, as suggested by EM.

[$698] We performed antigenic profiling for the CSL and CSL-8G8 trimers using
the same panel of bNAbs and non-NAbs as for the two HR1 redesigns, For apex-
directed bNAbs PGDM1400, PG16, and PGDMI1435, two CSL trimers showed similar
hinding kinetics and Kp vahies to those of HRI redesign 1. For CDbs-directed bNADB
{VRCB1), NAD bi2, and glvean-reactive bNAbs (PGT121, PGTI2E, PGT135 and
2312}, the two CSL trimers showed nearly identica! binding profiles to those of HRI
redesign | and the SOSIP wrimer. As expected, the meost visible difference was found
for bNAbs PGTIS) and 35022, For PGT151, which binds an epilope consisting of one
gp 120 and two adjacent gpd s in trimer, the cleaved HR Iredesigned trimers and
SOSTP trimer showed flat dissocistion curves, However, the CSL trimers showed faster
off-rates stmilar to those observed for the CSF trimers, indicating a consistont effect
caused by cleavage site linkers, By contrast, for 35022, which binds to gp120 and gpdl
in a single pp140 protomer, the offirates appeared 1o be cleavage-independent. MAbs
F240 and 7B2 revesled less accessible non-neutralizing epitopes on gp4l for CSL-80S
but not for CSL, consistent with observations for the two CSF trimers.

LS In sumumary, an NFL-like long Hnker between gpl20 and gpdl used in
combingtion with an optimal HR redesign yvielded an uncleaved gpl40 that retained
the most desirable traits of a pre-fusion trimer. Our detailed analysis of linker length
also revealed complex consequences of cleavage site modification, Thus, changing the
linker length at the cleavage site must be carefully evaluated in each case in trimer

mmunogen design,

SR L. o
st ot divars
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Example 7 Ay

(601067 Abhough cleavage site linkage might cause complications, the HR1

redesign appeared 1o have an overall positive effect on trimer structure and antigenicity.

{n light of this finding, we revisited the HR1 redesign strategy by examining the utility
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of a simple G8 Hoker (Fig. Za). Such a “generic” HRI linker (termed HRI-(), if proven
successiil, will not only confirm the role of this HR1 region In Env metastability but
also enable development of stable trimers for diverse HIV-1 straing, To this end, we
tested the geaneric HR linker in the backgrounds of clade-4A BGS0S, clade-B JRFL,
clade-{ DUT72.17, and 8 B°/C recombinant strain CHITS 12 {ter 3), with their SQSIP
trimers inchided for comparison, All irimer constructs were iransiently expressed in
HEK293 F cells with furin, followed by GNL purification and SEC on & Superdex 200
10/300 column. For the four sirains studied, the generic HR1 lnker showed consistont
improvement on trisner yield and purity (Fig. 2b), The most substantial improverent
was cheerved for the clade-C strain: 8 46% increase of trimer peak refative o WT
SOSIP with the aggregate and dimer/monomer peaks reduced by 34% and 37%,
respectively. For this clade-C sirvain, two top-ranking HR redesigns from ensemble-
based protein design flrther increased the trimer peak by ~50% with identical 8EC
profiles to the generic HRY redesign, HRI-G. The resuolts thus indicate that the generic
HR linker offers 8 general framework for stabilization of Env while further
optimization of trimer properties can be achisved by computational design in a strain-

specific manner,

]
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Example 8§ Some sxenplified methods for BRI redesigned FIV-1 immunogen

g

{80101]  Ensemble-based de novo protein design. We developed an ensemble-based
de nove protein design method (Fig. 1o). Given the trimer structure (PDB ID: 4TV}
and a specified loop length, a threg-step design process was undertaken: (1) sn
ensemble (1,000} of backbone conformations is generated to conneet the two anchor
residues using a torsion-space foop sampling algorithm™; (2) for each backbone, a
starting sequence is sclected from a pool of 50 random sequences based on the RAPDF
potential” and subjected to 500 steps of Monte Carlo simulated annealing (MCSA)
with the tempersture linearly decreasing from 300 to 10K; (3} the lowest-energy
sequence for each backbone is recorded and all MCSA-derived designs are ranked
based on energy af the completion of the process. The top 20 designs are manually
inspected o facilitate selection of 5 candidates for experimental validation,
{B0362]  Antibodies for antigenic profiling. We wtilized a panel of bNAbs and non~
NADbs to characterize the antigenicity of designed trimers. The bNAbs 2G12 and b12 as
well as MAbs F240, 782, 176, and A32 were reguested from the NIH AIDS Reagent
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Program (hitps:/fwww aidsreagent.org’), Other BNAbs and nop-NAbs were provided by
D8, and D.R.B.
IBGI03]  Expression and purification of HIV-1 Env trimers, Env trimers were
transiently expressed in HEK293 F cells (Life Technologies, CA) except for
crystailographic analysis. Briefly, 293F cells were thawed and Incubated with
FreeStyle™ 293 Expression Medium (Life Technologies, CA) in the Shaker incubator
at 37°C, with 120 rpm and 8% CO,. When the cells reached a3 density nf2.ﬁxwﬁfmi,
expression medium was added to reduce cell density to L.Ox10%m1 for ansfection with
polyethylencimine (FEI} (Polyscisnces, Inc). For SOSIP and HR-redesigned trimers,
800 pg of Env plasmid and 300 ug of furin plasmid in 23 mi of Opti-MEM transfection
medivm {Life Technologies, CA) was mixed with 5 ml of PERMAX (1.0 mg/ml) in 25
ml of Upti-MEM, whereas for uncleaved trimers, 908 pg of Eav plasmid was used
without furin, After incubation for 30 min, the DNA-PRLMAX complex was added io
1L 293F cells. Culture supernatants were harvested five days after transfection,
clarified by cenirifugation at 1800 rpm for 20 min, and fillered using a .45 pm fhers
{Thermo Scientific). The Env proteins were extracted from the supernatants using 8
Galanthuy mivalis lectin (GNL} column (Wector Labs). The boond proteins were eluted
with PBS containing 500 mM NaCl and 1 M methyl-o-D-mannopyranoside and then
purified by size exclusion chromatography (SEC) on 3 Superdex 200 Increase 10/300
GL column for initial assessment and a Hiload 16/600 Superdex 200 PG columm {GE
Healtheare} for EM analysis and antigenic profiling. Protein concentrations were
determined using UVag absorbance with theorstical extinction coefficients.
{88184  Bloe Native (BN} PAGE. Env proteins were analvzed by blue nafive
polyacrylemide gel electrophoresis (BN-PAGE) and stained with Coomassic Bue. The
protein samples were mixed with loading dve and loaded onto a 4-12% Bis-Tris
NuPAGE gel (Life Technologies), BN PAGE gels were run for 2 hours at 130 V using
NativePAGE™ rumming buffer (Life Technologies) according to the manvfaciurer’s
instructions.
[99185]  Differential Scanning Calorimetry (D8C). Thermal melting curves of
SOBIP and HR L-redesigned trimers were obtained with a MicroCal VP-Capillary
calorimeter (Malvern). The SEC purified glycoproteins were buffer exchanged into 1X
FBS and concentrated to 0.5-1 uM prior to analysis by the instrument. Melting was
probed at a scan rate of 90 °C/hr. Data processing including buffer correetion,
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normalization, and baseline subiraction were conducted using the standardized protocst
From the Origin 7.9 softwars,
[Bgi86]  Protein production and purification for crysiallization, The two HRI1-
redesigned rimers, 95 well as the BANCIZ5 and PGT128 Fabs, were produced and
purified as doscribed in Kong ot al, Acta Crysiallogr. Secr. D-Biol. Crystallogre. T,
20882108, 2013, Briefly, sll consiructs were cloned into the expression vector
phCMV3. Fabs were transiently transfected into mammalian Freestyle™ 293F cells,
and trimers wers transiently transfected in in GuT17 293 § cells. Afler one week of
transfection, the supernatants of the antibody transfocted cells were harvested and
purified using 3 Lambda or 2 Kappa Capture Select colunn (BAC BV) for PGT128 and
EANCIYS respectively befure further purification using fon exchange chromatography
and SEC. The supernatants of the trimer transfected cells were purified weing 2 2G12
affinity columm followed by SEC. The trimer complexes used for erystallization frisls
were prepared by mixing the gimer proteins with Fabs PGT12E and 8ANCI®S at s
molar ratio of 1.0:1.2:1.2 st room temperature for 20 min, This mixture was then
deglvcosylated using endoglveosidase H (EndoH) in 200 mb NaCl, 3¢ mM sodium
citrate, pH 5.5, for 37 °C for | by following the manufacturer’s protocol (New England
Biolabs) before final purification by SEC,
[88187]  Protein orystallization and data collection, Two purified protein complexes
sontaining Fabs PGT 128 and 8ANC195 bound to HR 1-redesigned trimers wers
prepared for orystallization by buffer exchangs into 38 m¥ NaCl, 20 mM Tris-HCL, pH
7.2. The complexes were then concentrated to 3 mgfmi and passed through 2 .22 um
filter before orystal screening using the IAVIICSG/TSRI CrystalMation robot (Rigaku}
at the JOSG, Similarly to s previonsty described complex containing Fabs PGT128 and
BANCISS bound to SOSIF gpl40 trimer, the HR-1 redesigned trimer/Fab complexes
crystailized at 25 'C in 0.05 M lithium suifate, 0.05 M sodium suifate, 20% (w/v) PEG
400 and 0.05 M Tris-HCY, pH 8.7 (JCSG Core Suite condition: JCSGI A3, (Magen).
All orystals for Xeray data collestion were eryvoprotected by brief immersion in mother
Hguor supplemented with 40% PEG 400 prior to flash-cooling in Houid nitrogen. For
the HR 1 redesign 1 complex, diffraction data to 6.3 A resolution were collected at
beamline 2310-B at the Advanced Photon Source, processed with HKL-20060, and
indexed in space group 123 with 100% completoness and an <f>/<gp of 2.3 in the
highest resolution shell. For the HRI redesign 9 complex, diffraction data 10 6.8 &
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resohution were collected at begmaling 12-2 at the Stanford Synehrotron Radiation
Lightsource, processed with HKU-2000, and indexed in space group 123 with 100%
completeness and an <I>/<ap> of 1.3 in the highest resclution shell. Data collection and
processing statistics are sunwnarized in Table 1.
[00108]  Structure determination and refinement. The structures of PGTI28 and
EANC195 bound to the HR l-redesigned gpld0 frimers were solved by the molecnlar
replacement method using the Phaser soflware and a search model consisting of a
complex with SOSIP gpi40 trimer bound to Fabs PGTI2E and BANC1S5 (PDBID:
SCTK). Ax described previously, refinement consisted of aliernating rounds of manual
mode! building nsing Coot-0.7 and sutomated refinement as implementad by the Phenix
program, Given the limited resohution of the datasets, grouped B-factor refinement for
each residue was used, Furthermore, positional coordinate refinement was enforced
using a roference model set of restraints. The starting model for cach awmomated
refinement session in Phenix was defined as the reference model for that session.
Finally, the model was minimally modified except at the HR1 site of redesign. The final
Hopysr and Rpoo values converged at 28.1% and 32.2%, and 28.4% and 32.2% for the
complex structures of HR1 redesigns 1 and 9, respectively, See Table 1 for final
refinement statistics. The Buried molecular surface areas were analyzed with the
Molecular Surface Package
(http:/rwww.csb.yale.edwuserguides/graphics/msp/msu_Jocalhteml) using a 1.7 A probe
radius and standard van der Waals radii. Fab residues were numbered according 1o
Kabat nomenclature and gp 40 was numbered using the standard HXBcZ convention,
[9918%]  Electron microscopy sample preparation. The gpl40 trimers alone, and in
complex with PGVY(4, were analyzed by negative stain EM. A 3 pl aliquot containing
~0.02 mg/ml of the trimers was applied for 15 5 onio a carbon-coated 400 Cu mesh
grid that had been glow discharged at 20 mA for 30 5, then negstively stained with 2%
urany! formate for 38 s, Data were collected using a FEI Tecnai Spirit electron
microscope operating at 120 KV, with an electron dose of ~30 ¢/A” and a magnification
of 52,000 x that resulied in a pixel size of 2.03 A at the specimen plane. Images were
acquired with a Tietz 4k x 4k TemCam-F416 CMOS camera using s nominal defocus
of 1000 o and the Leginon package.
[60118]  Electron microscopy data processing and image reconstruction, Particles
were picked automatically using DoG Picker and put into a particle stack using the
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Applon sofiware package. Initial, refirence-fve, two-tmensions! (212} cluss averages
were calculated using particles binned by two via iterative multivariate statistical
snalysis (MSAVmultireference alignment (MRA) and sorted info classes. Particles
corresponding to irimers or to trimers bound to PGVH4 were selected into a substack
and binned by two hefore another round of reference-free alignment was carried out
using the iterative MSA/MRA and Xmipp Clustering and 2D alignment programs. To
analyze the guality of the trimers (closed native-like, open native-like, snd non-native),
the reference free 2D class averages were examined by eye using the metrics described
in Pugach ef of. J Virol 89, 3380-3395, 2015). An ab initic common lines model was
caloolated from referonce-froe 2D class averages in EMANZ Imposing symmetry C3.
This model was then refined against raw particles for an additional 25 cycles using
EMAN (Ludtke ef al,, 1. Struct, Bioh. 128, 82.97, 1999). The resolutions of the final
models were determined using a Fourier Shell Correlation (F3C) cut-off of 0.5,

[66111] Binding Analysis by ELISA and Biolayer Light Interferometry (BLI}. The
kinetios of trimer binding to bNAbs and non-NAbs was measured using an Octet Red?6
instrument (foriéBio, Pall Life Sciences). All assays were performed with agitation set
1o 1000 rpm in fortéBIO 1x kinetic buffer. The final volume for all the sclutions was
200 plwell. Assays wers performed at 30 °C in solid black 56-well plates (Geiger Bio-
One). § ugfmi of protein in 1% kinetic buffer was used to load an antibody on the
surface of anti-hwman Fo Capture Biosensors (AHC) for 300s. A 60s biosensor baseline
step was applied prior to the analysis of the association of the antibody on the blosensor
10 the Env trimer in solution for 200s. A two-fold concentration gradient of trimer
starting at 200 n}M was used in a titration series of six. The dissociation of the
interaction was followed for 300s. Correction of baseling drift was performed by
subtracting the averaged shifi recorded for a sensor loaded with antibody but not
incubated with trimer, or a sensor withow! antibody but incubated with trimer. Octet
data were processed by fortéBin’s data acquisition software v.8.1. Experimental data
were fiited for VIV2 apex-directed b(NAbDs using a global it 1:1 model to determine the
Ky, values and other kinetic parameters.,

Example ¢ Ferritin nanoparticles prosonting rimeric VIV with s nativelike spex

{08112}  The VIVZ region of gpl20 ranges from 50 to 90 residues in length with ]
in 10 residues N-glveosylated, forming a dense glyoan shicld onthe BIV-1 Env. The
41
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YV I-encoded glyean epitopes can be recognized by bNAbs such as PGYPGLE6,
CHOL-04, PGT141-145, and PGDM 1400, Despite sequence variation, a short segment
centered at M160 defines the specificity for most known V1V 2-specific bNAbs, The
erystal structure of seaffolded VIVZ fn complex with PG9 has been determined for two
clade C straing, CAP4S and ZMI09, revealing o Greek key motif with strands B and C
harboring two critical glycans. The EM structures of PGY and PGDMI400 in complex
with BG305 SOSIP.664 gpldh) trimer indicated that these two BN ADs are directed 1o
the trimeric apex with different angles of approach as described in, ¢.g., Julien ef ¢,
Froc. Notl dead Sei USA 110, 4351-4358, 2013; and Sok et od., Proc. Nagl. Acad Sci.
U84 111, 17624-17628, 2014, In this study, we hypothesized that the threefold axes on
ferritin nanoparticle can be utilized o present V1Y2 in 3 native-like trimeric
conformation found in the crvo-EM and orystal stroctures of SOSIP trimer, To teat this
possibility, we designed two constructs based on the VIV2 of clade C ZMIG: ons
containing all three disulfide bonds (termed VIV2ExS) and a shortened version
comtaining two (termed VIV2ISht), with both VIV2 sequences fused to the N-terminus
{135} of ferritin subunit (FR} {Table 2a} {See, e.g., Kanckivo et al,, Nature 499, 102-
106, 2013; and He et al., Sef. Rep. §, 125301, 2615}, Afer fitting the C-termini of
trimeric VIV2 to the N-termini of ferritin subunits arcund each threefold axis on the
particle surface, structural modeling vielded Co root-mean-square deviations (RMSDs)
of 3.7 and (1.8 A for VIVZExt-FR and VIV2Sht-FR, respectively. Further analysis
revealed a dense glycan surface for both nanoparticles with diameters of 16.6 and 143
am for VIVIEx-FR and VIVISht-FR, respectively.
(801331 The two VIV2-forritin constructs and the monomeric VIV2 were expressed
transiently in N-acetylghucosaminyliransterase I-negative (GnTI") HEK293 8 celis and
purified using a Gadanrfs wivalis lectin (GNL) column followed by BEC ona
Superdex 200 16/300 GL column, For both VIVI-FR designs, the SEC profiles
displayed s single peak indicative of well-formed nanoparticles, which were confirmed
by Hue native polyacrylamide gel electrophoresis (BN-PAGE). We then utilized
negative stain EM to visuslize the purified nanoparticles. Indeed, imaging by EM
showed homogeneous V1V2Ext-FR particles, which enabled the calenlation of two-
dimension {213} class averages. Similar results were observed for VIVZSh-FR
pasticles, suggesting that homogeneity and purify are intrinsic to these nanoparticles
despite their differences in the VIV2 length and the number of disulfide bonds

42



10

20

[
L

30

WO 2017/192434 PCT/US2017/030375

contained. However, the frimeric VIV2 spikes appesred diffase in the 2D class
averages, indicative of some mobility. To probe the antigendcity of the V1V2 apex, we
measured particle binding to PGS, which recognizes VIV2 in both monomeric and
trimeric forms, and PGDM 1400, which targets the apex of the SOSIP-like trimer
conformation. Analysis of both nanoparticles by enzyme-Hinked immunosorbent assay
{ELISA) showed enhanced BNAD binding relative o the monomerie VIV2, with
PGDMI4GD demonstrating preferential binding to VIV2Exi-FR. Using bic-layer
interferometry {BLI) and bnmunoglobulin G (JgG), we characterized the kinetics of
V1iVZ binding to bBNAbs PGY and PGDM1400 in monomeric and particulate forms. As
expecied, monasmeric VIV2 bound to PGY with low sffinity and showed no binding to
PGDM1400. By contrast, VIV2Ext-FR bound to both BNAbs with high affinity, but
different kinetics. For PGDM1400, VIVIExt-FR showed an extremely fast on-rate,
indicating a stable apex that can be readily recognized by this apex-directed bNAb.
V1V28ht-FR exhibited similar binding kinetics with respect to VIVIEx-FR, but witha
reduced affinity for PGDM 1400 that suggests an adversary effect of the shortened
YIVZ on the apex struchure and antigenicity consistent with ELISA.

[88114]  Our results demonstrate that the VIV2 region of HIV-1 Env can be
presented o a native-like trimeric conformation on forritin nanoparticles, OF note, this
design strategy is likely strain-independent, since nanoparticles were also observed for
V1V2Ext-FR designed based on clade C CAP4S (Figs. 8b-84). Oversll, particulate
display of frimeric V1V2 substantially improved its recognition by apex-directed
BNAbs, suggesting that V1V2 nanoparticles may provide promising alicrnatives to

gp 148 rimers and focus B cell responses 1o this quaternary epiiope.

i

B le 10 Forritin nanoparticles nresentine trimerie VIV? with g native-like anex
LRAmMPIS TOITRIR DANCUATHCICS DIESCning Wunerig ¥ i V.o Wil § BeliVe-1IXe doex

{60115} A 60-meric LS nanoparticle presenting an engineered gp120 core lacking
variable loops (VIV2 and V3) and tnner domain has been used to target germline
precursors of VRCOL, a CD4-binding site (CD4bs)-directed bBNAD. However, structiures
of BGS0S SOSIP trimer in complex with the VRU01-class bNAb PGV revealed that
glycans on the neighboring gp140 protomer are also involved in CD4bs recognition,
suggesting an angle of approach constrained by the trimerie context, The importance of
trimer constraints for HEV-1 neutralization was further demonstrated in human Ig
knock-in mice, in which only BGS0S SOBIP trimer, but not e0D-LS nanoparticle,
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eiivited MAD responses. Based on these previous studies and the resulis of VIV2
nanoparticles, we hypothesized that ferritin nanoparticle can be wsed to present full-
length gp120 and expose all its encoded bNAb epitopes in their native-like
conformations gs does the SOSIP gpl48 trimer. This design strategy may generate
alternative immunogens lacking the complications inirinsic to the gp140 trimers
containing metasiable gpd 1. To test this possibility, we designed three ferritin fusion
constructs based on clade A BGSGS gpl28: gpl20Bxi-FR and gpl20Shi-FR contained
different lengths of gpi20, while gp12088-FR incorporated an additional disulfide
bond simed 1o stabilize the gpl20 termini (Table 2b). In the case of gpl20Ext-FR,
structural modeling revealed a nearly perfect superposition of gp120 C-ierminus (G495)
and ferritin Neterminus (I35) around each threefold axis on the particle surface, with s
Co RMSE of 1.9 A and a diameter of 26.2 nm for the resulting nanoparticle,
[00116]  Allthree gpi20-ferritin constructs and the monomeric gpl20 were
expressed transiently in HEK293 F cells. The secreted protelons were purified using a
GNL column followed by SEC on a Superose 6 10/300 GL colummn. Among the three
chimeric constructs, gpl 208ht-FR showed the most pronounced particle peak in the
SEC profile. Of note, no particle peak was observed for gpl12088-FR, suggesting
misfolding of the mutant gp120, BN-PAGE revealed high molecular weight (m.w.)
bands for both gp120Ext-FR and gp1208Sht-FR, corresponding to fully assembled
nanoparticles. We then employed negative stain EM to visualize the purified gpl20-FR
nanoparticles. Homogeneous particles were observed for both gpl20Ex-FR and
gpi208ht-FR, with 2D class averages calculated for the latter. Since gp1208ht-FR
displayed more efficient particle assembly, eryo-EM was utilized to further characterize
the nanoparticles, showing a particle surface decorated with gp120 spikes.
(881177  To assess the antigenicity of gpl26 nanoparticles, we measured the kinetics
of particle binding to a panel of representative bNADs and non-NAbs. We first tested
apex-directed BiNAbs PG16 and PCDMI400. As expected, gpl20 monomer exhibited
only minimal binding to PG16 and almost undetectable binding to PGLM 1400, By
contrast, gpl 20 nanoparticles showed substantially enhanced binding to both bNAbs
with sub-nanomolar affinities, with gpl120Shi-FR slightly outperforming gp120Ext-FR.
This confirmed that three gpl20s around each threefdld axis on a ferritin nanoparticle
can indeed form SOSIP-like trimer conformations, For CD4dbs-directed VROOL, both
nanoparticles displayed an increased on-rate with flat dissociation curves. A similar
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trend was observed for NAD b2, which targets the same site. The avidity effect
resulting from multivalent display was most pronounced for BNADR PGTI21, which
targets the V3 base and surrounding glycans: while monomeric gpl20 bound o
PGTI21 at a lower level with a fast off-rate, both gpl20 nanoparticles showed

enhanced binding with faster on-rates and flat dissociation curves. We then measured

¥

particle binding to non-neuiralizing MAbs. For F105, which prefers an open gpi20
conformation, monomeric gpl20 displayved rapid on- and off-rates, whercas
nanoparticles showed slower on- and off-rates that may result from the sieric hindrance
caused by the dense display of gpl20 wrimers. However, gpl2{ nanoparticles did show
1§ enhanced recognition by the V3-specific 19b in comparison to monoweric gpl20,
which may be minimized by conformational fixation as recently demonstrated for the
SOSIP trimer. Lastly, gp120-FR nanoparticlcs showed almost negligible binding to the
CD4i MAD 17b in contrast {0 a notable recognition of monomeric gpi20 by this MAb.

15 Example 11 60-meric nancparticles presenting frimeric gpi20

{B0118]  We also investigated whether 60-meric nanoparticles could be utilized to

present irimeric gpl2. We selecied two thermostable 60-mers with distinet structural
features — L8 (Zhang et al,, J Mol Bl 306, 10991114, 2001) and E2p (Izard et al,,
Proc, Natll Acad Sci. US4 96, 1240-1248, 1999) - to examine this possibility.

20 Compsred to the 12 2-nm diamster of ferritin, LS is only slightly larger in size, witha
diameter of 14.8 nun. Struehural modeling of the gpl208ht-LS nanoparticle indicated
that the LS surface would be covered entirely by 20 trimeric gp120 spikes with an
cstimated diameter of 28.7 nm, Following transient expression in HEK293 F cells and
ONL purification, the secreted protein was analyzed by SEC. However, no particle

23 peak was observed in the SEC profile of this LS construct. Consistenily, BN-PAGE
showed a predominant pentamer band, which was confirmed by the negative stain EM
analysis. In brief, our resulis indicate that the relatively small LS nanoparticle may not
be optimal for displaying full-length gpi20 rimerie spikes.

{6011%]  We next examined E2p, which is a holiow dodecahedron with a diamster of

30 23.2 nm and 12 large openings separating the threefold vertices on the particle surface.
Stroctural modeling vielded a gp1208hi-E2p nanoparticle with s diameter of 37.6 nm
{Table 2¢), which is close to the optimal size for direet uptake by DCs, The HER 293 F-
exprassed, GNL-purified gpl208hi-E2p protein was anslyzed by SEC on a Superose 6
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10/308 GL colummn, which showed a distinctive high mw. peak corresponding to the
chimeric E2p particles, Concordantly, BN-FPAGE showed a concentrated nanoparticle
hand on the gel, with a Hghter band of low muw. suggestive of dissociated gpli20-E2p
irimer. We then otilized negative stain EM o characterize the agsembly of this 60-mer
and observed large, bomogeneons nanoparticles. The 212 class averages revesled
hollow protein cages resembling the crystal structure. However, while the EM analysis
validated the robustness of E2p as a panoparticle platform for large and complex
antigens such as frimeric gpi20, it also showed unexpected 2D class averages lacking
the gp120 spikes. It was unclear from the EM analysis slove whether the trimerie gpl 20
spikes formed but remained mobile due to the large spacing, or if the three gpl20s
around cach threefold axis falled to assemble into a stable trimer. To address this issue,
we measured H2p particle binding to a small panel of BNAbs and non-NAbs by BLIL.
Remarkably, gpl208M-E2p bound to the apex-directed bNAbDs PG16 and PGDM1400
with sub-picomeolar affinitics. The fast on~rate and flat dissociation curves indicated
native-like apexes resembling that of the SOSIP rimer but with additional advardage of
avidity. Similar to the case of gp120-ferritin nanoparticles, we observed increased
recognition of the Cldbs and V3 base by bNAbs VRCO! and PGTI21, as well as NAb
b12. For non-neutralizing MAbs, gpi208ht-E2p bound to the CD4bs-speeific Mab
F105 and V3-specific 19b at g level similar 10 gp1208kt-FR, suggesting 8 common
feature shared by gpl20 nanoparticles irrespective of the size. Lastly, only minimal
binding was observed for the CD4i MAD, 17h.

{08128]  Asthe recepior-binding protein of HIV-1 Env, gp120 has been extensively
studied as 8 vacoine immunogen, bt is now considered suboptimal due & the exposure
of a non-nevtralizing face that is buried within the native spike, Cur results indicate that
display of full-length gp120 with ferritin snd E2p nanopsrticles can restore the native-
fike trimer conformation in the absence of gpd 1. With SOBIP-like antigenicity and
variations in particle size and surface spacing, these nanoparticles provide versatile
platforms to investigate gp120-based HIV-1 vaccines.

ting stabilized g0l 40 trimers

Example 12 Ferrltin nanoparticles prey

f003123]  The design and immunogenicity of a ferritin nanoparticle presenting the

BGA0S SOSIP gpl40 vimer were recently reporied (Sliepen ef al., Retrovivol, 12:82,

2013} The snalysis of this gp140 nanoparticle by ELISA showed notably reduced
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binding to the apex-directed bNAbs PG and PGT143, and to 3 BNAb directed to the
gpi20-gpd! interface, PGT51. This is somewhat surprising given the amtigenic
profiles we ohasrved for gpi20 nanoparticles ysing BLL In this study, we soughi to
appwoach the ferritin display of gpl40 trimer with a new stabilizstion design containing
a modified HR1 bend {residues 548-368, tormed HK! redesign 1), and a dotailed
analysis of linker kength and gpd! runcetion. The gpl40 constructs tested hers
incladed: s gp140 wancated af position 654 {gp140.664), gp140.664 with 8 10-residus
linker {gp140.664-10as}, and a gpl40 truncated at position 681 o inchide MPER with
the same Hnker (gp140.681-10aa) (Table 2d). Structural modeling of the HR1-
redesigned gpl40-ferritin particles indicated well-separated trimer spikes with
diameters of 30.1, 35.7, and 40.1 nm for gp140.664-FR, gp140.664-10aa-FR, and
£p140.681-10aa-FR, respectively.

0133} Since contaminant Bnv species cannot be eliminated during particle
assembly, the purity of gpl48 trimer will have a significant impact on the quality of

gp 140 nanoparticles. To illustrate this problem, we compared the SEC profiles of the
BGS05 SOSIP trimer and an HR I-redesigned gpi48 trimer, which showed substantial
differances in aggregate and dimer/monomer peaks, ag indicated by the UV absorbance
at 280 nm. All gpl40-forritin nanoparticles, including a SOSIP-based design, were
transiently co-expressed with furin in HEK293 F cells and purified using GNL followed
by SEC on a Superose 6 10/300 GL column. Using nepative stain EM, we first
confirmed the asssmbly of SOSIP-ferritin nanoparticles. The GNL-purified gpl40-
ferritin profeins containing the HR1 redesign 1 exhibited similar 8EC profiles with high
trimer and dimer/monomer peaks relative to the particle-containing peak at 8.5-10.5
mkL. For gp140.664-10aa-FR, which contained more nanoparticles, EM revealed an
unknown protein species with a hexagonal structure mixed with aggregates and well-
assembled particles. To improve the particle purity, we investigated the utility of Capto
Core 7030 column, which has been used for VLP purification. After purification using
Capto Core 700 and GNL colomns, gpl40.664-10aa-FR showed reduced non~-particle
peaks in the SEC profile. Consistently, higher-quality EM mages were obtained with
the hexagonal structures still present, indicating that an HIV-1 Env-specific purification
method is required. To this end, we sxamined the combined use of Caplo Core 700 and
2312 affinity cobunns, the latter of which has been widely used to purify SOSIP
trimers. Overall, gpl4(.664-10aa-FR remained the best performer, showing a8 more
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visible particle peak in the SEC profile with  reduced trimer peak and no
dimer/monomer peak. For all three constructs, the particle-containing fractions were
analyzed by BN-PAGE, which showed high m.w. bands corresponding to fully
assembled gpl40 nanoparticles relative to the individual timer. Of note, these bands
are consisient with the SEC profile and the estimaied shift fom the gpi20-forritia
particle bands, in conirast 1o the SHepen of al. report. For gpl40.664-10aa-FR,
homogeneous nanoparticles with visible spikes on the surface were observed in
nepative stain EM. The stability of gpl140.684-1023-FR nanoparticies was confirmed by
EM analysis of a sample that bad been frozen and thawed. We also observed well-
formed nanoparticles for gpl40.664-FR and gpl46.681-10aa-FR in negative stain EM.
Taken together, our results validated the assembly of gp140-ferritin nanoparticles, and
highlighted the importance of proper purification and characterization in the
development of gp 140-based nasoparticles.
[88123]  We characterized the antigenic profiles of gpl140 nanoparticles using BLI
and a panel of representative bNAbs with the HR1-redesigned trimer jnchuded asa
controf. We first utilized V1V2 apex-directed bNAbs PGDMI400, PGTI435, and PGLS
to probe the apex of gpi40 irimers displaved on the particle surface. Remarkably, all
gp 140 nanoparticles showed sub-picomelar affinities compared to the individual trimer,
with flat dissociation curves due o avidity, For bNAD PGTI21, which targets the V3
epitope centered at N332, gpl40 nanoparticles showed similar binding profiles to that
of the HR1-redesigned trimer with an increased on-rate. For CIMbs-directed bNAD
VYRCOI, gpldi-ferritin particles displayed slow association similar to gpl20-ferritin
particles. For bNAbs PGT181 and 35022 that target the gpl20-gpd! interface, we
found enhanced recognition, but with diffsrent kinetics. For PGT151, a faster on-rate
was observed with an unchanged dissociation pattern. By countrast, an inoreased on-rate
was observed for 35022 that was accompanied by a rapid dissociation, In brief] all
three gpl40 nanoparticles showed improved recognition by bBNAbs except for YRCB,
suggesting that the crowded surface display of gpl40 wimers may have the most
significant impact on the VRO01-class bNADs that bind the CD4bs with a resiricted
angle of approach,
[88134]  We next measured the binding kinetics of gp140 nanoparticles to non-
NADbs. Notably, reduced binding was observed for the CD4bs-specific MAbs F108 and
b6, with a more significant reduction scen for b6, In the case of Vi-specific MAb 18h,
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a stower assoclation was observed for gp140 nanoparticles compared fo frimer and

gp 120 nanoparticles, suggesting a minimized V3 exposure due to the dense display of
gp 144 irimers. For MADb F240, which fargets the mnmunodominant epifopes in cluster [
of gpd 1, gr140 nanoparticles exhibited vndetectable binding compared fo the residual
binding observed for the HR I-redesgined trimer. For both gpl40 trimer and gpl40
nanoparticles, binding to TD4i MAbs 17b and A332 was not detected. Lastly, we
utilized MPER-directed bNADs 4810 and 10E8 to probe this gpd] epitope in the
context of gpl40.681-10aa-FR. Surprisingly, although this nanoparticle bound to 4E10
with a rapid on-rate and fat dissociation curve, it showed only minimal binding to
10E8, which recognizes a conformational epitope spanning beyond the 4E1{ binding
site. As revealed by structural modeling, since MPER is proximal {o the ferritin surface
with a distance of 2 10 mun from the outer surface, steric hindrance may have a more
significant impact on bNAbs such as 10ES that select for certain epitope conformations.
[88125]  Our analyses rovealed critical characteristics of the designed gpl40-ferritin
nanoparticles. In contrast to the Sliepen et al. roport, the antigenic profiling by BLI
clearly demonsirated enhanced recognition by bNABs and reduced binding to non-
NAbs. The resulis suggest that these gp140 nanoparticles may be superior imwnmogens
to individual gpl4{ trimers in eleiting robust B cell responses towards the bNADb
opitopes. Of nots, the intrinsic purity of HR1-redosigned trimer has played an
indispensable role in the production of nanoparticles with native-like gp140 irimers that

demonstrated SOSIP-like antigenic profiles with notably reduced binding to non-MAbs.

Example 13 A Sl-meric E2p nanoparticle prosonting stabilized gpl40 trhuer

{88126]  Based on the promising results of gpl40-ferritin nanoparticles, we
investigated the particulate display of gpi44 trimer on two 60-mers, LY and Elp. Given
the small size of LS, we first designed g construct containing a {-residus linker
between the C-termings of LS subugit and MN-tsmminus of gpl40 (Table Ze). Structural
modeling of L3-10aa-gp 140.664 vielded an extimated diameter of 38.2 nm. Following
{urin co-expression s HEK293 F cells and GNL pmurification, the chiyeric protein was
analyzed by SEC and negative stain EM, in which well-formed nanoparticles were not
identified. We then examined the utility of 60-meric H2p nanoparticle by fusing the
BGS0S gpl40.664 containing a redesigned HRI bend to the N-terminus of E2p core
subunit {Table 2¢). Structural modeling indicated that the gp140.664-E2p nanoparticle,
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41.5 nm in diameter, can oxpose all BNAb epitopes except for MIPER. The gpl40.664-
E2p construct was co-transfected with furin in HEK293 F cells followed by the GNL
purification and SEC on a8 Superose 6 1{/300 GL colomn. Although the overall
expression was low, the highest peak in the SEC profile corrssponded to the large HE2p
nanoparticles, which was further confirmed by the SEC analysis of 2G12-purified
sample. A possible explanation for the inproved efficiency in particle assembly is that
the assoctation of three gpd 1 subunits can facilitate ppl40 trimerization and Elp
assembly simultancousty. BN-PAGE showed a band on the top of the gel characteristic
of high m.w. nanoparticles. Homogensous gp140.664-E2p nanoparticles with a dense
layer of trimer spikes were observed from the EM analysis. Our results thus indicate
that gp140.664-E2p can form homogencus, VLF-size nanoparticles with desired
structural regularity of gp140 trimers poised for immune recognition.

§801277  We then characterized the antigenicity of gpl4{.664-E2p nanoparticle
using & panel of bNAbs. For apex-~direcied PG16 and PGDM 1400, gpl40.664-E2p
showed a slow on-rate with flat disseciation curves and less than pieorgolar affinities.
For CD4bs-directed VROO1, gpl40.664-E2p showed notably reduced binding and flat
dissociation curves reminiscent of the gpl40-ferritin nanoparticles, but weaker. For
bNAbL PGT121, which binds to a glycan epitope af the V3 stem, we ohssrved trimer-
tike kinetics with slightly reduced on-rate. For PGT151 and 35022, gpl40.664-Elp
exhibited binding profiles similar to those of the gp140-ferritin nanoparticles. Overall,
gp140.664-E2p showed reduced recognition by the bNAbs tested in this analysis, with
the most visible change observed for VRCO1 and the least for PGT151. This result
raised the possibilily that non-native gpl40 trimer conformations were displayed on the
E2p nanoparticle. To address this critical issue, we tested particke binding to a panel of
non-DNAbs, For CDMbs-specific MAD F1853, we observed weakened binding with a
more rapid dissociation relative to the individual trimer. Furthermore, 10 our surprise,
19 binding revealed a notably reduced V3 exposure, as opposed to the enhancement
observed for all other gp120 and gpl40 nenoparticles, The gp140.664-E2p nanoparticle
bound io the CD41 MAD {7 at a minimal level, consistent with the previous
observation for gpl40-forritin nanoparticles. For gpdl-specific MAb F240, however,
£p140.664-E2p showed slightly increased binding relative to the trimer and gp140-
ferritin nanoparticles, Further analysis revealed an approximately 9A edge that made up
the threefold vertices for E2p compared to a 204 edge for ferritin suggesting that a
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short Hnker might have caused some sirain io the gpd 1-E2p comnnecting region, and

consequently a less favorable gp41 conformation.
28]

The gp140.664-B3p nanoparticle, with an optimal size (40-30 am)} for DO

update, may be more advaniageous then gpl40-ferritin nanoparticles in eliciting strong

and sustained B cell responses, Given the efficient assembly of gpl40.664-Elp

nanoparticles, it is possible that the particulate display of gp140.681 can be achieved

using E2p, and warrants farther investigation. In summary, our characterization of

gp140.664-E2p nanoparticle has provided an important step towards the developraent

of high-valency, VLP-like HIV-1 vaccines,

Horay Source AFS S§RL

Wavelength (A) 1.033 0.980

Space group 123 123

Unit cell parameters a=h=o=3683 4 armheo= 2628 A
g=f=y=000 g By =000

Resolution {(A) 30.0-6.30 (5.52-630)° $0.0-6.90 {7.15-8.88)

Observations 104,666 96,139

Unigue reflections 6,914 {685° 8,822 {496)°

Redundancy 15,1 (1500 19.1 (20.5)*

Completeness (¥} 100.0 (100.0y° 1006 {106.00°

Yo 1790 15.5 (1.3)*

Bogm * .10 {2,090 f.16421)°

Rui© 404 (0.54)° 0.05 (p8ny®

Tl 8.31° 0.33°

Rofinement statistics

Resolation {4 0146316706300 4783602 (7.61-6.82)°

Reflections (work) 6,208 (1,236)° 4,519 (1,136)°

Reflections (test} £34 (13%° 492 {169

Ry (%) © 281 284

Riee (85} ° 32.2 32.2

Average Bovalue (A% 350 292

Wilson Sevales (4% 336 447

RMESE? from ideal geometry

Bond fength (A) 1.004 0.004

Bond angles {9 (.341 (.882

Ramachandran statistics (%)

Favored 851 933

Chutlisrs .2 0.1

PDB D

# N o > .
 Mambers in perentheses refer to the highest resciution shell,
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P Celoulated as sverage(Diaverage{al}

“Rayen ™ Bpahor | Dty = o |/ LpBfinss, where fi; Is the scaled intonsity of the #* measurement
of reflection b, &, |, <f> is the average intensity for that reflection, and # is the redundancy . Ky,
is s redundancy-independent messure of the quality of intensity measurements, Ry, = Dy (100~
1})”2 Tl duaes - <Dy 1 T Ty oy, Where Sy, Is the scaled intensity of the # measurement of
refiection b, k, 1, < fu > Is the sverage intensity for that reflection, and » is the redundancy.
B ™ Tagg | Fo~ Fo |/ Tage | Fy {2 100

® R e Was Saioniated as for Forgeer P 08 3 1238 s61 cornprising (0% of the data excluded from
refinement.

These vatues were eafeulated using MolProbity (http//molprobity.blochem.duke.edu}.

g Y 1¥2 trimer-presenting forritin nanoparticles

IR0 VIVIE-FR PCVELTPLCYTINCTSPAARNESETRVEHCSFNITTDYVREDRE

(SEQ I NOZH GRKYMNATFYDLDIVPLSSEDMNSSNESLYRLISONTSTITQACPI4S
GORKLINEGYNKEMGSSNLY MEMSSWUYTHELDGAGLFLFD
HAAPEYEHARKKLIFLNENNYPYVQLTSISAPEHRFEGLTOIFGK
AYEHEQHISESINNIVIHARSKDHATINFLOWY VAEQHEEEY
LFDILDEEL IGNENHOGLYLADODYVEGIAKSRESR

ZMI0L VIVIE-FR JACVTLNCTEPAAHNESETRVEHCSPNITTDVKDREGEKVNATE

{BEQ I NOGBE YOLDIVPLSSSEINSSNSSLYRLISCALASGDIELLNEQVNEEMQ
SENLYMESMEEWCYTHELDGAGLFLFDHAAREYEHAKKLIFL
NENNYPVOLTSISAPEBKFEGLTOFOR AY EHEQRISESINNIY
DHAKBKDHATFNFLOWYVARQHEEEVEFKDILDKIBLIGNEN
HOLYLADYVEGIAKSRES

CAPES VIVZE-FR POCVELTPLOVTLBRCTNATINGSLTEEVENCEFNITTELRDKED

{8BG I N3 KAYALFYRPOYVYPLNENMSPSONESEY ILINCNTSTITQACPL4SG
DHEKLLNEQVNKEMOSSNLYMSMSSWIYTHSLDGAGLFLIDH
AAEEYEHARKLUFLNENNYPVOLTSISAPEHKFEGLTOQIFEA
YEHEQHISESINMNIVEHAIKSKDHATENFLOWYVAEQHEEEVL
FXOILDEIELIGNENHGLYLADQY VKGIAKSRKS

b. gp120 wimer-presenting fertitin nanoparticles

BGHS gpl20ExeFR CVPYVWEKDAETTLFCARDAKAYDTEKHNVWATHACVPTORN

{SEQ D MNe32} PO L ENYTEEFNMWENNMYBOMHTDISLWDROGSLEPCVEL
TRLOVTLOQUINY TNMNITDEMRGELENCSFNMTTELRDEKGK
VYSLEYRLDVVQINENQONRSNNSNEEYRLINCNTSAITQACP
KYSFEPIPIHY CAPAGFAILKCKDEEFNGTORPCPSYRTVOUTHG
KPYVETQLLLNGSLAFREVMIRSENITMNMNAKMILVFNTPY
WOTRPNNNTRESIRIGPGOAFYATGDHGDIRQAHCNY SKATW
NETLGEVVEQLREHFONNTHRFANSSGGDLEVTTHSFNCGOR
FEYONTSGLPNSTWISNTEVQGSNSTGENDSITLPCRIKQINM
WORICQAMYAPPIGOVIRCVENITGLILTRDOGGRTMSTTETFRD
GOGDMRIDNWRSELYKYRVVKIEPLGI4SCRIKLLNEQVNKE
MOSSNLY MEMES WY THSLDGAGLFLFDHAABEYEHAKELH
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BSOS gpl20Sht-FR

(SEQ ID NO:33)

BGSOS gpl2088-FR
(SEQ ID NO:34)

[GYWEDAETTLFCASDAKAYDTEKBNYVWATHACVPTDIPNEG
EIHLENVTEEPNMWEKNNMYVEGMETDISEWDOQSLKPCVELTR
LCVTLQCTNYTNNITDDMRGELKNCSFNMTTELRDKEKQEYY
SLFYREDVVQINENQORNRENNSNEKEYRUINCNTSAITQACPKY
SFEPIPIHYCAPAGFAILKCKDEKEPNGTGPCPSVETYVOCTHGIK

PYVYETOLLINGSLAEBEEYMIRSENITNNAKNILVOFNTEVQING
TRPNMNNTRKSIRIGPGQAFYATODIGDIRQAHINVEKATWNE
TLOKYVEQLRKHFONNTHRFANSSGGDLEYV T THSFNCGGEFF
YONTSGLENSTWISNTSVQUSNSTGSNDSITLPCRIKQHNMWQ
RIGQAMYAPPIGOVIRCVSNITGLILTRDGGETNSTTETFRPGG

GDMRDNWRSELYKYRVVKIEGI4SCGDIKLLNEQVNKEMQSS
NLYMSMSSWCYTHSLDGAGLFLFDHAAEEYEHAKKLHFLNE
NNVEVOLTSISAPEHEFEGLTOFORKAYEHEQHISESINNIVDH

AIKSKDHATFNFLOWY VAHQHEEEVLFKDILDKIELIGNENRG
LYLADQYVEGIAKSRES

[GWCDAETTLFCASDAKAYDTEKHNYWATHACYPTDENPQEL
HLENYTEEFNMWENNMYEQMHETDIHSLWDOSLEPCVEKLTPL
CYTLOUTNVTNNITDDMRGELKNUSFNMTTELRDKKOEYYS
LFYRLDYVYQINENGQGONRSNNSNEEY RLINCNTSAITQACPKYS
FEPIPIHYCAPAGFAILKCKDERFNGTOPCPEVETVQCTHGIKP
YVVETOLLINGSLAREEVMIRSENITHNNAKNILVQENTPVQINCT
RPRMNTRKSIRIGPGQAFYATGDHGBDIRQAHONVEKATWRET
LOKVVRQLRKHPONNTHRFANSSGGDLEVTTHSFNCGGEFFY
CNTBGLENSTWISNTEVQGENSTOSNDSITLPCRIKQUNMWOR
IGOAMY APPIQGVIRCVENITGLILTRDGGS TNSTTETFRPGOG
DMRDNWRESELYRKYRKVVCIGIHMSGIHIKLLNEQVNEEMQSSNL
YMEMESWCOYTHSLDGAGLFLFDHAABEYEHAKKLITFLNENN
YEVQLTSISAPEHKFEGUTQIFQKAYEHEGHISESINNIVIRAIK
SKDHATINFLOWYVARBQHEREVLFKDILDKIELIGNENHGLYL
ADQYVEGIAKSRER (SEQ ID NOG34)

. gpl28 trimer-presenting LY and B2p nanoparticles

BGSGS gpi 200h-LS
{SEQ ID NO3S)

IGYWEDAETTLFCASDAKAYDTEKHNY WATHACVPTDPNPQ
EHLENVTEEFNMWENNMVYEQMHTDISLWDOSLEPCVKLTP
LOVTLOUINYTNNITDDMRGELEKNCSFNMITELRDEKREVYY
SLEFYRLDVVQINENQONRENNENEEYRLINCNTSAITQACPEY
SFEPIPIHYCAPAGFAILKCKDEKFNGTGPCPEVETVOCTHGIK
PYVETOLLINGELAEEEVMIRSEMITNNAKNILVQFNTPYQING
TRPNNNTRESIRIGPOUQATYATCGDHGINRQAHUNVERKATWNE
TLORVVEKQLREHFGHNNTHRFANSSGGDLEVTTHSFNCGGEFFR
YONTEGLFNSTWISNTSVQGENSTGSNDSITLPCRIKGIINMWQ
RIGOAMYAFPIOGVIRCYSRITGLILTRDGGRTNRTTETFRPGG
GEMRDNWRSELYKYKVVRKIEGMSGMOIYEGKLTAEGLRFGI
YASRFNHALVDRLVEGAIDCIVRHGGREEDITLVRVPGSWEIP
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BGS50S gp120Sht-E2p
(SEQ 1D NO:36)

Ve AR VIAIGVL IR WA
ALBLRKPITFGY ETABTLEQA[ERAGT&HGN&GWF %‘%F SAIEM
ANLFKELR

IGYWEDAETTLFCASDAKAYDTEKHNVWATHACVPTDPNPQ
EHHLENVTEEFNMWENNMYEQMHTDISLWDOSLEPCVELTP
LOVTLQCTNYTNNITRDMROELENCSFNMTTELREKKQRVY

SLEYRLDVVQINENQGNRSNNSNKEYRLINCNTSAITQACPKY
SFEPIFTHYCAPAGFATLKCKDEKFNGTCGPOPSVSTVQUTHGIK

PYVSTQLLLNGSLAEEEVMIRSENITNNAKNILVOFNTPYVQING
TRPNNNTRESIRIGPGOAFY ATGDHGDIRQAHONVEKATWHNE
TLOKYVVEQLRKHFGNNTIRFANSSGGDLEVTTHSFNCGGEFT
YONTSGLENSTWISNTSVOGSMNETGENDSITLPCRIKQIENMW(
RIGOAMY APPIQGVIRCVSNITGLILTRDGGSTNSTIETFRPGG

GDMRDNWRSELYKYKVVKILGISGAAAKPATTEGEFPETRE
KMSGIRRAIAKAMVHSKHTAPHYTLIMDEADVIKLYAHREEF
KAIAARKGIKLTFLPYVVKALVSALREYPVINTAIDDETEEIQ

KHYYMIGIAADTDRGLLVPVIKHADRKPIFALAQEINELAEKA

RDCGRLTPOEMEGASCTITNIGEAGOQWFTPVINHPEVAILGIG

RIAEKPIVRDGEIVAAPMLALSLSFDHRMIDGATAQRKALNHIK

RELSDPELLEM

d. gpi140 trimer-prosenting ferritin nanoparticles”

BO503 gpidd 664-FR
(SEQ D NO:37)

BG305 gp140.664-10aa-
FR (SEQ ID NO:38)

AENLWVTVY YOVPYWRDAETTLFCASDARKAYETERANVW
ATHACYPTDPNPOEIHLENVTEEFNMWENNMYEOMHETDISL
WDOSLEPOVKLTPLOVTLOCTNVINNITDDMRGELKNCSFN

MTTELRDKKOKVYSLEYRLDVVOINENQGNRSNNSNKEYRL]
NONTSAITQACPE VSFEPIPIHY CAPAGFAILKCKDEKFNG TGP
CPSVSTVQUTHGIKPVVSTQLLLNGSLAEEEVMIRSENITNNA

KNILVQPNTEVOINCTRPNNNTRESIRIGPGOAFY ATGDIGDIR
QAHCNVSKATWNETLOKVVEQLREHFGNNTIRFANSSGGDL
EVTTHSFNCGGEFFY CNTSGLENS TWISNTS VOGSNSTGSNDSI
TLPCRIKQHNMWORIGQAMY APPIQGVIRCVSNITGLILTRDG
GSTNSTTETFRPGGGDMRDNWRSELYKYKVVKIEPLGVAPTR
CKRRVVGRRERRRAVGIGAY FL{;FLGMG%TMGMSMTLT

VOARNLLS
LOTWGCSGKLICC P\R’N&SW&mNLSEEWDNMTMQWEK
EISNYTONYGLLEESONQOEXNEQDLLALDSEDIKLINEQV
NEEMQSSNLYMSMSSWOY THSLDGAGLELFDHAAREY BHAK
KLHFLNENNVPYVOLTSISAPEHRFREGLTOIFQOK AYEHEQHISES
INNIVDHAIKSKDHATFNFLOWY VAEQHEEEVLFKDILDKIELI
GNENHOLYLADOY VRGIAKSRKS

[AENLWVIVYYGVYPVWEDAETTLFCASDAKAYETERHNYW
ATHACYPTDPNPQEIHLENVTEEFNMWENNMYEQMHTRIISL
WHROSLKPCYRLTPLOYTLOQUTNYTNNITUDMRGELENCEFN
MITELRDKKOGKYYSLEFYRLDVVOINENQONRESNNSNKEYRLI
NCNTSATTQACPKVSFERIPIHYCAPAGFAILKCKDEEFNGTGP
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CPSVSTVQOTHGIKPVVSTOLLLNGSLAREEVMIRSENITNNA
KNILVOPNTPVOINCTRENNNTRESIRIGPGOAFY ATGDIIGDIR
QAHCNVSKATWNETLGKVVEKQLREHFONNTIRFANSSGGDL
EVTTHSFNCGGERFY CNTSGLENS TWISNTSVOGSNSTGSNDS
TLPCRIKQIINMWORIGQAMY APPIQGVIRCYSNITGLILTRDG
GETNSTTETFRPGGGDMRDNWRSELYK VEVVEIEPLOVAPTR
CKRRVVORRERRRAVGIGAVFLGFLGAAGSTMGAASMTLT
VOARNLLSGNEDWLEDMTVWGIKQLOARVLAVERYLRDOOL
LGIWGCSGKLICC TNV PWNSSWSNRNLSEIWDNMT WLOWDK
EISNYTQHYGLLEESONQOEKNEQDLLALDIGSGSGIGSGE4SG
DIKLLNBQVNKEMOQSSNLYMSMSSWCY THSLDGAGLFLEDH
AABEYEHAKKLIPLNENNVPYOLTSISAPEHKFEGLTQIFOKA
YEHEQHISESINNIVDHAIK SKDHATFNFLOWY VAEGHEEEVL
FKDILDKIELIGNENHGLYLADQY VKGIAKSRKS

BG30S5 gpld0.681-10sa- [AENLWVIVYYOVPVWEKDAETTLFCASDAKAYETEKHNYW

FR (SEQ 1D NG:39) ATHACVPTDPNPOEIHLENVTEEFNMWENNMVEQMBTDIISL
WS LEPCYRLTPLOVTLOCTNVTNNITDDMRGELENCEFN
MTTELRDEEQRKVY SLEYRLDVVQINENGGNRSNNSNKEYRLY
NONTSAITQACPK VSFEPIPIHY CAPAGFAIL KCKIKKFNGTGP
CPSVETVQUTHGIKPVVSTOLLINGSLAREEVMIRSENITHNNA
ENILVOFNTPYOINCTRPNNNTRESIRIGPGOAFY ATGDIGDIR
GAHCNYSKATWNETLORKVVEQLREHFGMNNTIIRFANSSGGDL
EVTTHSFNCGGEFFYONTSGLPNSTWISNTSVQGSNETGENDS]
TLPCRIKGHINMWORIGQAMY APPIQGVIRCYENITGLILTRDG
GETNSTTETFRPGOGDMRDNWRSELYKYXKVVEIEPLGVAPTR
CERRVYGRERRRBAVGIGAVFLOGFLGAAGETMGAASMTLT
VOARNLLSGNEDFLPDMIVWOIKGLQARVLAVERYLRIMIQL
LOIWGUSGKLICCTHNVPWNSSWENRNLEEIWDNMTWLOWDK
EISNYTQHYGLLEESQNQOERNEQDLLALDR WASLWNWEDIT
NWLWYIRAWGIGIGSGESGIASCDIKLINEQYNRKEMOQSSNLYM
SMESWCYTHSLDGAGLFLFDHAAFEYEHAKKLIOFLNENNYP
VOLTSISAFEHKFEGLTOIFQRAYEHEGHISESINNIVDHAIKSK
DHATFNFLOWY VAEQHEEEVLFKDILDKIELIGNENHGLYLA

DOYVEGIAKSRER
. gpidd timer-presenting L8 and E2p nanoparticles
BSOS L8-10aa- MOIYEGKLTARGLRFGIVASRFNHALVIDRLVEGAIDCIVRHGG
gpl40.664 (BEQ I REEDITLVRYPOSWEIPVAAGELARKEDIDAVIAIGVLIRGATP
NG440} HFDYIASEVEKGLANLALELRKPITFOVITADTLEQAIERAGTK

HGNKOGWEAALSAIEMANLFKSLRGIGIGIGSGS4SGIAENLY
YTV YYGVPYWEDAETTLFCASDAKAYETERHNVWATHACY
PTOPNPOEIHLENVTEEFNMWEKNNMVEGMHTDHSL WDHSLK
PCVELTPLOVILOCTNYTNNITDDMRGELKNCEFNMTTELRD
REORVYSLFYRLDVVQINENQONRESNNSNEEYRLINCNTSAL
TQACFRVEFEPIPIHY CAPAGFANL KUK DK FNGTGPCPEVETY
QUTHGIKPVYSTOLLLNGSLAREEVMIRSENITNNARNILVGE
NTPYOINCTRPRNNTRESIRIGPGQAFYATODIGEHROQAHCNY
SKATWNETLORVYVEQLREHPONNTHRFANSSGOGDLEVTTHS
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KQUNMWORIGQAMY APPIQGVIRCVSNITGLILTRDGGETNST
TETFRPGGGDMRDNWRSELYK YKV VEIEPLGVAPTRCKRRY

VGRERRERA VGIGAVFLGFLGAAGSTMGAASMTLTVGARN

LLSGNPOWLEDMTV WOIKQLOARVLAVERYLRDOOLLGIWG
CSGKLICCTNVPWNSSWENRNLSEIWDNMTWLOWDKERISNY

TQHYGLLEESONOOEKNEQDLLALD)

BGIOS ppl40.664-E2p  [AENLWYIVYYGVPVWKDAETTLECASDAKAYETEKHNVY

(SEQ 1D NOM1 ATHACVPTDPNPOEIHLENY TEEFNMWENNMYEGMHETRIISL
WDOSLKPCVKLTPLCYTLOQCTNVINNITDDMRGELKNCSFN
MTTELRDKKOKVYSLFYRLDVVOINENQGNRSNNENKEYRLI
NONTSAITGACPK VSFEPIPIHY CAPAGFAILKCEDKKFNGTGP
CPSVSTVQUTHGIKPVYSTQLLLNGSLAEREVMIRSENITNNA
KNILVOFNTPVOINCTRPNNNTRESIRIGPGOAFYATCDHGDIR
QAHCNVSKATWNETLGKVVKQLRKHFGNNTIRFANSSGGDL
EVTTHSFNCGGEFFYCNTSGLENSTWISNTSVQGSNSTGSNDSE
TLPCRIKOQINMWQRIGRAMY APPIQGVIRCVENITGLILTRDG
GSTNSTTETFRPGGGDMRDNWRSELYK YR VVKIEPLOVAPTR
CKREVVGRRRRRRAVGIGAVFLGFLGAAGSTMGAASMTLT
VQARNLLSGNPDWLP DMTVWGIKQLOARVLAVERYLRDOQOL
LOIWGUSOKLICCTNVPWNSS WSNRNLSEIWDNMTWLOWDK
EISNY TOHY GLLEESQNOQOEKNEQDLLALDASCAAAKPATTE
GEFPETREKMSGIRRAIAKAMVHSKHTAPHVTLMDEADVTKL
VAHREKFKATAABKGIKLTFLPYVVEALVSALREY PYLNTAID
DETERHGKHY YNIGIAADTDRGLLYPVIKHADRKPIFALAQEL
NELABKARDGKLTPGEMKGASCTITNIGSAGGQWEFTPVINHP
EVAILGIGRIAEKPIVRDGEIVAAPMLALSLSFDRRMIDGATAG
KALNHIKRLLSDPELLLM

® For cach congiraet, the HIV-1 antigen is shown in brackets with the rutations shown in underlined font. Mutations
in the nanoparticle seguencs almed to remove Nolinked glycosylation sites ave shown in double underdined fone, The
sneymatio shte (ASG) between HIV-1 antigen and particle subunit is shown in falic font.

5 The gp140 sequences contain & redesigned heptad repeat 1 {(HR 1) reglon that has been found to aignificantly
improve trimer yisld and purity while retaining the SOBIP-like structure and antigenicity. The modified HR 1 region
is shown o fialic/double underlined font, and the 10 residue GS Hoker (SEG 11D MO:143) is shown In
ahlicfundertined font. A leader sequonce “MDAMKRGLOCCYLLLCGAVIVEPSQREIHARFRRGAR™ (SEQ ID NG:
43} is used for all gp140 nanoparticle conatrusts,

0 RPN 15 - Jgt | ath 0 v LITRT ¥ 4l o s N 2wt ool
Example 14 Sowms sxenplified soethods for HIV-1 trhmer prosenting nanoparicles

[88329]  Nanoparticle design and modeling. & Perl soript was Jeveloped to (1}
search for three-fold verticss on the surface of a given nanoparticle or VLE, (2)

seperpose the C-termini of trimeric HIV-1 antigen onto MN-termini of three particle
subunits around each three-fold axie on the particle surface, and (3) generate XYZ2
coordinates of the trimer-presenting particle with the diameter and other structural

parameters calculaled at the completion of the process. The particle model obtained was
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visualized using UCSF Chimera (hitps/fwww oglucsfedu/chimers) for manual
inspection and selsction of proper lnkers.
[83138]  Antibodies for antigenic profiling. We uiilized a panel of bNAbs and non-
WNAbs to characterize the sntigenicity of designed trimers, The bNAbs 2G12 and biZ2 85
well as MAbs F240, 782, 17h, and A32 were requested from the NIH AIDS Reagent
Program (hitps://'www aidsreagent.org’). Other bNAbs and non-NAbs were obtained
slsewhere,
[B0131]  Expression and purification of HIV-1 Env antigens and nanoparticles.
Trimers and trimer-presenting nanoparticles were transiently expressed in HEKI93 F
celis (Life Teclmologies, CA), with monomeric V1V2 and V1V2 nanoparticles
fransiently expressed in HEK293 8 cells. Briefly, HEK293 F/8 cells were thawed and
incubated with FreeStyle™ 293 Bxpression Medium (Life Technologies, CA)in a
Shaker incubator at 37°C, with 120 rpm and 8% CO,. When the colis reached a density
of 2.0%10%m!, expression medium was added to reduce cell density to 1.0%10%ml for
transfection with polysthyleneimine (PED (Polyvsciences, Inc). For gpl40 nanoparticles,
860 pg of fusion protein plasmid and 300 pg of furin plasmid i 25 mi of Opti-MEM
transfection medium (Life Technologies, CA) was mixed with 3 ml of PEI-MAX (1.0
mg/mi) in 25 mi of Opti-MEM; whereas for V1V2 and gp120 nanoparticles, 900 ug of
chimeric Env plasmid was used without furin. After incubation for 30 min, the DNA-
PEI-MAX somplex was added to 1L 293¥/8 cells. Culture supematants were harvested
five days after transfection, clarified by centrifugation at 1500 rpm for 22 min, and
filtered using 0.45 um filters {Thermo Scientific). The proteins were extracted from the
supernatant using a8 Galanthus wivalis lectin (GNL) column {Vector Labs). The bound
proteins were sluted with PBS containing 500 mM NaCl and 1 M methyl-o-D-
mannopyranoside and puwrified by size exclusion chromstography (SEC) on a Superdex
200 Increase 107300 GL column or 8 Superose & 16/300 GL column {GE Healthoare).
Protein concentrations were determined using UV e absorbance with theoretical
gxtinction coefficients, For gpl40-ferritin nanoparticles, Capto 700 Core cofumn (GE
Healtheare) and 2G12 affinity column® were used to improve particle purity.
[88132]  Blue Native (BN) PAGE. HIV-1 trimer-presenting nanoparticles were
analyzed by blue native polvacrylamide gol electrophoresis {BV-PAGE) and stained
using Coomassie blue. The protein samples were mixed with loading dve and loaded
oo 3 4-12% BisTris NuPAGE gel (Life Technologics), BN-PAGE gels were run for
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2 hours st 156 V using NativePAGE™ running buffer (Life Technologies) according to
the manufbciurer’s instructions.
{81331  Electron microscopy sample preparation and data processing. The purified
nanoparticles were analyzed by negative stain EM. A 3 gL aliquot containing ~0.01
mg/mL of the sample was applied for 15 s onio a carbon-coated 400 Cu mesh grid that
had been glow discharged a1 20 mA for 30 5, then negatively stained with 2% wranyl
formate for 455, Data were collected using & FEI Tecnal Spirit electron microscops
operating at 120 kV, with an electron dose of ~30 ¢/A% and & magnification of 52,000 x
that resulied in a pixel size of 2.05 A at the specimen plane. Images were acquired with
a Tietz 4k x 4k TemCam-F416 CMOS camers using a nominal defocus of 1800 i and
the Leginon package. The nanoparticles were picked automatically using Dot Picker
and put into a particle stack using the Appion software package. Reference-free, two-
dimensional (2D} class averages were caloolaled using pariicles binned via the iterative
msa‘mra Clustering 2D Alignment and IMAGIC sofiware systems and sorted into
classes,
[86134]  Binding Analysis by Enzyine-Linked Immunosorbend Assay {ELISA).
Costar ™ 96-well assay plates (Corning) were coated with V1V2 antigens overnight at
with 150 ! of blocking buffer (PBS with 5% w/v dry milk} per well for 1 hour at room
temperature (RT) followed by § times of washing in PBS + 0.05% Tween 20, 50 pl of
apex-directed bNADs in blocking buffer were added, with 2 maximum concentration of
2 pgfmi and a 5-fold dilution series, and incubated for T hour at RT. After washing §
times {n PBS + 0.05% Tween 20, the wells were incubated with 50 ul of Peroxidase-
AffiniPure Goat Anti-Human IgG antibody (Jackson ImmunoResearch Laboratories,
Ine) at 1:5000 in PBS + 0.05% Tween 20 per well for Th at RT, After washed 5 times in
PBS + 0.05% Tween 20, the wells were developed nsing TMB at RT for 5 min and the
reaction stopped with 2 N sulfuric acid. The readout was measured at a wavelength of
450 nm.
{88135} Binding Analysis by Biolayer Light Interferometry. The kinetics of HIV-1
antigen and nanoparticle binding 1o bNAbs and non-NAbs was messured using an Octet
Red96 instroment {(foriéBio, Pall Life Sciences). All assays were performed with
agitation set to 1000 rpm in fortéBIO 12 kinetic buffor. The final volume for all the
solutions was 200 pl/well. Assays were performed at 30°C in solid black 96-well plates
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{Geiger Bio-One). 3 ug/ml of protein in Ix kinetic hoffer was wsed to load an antihody
on the surtace of anti-human Fo Capture Biosensors {AHC) for 300s. A 60s blosensor
baseline step was applied prior 1o the analysis of the association of the antibody on the
biosensor to the Env {rimer in solution for 200s. A two-fold concentration gradient of
teating antigens was used in a titration series of six. The dissociation of the interaction
was followed for 300s. Correction of baseline drift was performed by subtracting the
averaged shift recorded for a sensor loaded with antibody but not incubated with trimer,
of a sensor without antibody but incubated with trimer. Octet data wers processed by
foriéBio’s data scquisition software v.8.1. Experimental data were fitted for VIV2
apex-directed bNAbs using 2 global fit 1:1 model to determine the Kp values and other

kinetic parameters.

Exsmple 13 Puther modification of the gpd ] dormain to fmprovs sy properiies

{88136]  We hypothesize that other regions within gp4l also contribute fo the HIV-1
Env metastability, in addition fo the N-terminal bend of the heptad region 1 (HR1),
which is the primary cause of metastability. This is the master hypothesis that can be
realized in two different implementations.
[88137]  In the first implementation, we hypothesize that the BGS50S gp4l domain
contalning 2 redesigned HR I Nsrminal bend and a cleavage-site Haker can be used to
replace the gp41 domain of diverse HIV-1 sirains or sublypes to render “chimerie”
gp140 rimers (termed “UFQ-BG™) with the same high yicld, purity, and stability as the
BGSOS UFG gpl40 trimer. Since the gpl2( domain encodes most of the Env epitopes
and thus defings the identity of an HIV-1 sirain or sublype, such a “chimeric” gpl40
trimer will be antigenically similar to the wild-type (WT) gpl4{ trimer but with
significantly improved yvield, purity, and stability. To validaie this hypothesis, we
selected 10 HEV-1 sirains of 5 diverse clades (&, B, €, B/C, and A/E), covering the
majority of the circulating HIV-1 isolates in different geographic regions around the
globe, These 10 HIV-1 strains include BGS0S {clade A, tier 2), Q842-d12 (clade A, ter
2}, 6240.08.TAS.4622 (clade B, ter ), HU7E.14 {clade B, tier 3}, Dul72.17 (clade C,
ter 23, 16055-2.3 (clade C, tier 2), CN34 (clade B*/C, tier unknown), CHI15.12 {clade
BY/C, tier 3), 95TNIHOZ2 (clade AVE, tier unknown), and 83JP NHI {clade AJE, tier
unknown), Indeed, the profiles obiained from size-exclusion chromstography (SEC) on
2 Superdex 200 16/600 Hi-Load column demonstrated exceptional purity for the UFQ-
59
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BQ trimers derived from diverss HIV-1 sirains. Using blo-layer interferometry (BLE),
we further measured the antigenic profiles for these 10 UFG-BG trimers against 2 panel
of 11 broadly newtrslizing antibodies (bNAbs) and 8 non-NAbs, showing broadly
similar patterns to the wild-type (WT) gpl40 rimers without swapping the gpd!
domain. Negative-stain EM analysis of 18 UFQ-BG trimers indicated that 80-106% of
the produced Env protein corresponds to native-like gpl40 trimers. Finally, a orystal
structure has been determined for the UPG-BG gpl40 trimer of a clade-B, tier-3 strain,
HO78.14, confirming the siructural integrity of such chimeric gp140 desipns,

[88138]  In the second implementation, we hypothesize that 8 “universal” {or
“consensus™} gpdl domain derived from the HIV-1 sequence database contalning a
redesigned HR1 N-terminal bend and a cleavage-site linker can be used to replace the
gp41 domain of diverse HIV-1 strains or subtypes to render “chimeric” gp140 trimers
{lexmed “UFQ-U™) with improved yield, purity, and antigenicity. Such universal (or
consensus) gp41 can be caloulated from the database of all HIV-1 sequence (UFO-
UALL), or from the database of HIV-1 sequences belonging to a specific HIV-]
subtype {for example, UFO-UA, -UR, -UC, -URC, and -UAE), These databases and
their use for oblaining “consensus™ sequences are well known in the art, See, e.g.,
Kothe ot al., Virol. 352:438-449, 2006; and Korber et al., Brit. Med, Bullet, §8:19-42,
2001, To demonstrate the effectiveness of this design strategy, we selected §
representative HIV-] siraing, each from s different ¢clade, to chamcterize the UFQ-
UALL trimers. Similar to the UFO-BG trimers, we observed improved SEC profiles
and BLY antibody binding profiles for the UFO-UALL trimers compared o the wild-
type {WT) gpl40 trimers withouwt swapping the gpd1 domain, Negative-stain EM
analysis of the selected UFO-UALL trimers indicated that 90-100% of the produced

Env protein corresponds to native-like gp140 trimers.

Example 16 DMoplaving UFQ soldd lmers on bacteriophege Qn virus-like pavticle

[B8139]  Bacteriophage Qg is an icosahedral vivus with a diameter of 25 nm that can
infect Escherichio coli (E. coli). The virus-like particle (VLP) derived from Qg bas been
used ag g muliivalent carrier to display foreign antigens in vaccine development against
influenza {(Phase 1}, allergic rhinitis and asthma (Phase I, NCT00890734), malignant
melanoma (Phase 1L, NCTO651703), Alzheimer’s disease (Phase [, NCTO197096),

hypertension (NCTO0500786), nicotine addiction (Phase 1§, NCT01280968), and type 1
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diabetes meliitus (Phase §, NCT{(0924105). Clinical gials have demonstrated its safety
and immunogenicity in humans. The Q VLF is made of 180 identical subunits and can
in principle display 60 HIV-1 gpd1 trimers. However, siructural modeling suggested
that there might not be enough space on the VLP surface to accommodate 60 gpl40
iriners. To reduce the surface density, we engineered the Qp VLP by covalently linking
two O subunits with a short glycine-serine {GS) linker. We further removed an inward-
facing glycosylation site that may affect the assembly of Qp YLP In mammalian cells. A
trimeric foldon of the T4 phagehead fibritin (FDB Identifiers: 4NCV, 4NCW, 4ANCU,
IRFO) was then included as 2 “neck” to conneet the UFO gpi40 and engineered Qg
subonit. The resulling construct, when expressed in mammalion cells, assembled into
stable VLPs displaying 30 UFO gpi40 trimers on each particle.

BEF
[88140]  The invention thus has been disclosed broadly and Hustrated in reference to
representative embodiments described above. X is understood that various
modifications can be made to the present invention without departing from the spirit
and scope thereof.
[00141] It is further noted that all publications, patents and patent applications cited
herein are hereby expressly incorporated by reference in their entirety and for all
parposes as if each is individually so denoted. Definitions that are contained in text
Incorporated by reference are excluded to the extent that they contradict definitions in

this disclosure.
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CLAIMS

1. A modified HIV-1 envelope gp140 protein, comprising a gp120 polypeptide
and a gp41 polypeptide, wherein amino acid residues 548-568 of the N-terminus of heptad 1
region (HR1) of the gp41 polypeptide is replaced with a loop sequence of 6 to 14 amino acid
residues in length that stabilizes the pre-fusion gp140 structure, wherein the numbering of the

amino acid residues corresponds to HxB2 nomenclature.

2. The modified HIV-1 gp140 protein of claim 1, wherein the gp41 polypeptide
is gp41kcro.

3. The modified HIV-1 gp140 protein of claim 1, wherein the gp120 and gp41
polypeptides are from different HIV-1 strains.

4. The modified HIV-1 gp140 protein of claim 1, which is derived from HIV-1
strain BG505.

5. The modified HIV-1 gp140 protein of claim 1, wherein the loop sequence
comprises (GS)n (SEQ ID NO:23), wherein n is any integer between 3 and 7, inclusive.

6. The modified HIV-1 gp140 protein of claim 1, wherein the loop sequence
comprises (GS)4 (SEQ ID NO:24).

7. The modified HIV-1 gp140 protein of claim 1, wherein the loop sequence

comprises 10 amino acid residues.

8. The modified HIV-1 gp140 protein of claim 7, wherein the loop sequence
comprises any one of SEQ ID NOs:1-5.

9. The modified HIV-1 gp140 protein of claim 1, wherein the loop sequence

comprises 8 amino acid residues.

10. The modified HIV-1 gp140 protein of claim 9, wherein the loop sequence
comprises any one of SEQ ID NOs:6-10.

11. The modified HIV-1 gp140 protein of claim 1, further comprising a flexible

linker sequence that substitutes for the cleavage site sequence between gp120 and gp41.
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12. The modified HIV-1 gp140 protein of claim 11, wherein the linker sequence
comprises (G4S)2 (SEQ ID NO:22) or SGS and substitutes for residues 508-511 at the cleavage

site.

13. The modified HIV-1 gp140 protein of claim 11, wherein the linker sequence
comprises 8 amino acid residues and substitutes for residues 501-518 at the cleavage site, and
wherein numbering of the amino acid residues corresponds to that of HIV-1 strain BG505.

SOSIP.664 gp140.

14. The modified HIV-1 gp140 protein of claim 13, wherein the linker sequence
comprises the sequence shown in any one of SEQ ID NOs:16-20.

15. The modified HIV-1 gp140 protein of claim 1, further comprising an
engineered disulfide bond between gp120 and gp41.

16. The modified HIV-1 gp140 protein of claim 15, wherein the engineered
disulfide bond is between residues A501C and T605C.

17. The modified HIV-1 gp140 protein of claim 1, comprising a gp140 trimer
with each monomer comprising a gp120 polypeptide and a gp41ecto polypeptide, wherein the
gp41ecto polypeptide is derived from HIV-1 strain BG505, and wherein the N-terminus of
heptad 1 region (HR1) (SEQ ID NO:28) in the gp41kcto polypeptide is replaced with a loop
sequence shown in SEQ ID NO:6.

18. The modified HIV-1 gp140 protein of claim 17, further comprising (a) a
linker sequence (G4S)2 (SEQ ID NO:22) that substitutes for residues 508-511 at the cleavage site,
and (b) an engineered disulfide bond between residues AS01C and T605C.

19. A HIV-1 vaccine composition, comprising an HIV-1 Env-derived trimer
immunogen presented on a self-assembling nanoparticle or a virus-like particle (VLP), wherein

the HIV-1 Env-derived trimer immunogen is a modified gp140 protein of claim 1.

20. The HIV-1 vaccine composition of claim 19, wherein the nanoparticle

platform comprises dihydrolipoyl acyltransferase (E2P), ferritin, or lumazine synthase (LS).
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21. A pharmaceutical composition comprising a therapeutically effective amount
of the HIV-1 vaccine composition of claim 19 for the treatment or prevention of HIV-1 infection

in the subject.

22. Use of the modified HIV-1 envelope gp140 protein of claim 1 in the manufacture

of a medicament for use in the treatment or prevention of HIV-1 infection.
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