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COMPOSITIONS AND METHODS RELATED TO HIV-I IMMINGGENS

CROBS-REFERENCE TO RELATED APPLICATIONS
fBoe] The subject patent application claims the benefit of priority to U.S.
Provisional Patent Application Numbers 62/330,604 {filed May 2, 2016). The full
disclosure of the priority application is incorporated hersin by reference in its entirety

and for all purposes.

STATEMENT OF GOVERNMENT SUPPORT
[88a2] This invention was made with government support under AI100663 and
ATD84817T awarded by the National Instituies of Health, The government has ceriain

rights in the invention.

BACKGROUND OF THE INVENTION
[B803] Human imwnunodeficiency virss type 1 (HIV-1} is the primary cause of the
acquired immune deficiency syndrome (AIDS) which is regarded ss one of the world's
major health problems. It is an RNA virus of the family Retroviridae. The HIV-1
genome gncodes at least nine proteing which are divided into three classes: the major
siructural profeins Gag, Pol and Eov, the regulatory proteins Tat and Rev, and the
accessory proteins Vpu, Vor, Vifand Nef. BIV-1 can be divided into several different
clades, for example A, B, C, L E, F, G, H, J and X, which vary in prevalence
throughout the world, Each clade comprises different straing of HIV-1 which have been
grouped together on the basis of their genstic similarity.
{8004} The initial phase of the HIV-1 rephicative cyele involves the attachment of
the virns to suseeptible host cells followed by fusion of viral and celiular membranes,
These events are mediated by the exterior viral envelope glycoproteing which are first
synthesized as a fusion-incompetent precursor envelope ghycoprotein (Bav) known as
gpi68, The genetic diversity of HIV-1 renders extremely difficult for the development
of an sffective vaccine against straing from multiple HIV-1 clades. Tremendous efforis
have boen expended in the past two decades to 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 testing.

jaansl The gencration of an antibody response capable of newralizing 4 broad
range of clinical isclates romains & major challenge in human immonodeficiency virus
type 1 (HIV-1} vaccine development. There is s strong and wgent need for s vaccine
that that is safe and efficacious arovnd the world. The present invention addresses this

and other ynmet needs in the art,

SUMMARY OF THE INVENTION
{8806} In one aspect, the invention provides modified HIV-1 snvelope gpl40
proteins. The proteins are composed of a gp1 20 polypeptide and s gp4! polypeptide,
with the N-terminus of heptad 1 region (HR1) of the gpdl polypeptide being replaced
by 3 loop sequence of about & to about 14 amino acid residues in length that stabilizes
the pre-fusion gpl40 structure.  In some of these proteins, the gpd1 polyvpeptide is
gpdlecrg. Proferably, the modified HIV-1 gpl40 protein is a wimer. In some
embodiments, the gp120 polypeptide and the gpdl polvpeptide are derived from the
same BIV-1 strain or subtype. For exsmple, both the gpl20 polypeptide and the gpdl
polypeptide in the modified HIV-1 gpl40 protein can be derived from HIV-1 sirain
BG30S, In some embodiments, the gpl20 polypeptide and the gp4 1 polypeptide are
derived from different HIV-1 straing or subtypes. For example, an engineered gpd!l
polypeptide from IV-1 strain BGS0S as exemplified herein can be used to form
chimeric gpl40 immunogens with a gp120 polypeptide derived from many other HIV-
strains or subtypes.
{9087} In some modified HIV-1 envelope gpl40 proteins of the invention, the loop
sequence contains {GSn (SEQ ID NG:23), with n being any integer between 3 and 7,
inclusive. In some of these embodiments, the loop sequence is (GS): (SEQ IDND24),
Irs some embodiments, the loop sequence s obtained via rations! redesign. In some of
these smbodiments, the loop sequence 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
NGs:1-5, In some other modified HIV-1 ppl140 proteins, the loop sequence contains §
aming acid residues. Some gxamples of these loop sequences are shown in SEQ D

NQOs:6-10.
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[80a8] In some embodiments, the modified HIV-1 gpl4{ proteins of the invention
further contain 2 flexible linker sequence that substinges fir the cleavage siie sequence
between gpl20 and gp4l. In some of these embodiments, the linker sequence has s
sequence of {81 (SEC I NO22Y or SGS, which substitutes for residues 508-511 at
the clegvage site. In some other embodiments, the Hnker sequence contains 8 amino
acid residues and substituies for residues 501-318 at the cleavage site. In these
cibodiments, numbering of the aming actd residucs corresponds to that of HIV-1 sirain
BGSG3, SOSIP.664 gpl4l In some exemplified proteing, the Hnker sequence containg
the sequence shown i any one of SEQ ID NQe: 16-20.

{0004} In some embodiments, the modified HIV-1 gp140 proteins of the nvention
further contains {a) an enginesred disulfide bond between gpi20 and gpdd andfor (b a
stabifizing mutation in gpdl. In some of these embodiments, the enginesred disulfide
bond is between residues AS81C and TS03C, and the stabilizing mutstion 15 13598,
[8810] Scme modified HIV-1 gpl48 proteins of the invention contain a gpl40
frimer derived from HIV-1 strain BGS0S, with each gpl40 monomer containing a
0120 polypeptide and a gpdipero polypeptide, and the N-terminus of heptad | region
{HR1) {§FQ I3 N(R28) in gpd lncro polvpeptide being replaced with a loop sequence
shown in SEQ ID NO:6. In some of these embodiments, the protein additionally
contains {7} a Honker sequence {Ga8) (SEQ 1D NO22) that substitutes for residues 508-
511 at the cleavage site, and (b} an enginecred disulfide bond between residuss ASGIC
and T&O5C.

jonii} In another aspect, the invention provides HIV-1 vaceine immunogens that
comain a modified timeric HIV-1 envelope gpl40 protein, In these inununogens, the
gp 140 protein containg & gpl20 polypeptide and a gp4iscre polypeptide, with the N-
terminus of heptad 1 region (HR1} of the gpdlscro polypeptide being replaced with a
loop sequence of about § to about 14 amine acid residues that stabilizes the pre-fusion
gpldl 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
embodiments, the loop sequence has a seqoence of {G8) (SEQ 1D NO:24). In some
embaodiments, the loop sequence is obtained via rational redesign, ¢.g., by ensemble-
based protein design. In some embodiments, the loop sequence contains 10 amino acid

regidues, o.g., any sequence as shown in SEQ D NGs:1-5. In some other

PCT/US2017/030375



L)

i0

WO 2017/192434

embodiments, the loop sequence contains § amino acid residues, £.g., 8 sequence as
shown in any one of SEQ 1D MNOs:6-10.

{08013} Some HIV-1 vaccine immunogens of the invention additionally contain a
flexible linker sequence that substitutes for the cleavage site sequence between gpl2{
and gpdlizero. In some of thess embodiments, the linker sequense contains (GyShor
SG8, and substitutes for residues 508-311 at the cleavage site. In some embodiments,
ihe linker sequence contains 8 amino acid residues and substitutes for residues 501-518
at the cleavage site. In these embodiments, numbering of the amino acid residues
corresponds to that of HIV-1 strain BGS03, SO8IP.664 gpi40. In sowe embodiments,
the linker seguence contains g sequence as shown in any one of SEQ 1D NOs: 16-26,
(8613} Some HIV-1 vaceine immunogens of the invention additionally contain an
engineered disulfide bond between gp120 and gp41. In some of these embodiments,
the engineered disuifide bond is between residues AS01C and T605C. Some of the
HiY-1 vaccine imonunogens contain g gpld0 trimer derived from HIV-1 strain BG30S,
with each gp140 monomer containing a gpl20 polypeptide and a gpd ixcro polypeptide,
and with the N-terminus of heptad 1 region (HR1} (SEQ D NO:28) in gpe 15
polypeptide being replaced with a loop sequence shown in SEQ D NO:8. In some
embodiments, the modified HIV-1 gp149 protein further contains {a) a linker sequence
{GyS ) (SEQ ID NO:22) that substitutes for residucs 508-511 af the cleavage site, and
(b} an engineered disulfide bond between residues AS01C and TEOSC.

[8d14] In another aspect, the invention provides HIV-~1 vaccine compositions that
contain an HIV-1 Env-derived trimer immunogen presented on a self-assembling
nanoparticle or a virus-like particle (VLP), In some of these embodiments, the HIV-1
Env-derived trimer immunogen is VIVZ, gpl20 or gp140. In some embodiments, the
HIV-1 Eav-derived trimer immunogen is 8 medified gp140 protein that contsins a
£p120 polypeptide and a gpé roro polypeptide that has the Neterminus of heptad 1
region (HR1) of the gpd1lpero polypeptide being replaced with a loop sequence of about
6 to about 14 amino acid residues that stabilizes the pre-fusion gp140 structure.

jB815] In some embodiments, the loop sequence contains {8} a sequence of (GS)n
{SE( I NO:23), with n being any intoger 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
platformn. fn various embodiments, the nanoparticle platform contains a trimeric
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sequence. In some of these embodiments, the nanoparticle platform is dibvdrolipoyt
scyltransferase (E2F), forritin, or hemazing synthase (L8). 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 1o 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 gpl48 protein
sequence is fused to the N-ferminus of the subunit of the nanoparticle platform
sequence.  In some embodiments, the nanoparticie platform containg g self~assembling
nanoparticke with a dlameter of sbout 20nm or less that is assembled from 12 or 24
subunits, Some HIV-1 vaccine compositions of the invention can further contain an
adiuvant,

{8015} In some HIV-1 vaccine compositions of the invention, the gpl40 trimer is
derived from HIV-1 strain BGS0S, with a loop sequence as shown in SBQ 1D NOé.
Some of the compositions further containg (a) 2 linker sequence (GSR {SEQ 1D
N(:22) that substitutes for residues 508-311 ai the cleavage site, and {(b) an engineered
disulfide bond between residues AS01C and T603C.

80171 In siill another aspect, the invention provides methods of preventing HIV-1
infection in a subject. These methods entail administering to the subject a
therapeutically effective amount of the HIV-1 immunogen or vaccine composition
described herein. The administration of the immunoges resuls in prevention of HIV-1
infection in the subject. In a related aspect, the invention provides methods of treating
HIV.] infection or eliclling an immune response against HIV-1 in a2 subject. Thess
methods fnvolve administering to the subject a pharmaceutical composition that
contains a therapeutically effective amount of the HIV-1 immunogen or vaceine
described horein,

{818} 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 DRAWINGS
{8419 Figure 1 illustrates computational redesign of HR1 N-terminus and
cleavage site, (8} Atomic model and molecular surface of BGS0S SOSIP.664 trimer
{(PUIB I 4TV P) with gpl20 and two regions of gpdleoro (rosidues 518-547 and 56%
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664} within one gpl40 protomer eolored in blue, orangs, and red, respectively, A
zoomed-in view of the gpl40 structure surrounding the HR1 N-terminus (residues 548-
368) and the cleavage site-containing region {residues 505-518) is shown on the right
with the structural gaps conneeted by black dotted Haes. (b} Schematic presentation of
the HR1 redesign. (c} Computations! procedure for ensemble-based de movo protein
design of the HR I region (residuss 548-568). After local backbone sarapling in torsion
space (step 1) and exhaustive search in sequence-structure space {step 2), the designed
seguences #1-3 (SEQ ID NOs:11-15, respectively) are ranked by energy {step 3) prior
to manual selection of candidates for experimental validation,

HU Figure 2 cshows design and validation of a generic HRI loop sequence
{linker}, (38} (SEQ D NG:24), to stabilize Env trimer, (3} Schomatic representation
of a generic HR1 linker (HR1-G) design. (b)) SEC profiles of SOSIP and HRI-G trimers
from 8 Superdex 200 10/300 column for clade-A BGS0S (top, left), clade-B JRFL (top,
right), clade-C DRU172.17 (middle, two HRI redesigns obtained from cnsensbie-based
de novo protein design included on the right), end BY/C recombinant steain CHI15.12
(bottom, CSF-808 included on the right), The UV value of the trimer peak and the
ratios of UV values for aggregate pesk (at & mL) and dimer/monomer peak (at 12 mL}
refative to the trimer peak (at 10.5 mL) ave labeled,

f0021) Figure 3 shows snsemble-based protein design of the HRI reglon with loop
lengths of § and 10 residues. (a) Conformational ensembles of 8- (lef) and 10-residus
{right} HR1 loops colored in green with gp120 and two gpélscro regions (318547 and
368-664) within one gpl40 protomer colored in blue, orange, and red, respectively. (b)
Cex root-mean-square (RMS) fluctuation of 8- (upper panel} and 10-residue (lower
panel} redesigned HR1I loops. (¢} Correlation between RAPDIF score and Ce root=
mean-square (RMS) fluctuation detormined for & (Jeft) and 10-residue (right)
redesigned HR1 loops. () § top-ranking sequences manually selected for 8-residue
HR1 redesign {left; SEQ ID NOw:6-10, respectively) and 10-residue HR1 redesign
{right; SEQ 1D NQOs:1-5, respectively) between residues G547 and TS69. HRI
sequence encompassing its N-terminus (SEQ ID NO:2T), including residues 548-568
{SEQ ID NG:28) being replaced by the loop sequences, Is shown above these top
ranking loop sequences, 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 olesvage site-
containing region (500-519} and blochemioal charactorization of top 3 designs. {8}
Conformationsl ensemble of &-residus loops connecting BR300 and F319 (left), Co
RMEF distribution of 8-residue loops {upper right), and correlation between RAPDF
score and Co RMSF {lower right}. {b) 5 top-ranking 8-residue C8T designs (SEQ ID
NOs:16-20, respectively} are shown below the cleavage site-containing sequence (SEQ
I3 RG:21) The reglon in W SOBIP 664 that was subjected to computational design is
highlighted in yellow. (&) BN-PAGE of five 293 Feexpressed, GNL-purified cleavage
site truncated (C8T) BGAOS constructs, C8T1-5, after SEC on a Superdex 200 10/300
cohumn. For gach trirmer constroct, the range of SEC fractions is labeled. For C8T 1,

wimer, dimer, menomer, and an unknown Env form are labeled on the BN gel.

DETAILED DESCRIPTION
|8 Chverview
{88231 The goal of vaccine development for human immunocdeficiency virus type-
| (HIV-1) is to inducs protective or therapoutic broadly noutralizing antibody (BNAD)
responses by vaccination. All bNAbs identified thus far target the envelope
giveoprotein (Env) trimer on the sorface of HIV-1 virions. The precursor Env protein,
gplod, is trafficked from the endoplasmic reticulum (ER} o the Golgi and cleaved by
cellular proteases of the furin family into its mature form. The cleaved Env trimer
engages host recepiors to mediate vira] entry and is the primary target of humoral
immune responscs. Functional Env I8 a trimer of heterodimers, each containing a
receptor-binding protein, gp120, and a transmembrane protein, gp41, which are held
together by non-covalent interactions. This mature form of Env is metastable as it is
poised to undergo dramatic and irreversible conformational changes upon binding 1o
host receptor and co-recepior to mediate mombrane fusion. Env metastability also
facilitates immune evasion by causing gpl20 shedding and generating a diverse
assortment of native, more open and non-native conformations.
[8024] Various strategies have been proposed in atiempts to overcome Env
metastabilify, and to create stable, homogeneous gpl40 rimers for structural and
vaceing studies. For example, development of the BGS05 SOSIP.664 gpl40 trimer
{Sanders et al., FLoS Pathog. %{9):c 1003618, 2013} has faciiitated high-reschution
structural analyses, provided a rational basis for trimer-based vaccine design, allowed
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expansion of the SCRIP dosign 1o other HIV-1 strains and incorporation of sew
stabilizing mutations, and removal of furin dependency by cleavage site modification.
However, a premium is placed on trimer purification in order o minimize unwanted
Env forms and misfolded trimers. Complex methods such as BNAD affinity purification,
negative selection, and multi-cyele SEC have been developed for rimer purification,
which can certainly be adapted for industrial scale production but will likely require
special considerations. It is plausible that trimer impurity and general protein
production inefficiency are linked to the fundamental causes of metastability that have
not been completely solved by previous HIV-1 trimer designs.
8635} The present invention is predicated in part on the present inventors’
development of computationalfy redesigned HIV-1 Env trimer molecules as vaccing
immuncgens. As detailed in the Examples below, the inventors investigated the
primary causes of HIV-1 rimer metastability and explored alternative trimer designs.
The inventors hypothesized that the disorder observed st the HRI Neterminus {residues
548-568) is indicative of metastability that could potentially be minimized by protein
engineering. The inventors redesigned a largely disordered bend in heptad region 1
{HR 1) that connects the long, central HR1 helix to the fusion peptide region,
substaniiafly improving the yield of well-folded trimers, Additionally the cleavage site
botween gpl20 and gpd! was replaced with various linkers in the context of the HRI
redesign, Specifically, the inventors tosted 10 BGS0S trimers with the N-terminus
region of HR1 redesigned compuiationally. These constructs showed substantially
bigher trimer vicld and purity, with SOSIP-like properties demonstrated by crystal
siructures, EM, and antibody binding. The inventors then examined the structural and
antigenic effect of replacing the furin cleavage site between gpl20 and gpdl with a
linker in the context of a selected HRI redesign. These studics sncovered the sensitivity
of gpi4d folding to modification of this proteolytic site, with a fusion intermediste siate
observed for trimers with short linkers lacking the SO8 mutation. By contrast, the
HR 1-redesigned trimers with a long linker, termed uncleaved pre-fusion-optimized
{UFQ) trimers, adopied a native-Hke conformation that resembled many salient features
of the SORIP trimer. Additionally, the inventors demonstrated the wtility of a generie
HRI linker in {rimer stabilization for diverse strains of BIV-1. Further studies
undertaken by the {nventors showed that the engineered gpd ] domaing described herein
can be used to pair with a gpl20 polypeptide from many different HIV-1 sirains or
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subtypes t form “chimerie” gpl40 wimers, e.g., “UF(R-BG” or “UFG-11 as
exemplified berein. Together, these studies demonstrated s general approach for
stabilization of Env trimers from diverse HIV-1 strains.

[6036] Other than the gpi40-derived soluble trimer immunogens with modified
HR1I region, the inventors further investigated the display of trimeric HIV-1 antigens on
nanoparticles with an In-depth structural and antigenic characierization. The inventors
hypothesized that the trimeric Env antigens, such as VIV2 and gp120, can be presented
in native-fike conformations arcund the threefold axes on the swrface 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 assembled 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 repest | (HR1) bend that showed substantial improvement in trimer purity, To
facilitate this analysis, the inventors designed three gpl40-ferritin constructs containing
different linkers, with gp41 truncated at either position 664 or 681, While all gp140-
ferritin nanoparticles bound to the apex-directed bNAbs with sub-picomolar affinities,
the MPER-containing gpl40 nanoparticle could also be recognized by MPER-specific
bNAR 4E10. In addition to ferritin, the inventors also examined the utility of a large,
60-meric E2p nanoparticle to present gpl20 and gpl40 trimers, As demonstrated herein,
the gp140-E2p nanoparticle carrying 20 well-folded trimers demonstrated officient
particle assembly and desived antigenicity.

{8027} In accordance with these exemplified studies, the invention provides
varicus HIV-1 vaceine immunogens and their clinical applications. Some HIV-1
vaccing immunogens of the invention are soluble gpl40-derived protein that harbors s
modified N-terminus of the HRI region in gpd1 as disclosed herein, Some HIV-1
immunogens of the invention contain an HIV-1 Env-derived trimer protein that is
presented on a nanoparticle platform. Therapeutic and preventive uses of the HIV-1
vaccing compositions of the invention are also provided in the invention.

{8¢28] Unless otherwise specified herein, the vaccine nmunogens of the
invention, the encoding polynucleotides, expression vectors and host cells, as well as
the related therapeutic applications, can sll be generated or performed in accordance
with the procedures exemplificd herein or routinely practiced methods well known in
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the art. See, e.g., Methods in Enzymology, Volume 289: Solid-Phase Peptide
Synthesis, J. N. Abelson, M. L Simon, G. B. Fields (Editors), Academic Press; 1st
edition {1997} (ISBN-13: 978-0121821906); U.S. Pat. Nos. 4,965,343, and 3,849,954,
Sambrook ef al,, Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Press,
N.Y., (3“1 ed., 2000); Brent ot al,, Current Protocols in Molecular Biology, John 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, 8, L. Berger and A. R. Kimmer}
Eds., Academic Press Inc., San Diego, USA (1987); Current Protocols in Protein
Science (CPPS) {John E. Coligan, ¢t. al., ed., John Wiley and Sons, Inc.}, Current
Protocols in Cell Biology (CPCB) (Juan S, Bonifacine ¢t. al. ed,, John Wiley and Sons,
inc.}, and Culture of Animal Cells: A Manual of Basic Technique by R. Tan Freshney,
Publisher: Wiley-Liss; Sth edition (2005}, Animal Cell Culture Methods (Methods in
Cell Biology, Vol 57, Jennie P, Mather and David Barnes editors, Academic Press, Ist
edition, 1998). The following sections provide additional guidance for practicing the

compositions and methods of the present invention.

i

[6829] Unless defined otherwise, all technical and scientific terms used herein

have the same meaning as conunonly undersicod by those of ardinary 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 Molecular Biology, Smith et al. (Eds.), Oxford
University Press (revised ed., 2000); Zncyclopaedic Dictionary of Chemistry, Kumar
(Ed.}, Anmol Publications Pvt. Ltd. (2002); Dictionary of Microbivlogy and Molecular
Biolagy, Singleton et al. (Bds.}, John Wiley & Sons (3” ed., 2002); Dictionary of
Chemistry, Hunt (Ed.), Routledge (1% ed., 1999); Dictionary of Pharmaceuticnl
Medicine, Nahler (E4.), Springer-Verlag Telos (1994); Dictionary of Organic
Chemistry, Kumar and Anandand (Eds.), Anmol Publications Pvi. Ltd. (2002}; and 4
Dictionary of Biology (Oxford Paperback Reference), Martin and Hine (Bds.}, Oxford
University Press (4™ ed., 2000). Purther clarifications of some of these terms as they
apply specifically to this invention are provided herein.
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603 As ysed herein, the singular forms "a," "an," and “the,” refer (o both the
singular as well as plural, uniess the context clearly indicates otherwise. For example,
“an Env-derived trimer” can refor (o both single or plural Env-devived trimer molecules,
and can be considered equivalent to the phrase "at least one Bnv-derived trimer.”

f8a3yy As used herein, the terms "antigen” or "immuncgen” are used
inerchangeably to refer to a substance, typically a protein, which is capable of inducing
an immune response in a subject. The term also refers (o proteins that ace
immunclogically active in the sense that once administered to a subject {either directly
or by administering to the subject 8 nuclootide sequence or vector that encodes the
protein) is able to evoke an immune response of the humoral and/or cellular type
directed against that protein.

{0032} Conservative amino acid substitutions providing functionally similar amino
acids are well known in the art. The following six groups esch contain amino acids that
are conservative substitutions for one another: 1) Alanine (A), Serine (8}, Threonine {T);
2} Aspartic acid (I, Ghutamie acid (E}; 3} Asparagine (N), Glutamins (Q}; Arginine
{R}, Lysine (K}; 5} Isoleucine (I}, Leucing (L), Methionine (M), Valine (V) and 8)
Phenylalanine (F), Tyrosine (Y), Tryptophan (W), Not all residue positions within s
protein will tolerate an otherwise "conservative™ substitution. For instance, if an aming
acid residue s essential for a fanction of the protein, oven an otherwise conservative
substitution may distupt that activity, for example the specific binding of an antibody to
a target epiiope may be disrupted by a conservative mutation in the target epitope.
833 Epitope refors to an antigenic determinant, These are particular chemicsl
groups or peptide sequences on a molecule that are antigenie, such that they elicita
specific immune response, for example, an epitope is the region of an antigen to which
B andfor T cells respond. Epitopes can be formed both from contiguous amino acids or
noncontiguous smine acids fuxtaposed by tertiary folding of a protein,

{8834} Effective amount of a vaccine or other agent that is sufficient to generste 3
desired response, such as reduce or climinate a sign or symptom of a condition or
disease, such as AIDS. For instance, this can be the amount necessary {o jnhibit viral
replication or {o 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 amount will
be sufficient to measorably inhibit virus (for example, HIV) replication or infectivity,
When adrinistered to 2 subject, a dosage will generally be used that will achieve target
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tissue concentrations (for example, in lymphoeyiss) that has been shown 1o achieve In
vitro inhibition of viral replication. o some sxamples, an "effective smount” is one that
trogts {ncluding prophylaxis) one or more symptoms gnd/or underlying causes of awy
of a disorder or disease, for example to reat HIY. In one example, an effective 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 disease or condition from
developing, such 85 one or more signs or symploms associated with AHDS,

[8a35 Ferritin is a globular protein found in all animals, bacteria, and plants. It
acts primarily to control the rate and location of polvauciear Fe(lIThO: formation
throngh the transportation of hydrated ron lons and protons to and from a mineralized
core. The globular form of forritin is made up of monomeric subunit proteins {also
referred o as monomeric ferritin subunits), which are polypeptides having a molecule
weight of approximately 17-20 ks,

jBi36] As used herein, a fusion protein is 8 regombinani protein confaining amino
acid sequence from at least two unrelated proteins that have been joined together, via a
peptide bond, to make 3 single protein, The unrelated amino acid sequences can be
Joined directly to sach other or they can be joined using a linker ssquence. As used
herein, profeins are unrelated, if thelr amino acld sequences sre not normally found
joined together via a peptide bond in thelr natural environment{s) {e.g., inside a cell),
For example, the aming acid sequences of monomeric subunits that make up ferritin,
and the amino acid sequences of HIV-1 gpl20 or gpd! glycoproteins are not normally
found joined together via a peptide bond.

(88371 HIV-1 envelops protein (Env) is initially synthesized as a longer precursor
protein of 845-870 amino acids in size, designated gpi6d. gpi6d forms a homotrimer
and undergoes glycosylation within the Golgi apparatus. In vive, gpish glveoprotein is
endo-proteciytically processed to the mature envelope ghycoproteins gpl20 and gpél,
which are noncovalently associated with each other in 8 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 CXCR4. The gp4l protein spans the viral
membrane and contains at its smino-terminus 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 structurs compased of three gpll20
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and thres gpd] subunits. The receptor-binding (U1 and co-receptor) sites are located
in the gp120 moleties, whereas the fusion peptides are located in the gpd] components.
Exemplary sequence of wildtype gpl60 polypeptides are shown in GenBank, ¢.3.,
under govession numbers AABOSEN and AATZ 142,
6838] gp 140 refers to an oligomeric form of HIV envelope protein, which
contains all of gpiZ{ and the entire gpd1 ectodomain.
{835} gpl12 is an envelope protein of the Human Immunedeficiency Vires (HEV).
£p120 contains most of the externgl, surface-exposed, domains of the HIV eavelope
glycoprotein complex, and it is gp120 which binds both to celiular CD4 receptors and
to cellular chemokine receptors {such as CCRS). The mature gp120 wildtype
polypeptides have about 300 amino acids in the primary sequence. Gpi20 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-
Vi) In bs tertiary structure, the gpl20 glycoprotein is comprised of three major
structural domains {the outer domain, the inner domain, and the bridging sheet) plus the
variable Ioops. See, e.g., Wyalt et al, Natre 393, 705-711, 1998; and Kwong st al,,
Natare 393, 649-39, 1998, The inner domain is believed to interact with the gpél
envelope glycoprotein, while the outer domain is exposed on the assembled envelope
glycoprotein trimer.
BG4 Variable region 1 and Variable Region 2 (VI/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 ons in ten residues of the VI/V2 domain are
Neglyeosviated.
{8043} gpd1 is 2 proteolyiic product of the precursor HIV envelope protein. Xt
contains an N-terminal fusion peptide (FP), 2 transmembrane domain, as well as an
ectodomain that Hoks the fusion peptide and a transmembrane domain. gpdl remains in
a trimeric configuration and interacts with gpi20 in a non-covalent manner. The amino
acid sequence of an exemplary gpd1 is set forth in GenBank, under Accession No,
CATRONTS,
(80423 BGS0S SO8IP.064 gp140 is a HIV-1 Env inwnunogen developed with the
gpi40 trimer from clade-A strain BG303, It contains a covalent linkage between the
cleaved gp128 and gpdiscre with an engineered disulfide bond (termed S08). In
addition, it has an I359P mutation (fermed [P} to destabilize the gpd! posi-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-1 mmunogen has an outstanding
antigenic profile and excellent structural mimicry of the native spike. Using the SOSIP
trimer 83 8 sorting probe, new BNAbs have been identified and characterized. The
SOSHP design has also been extended to other HIV-1 sirains and permitied the
incorporation of additional stabiliziog mulations. Recently, immunogenicity of SOSIP
trimers in rabbits and nonhuman primates was reported, paving the way for human
vacoine trials,

[8043] HXB2? numbering systom is 2 reforonce numbering system for HIV protein
and nucleic acid sequences, using HIV-1 HXB2 strain sequences as 8 reference for alf
other HEV strain sequences, The person of ordinary skill in the srt is fmilisr with the
HXB2 nombering system, and this system is set forth in "Nombering Positions in HIV
Relative to HXBICG,” Bette Korber et al., Human Retroviruses and ATDS 1998 A
Compilation and Analysis of Nuclele Acid and Amine Acid Sequences. Korber B,
Kuiken C L, Foley B, Haba B, McCutchan F, Melfors J W, and Sodroski J, Eds.
Theoretical Biclogy and Biophysics Gronp, Los Alamos National Laboratory, Los
Alamos, N. Meax.

{8844} immunoegen is a protein or a portion thersof that is capable of inducing an
immune response in 4 mammal, such a3 8 marmmal infected or at risk of infection with a
pathogen. Administration of an Immunogen can load o protective immunity and/or
proactive inmonity against a pathogen of bterest,

{80451 Immonogenie surface i 8 surface of a molecule, for example s profein such
as gpi20, capable of cliciting an opune response. An Immunogenic surface ncludes
the defining features of that surface, for example the three-dimensional shape and the
surface charge. Inn some examples, an innmunogenic surface is defined by the amine
acids on the surface of 3 protein or peptide that are in contact with an amibody, such as
a nentralizing antibody, when the protein and the antibody are bownd together. A targst
epitope includes an immunogenic surface. Tmmunogenic surface is synonymous with
antigenic surface.

Y {mmune response refors to 3 response of a ooll of the immune gysiem, such
as a B cell, T cell, or monocyte, to a stimulus. In some embodiment, the response is
speeifie for a particolar antigen {an "antigen-specific response™. In some smbodiments,
an imune response s 2 T cell response, such as s O responss or 8 CDE+ vesponse,
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I some other embodiments, the response Is a B cell response, and vesults in the
production of specific antibodies.

(68477 Imwnunogenic composition refers 10 8 composition comprising an
immumnogenic polypeptide that induces 8 measurable CTL response against virus
e¥pressing the mmunogenic polypeptids, or induces & measurable B coll response
{such as production of sntibodies) against the immunogenic polvpeptide.

{68481 Sequence identity or similarity between two or more nucleic acid sequences,
or two or more amino acid 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 idontical the sequences are. Bomologs or
orthologs of nucleic acid or amino acid sequences possess a relatively high degree of
sequence identity/similarity when aligned using standard methods, Methods of
alignment of sequences for comparison are well known in the art. Various programs
and alignment algorithms ave deseribed in: Smith & Waterman, Adv. Appl. Math, 2:482,
1981; Needieman & Wusnsch, 1. Mol. Biol. 48:443, 1970; Pearson & Lipman, Proc.
Natl. Acad. Sci. 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 ot al. Computer Appls. in the Biosciences §, 155-65, 1992; and Pearson of
al., Meth. Mol. Bio. 24:307-31, 1994, Alischul et al, 1. Mol. Biol. 215:403-10, 19940,
presents a detailed consideration of sequence alignment methods and homelogy
calculations.

[849] Rotational symmetry, also known in biological contexts as radial symmetry,
refers to the property of an object that looks the same after a certain amount of rotation.
An object may have mors than one rotational symmetry; for instance, if reflections or
furning 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 a different side or vertex. It cannot be the
same side or vertex. Rotational symmetry of order n, alse called n-fold rotational
symmetry, 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 described herein) means that rotation by
an angle of 360%n {180°, 120°, 90°, 72°, 60°, 51 37°, ¢tc.) does not change the ohject,
(0050} Bacteriophage Qg (s or a5 denoted herein) is an icosahedrs] virus with a
diameter of 25 nm. His host Is Escherichia coll. Qg onters its host cell through the side of
the F pilus, The genome of Qp is 4217 nuclectides long. The genome has three open
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reading frames snd encodes four proteing: Al AZ, OF and off replicase, See, e.g., van
Ihn ot al., "Single-stranded RNA phages. Chapter 153", In Calendar, B. L. The
Bacteriophages (Second ed., 2006}, Oxford University Press. pp. 175196, The genome
of Qg Is highly struchured, which regulates gene cxpression and prodects the genome
from host RNases,

[B0s1E} The term "subject” refers to any animal classified 45 2 mammal, ¢.g., human
and non-human mammals. Examples of non-human animals include dogs, cats, cattle,
horses, shesp, pigs, goats, rabbils, and ete. Unless otherwise noted, the terms “natient”
or “subject” are used herein imerchangeably. Preferably, the subject is human,

[B0S2} The term “freating” or “alleviating” includes the adminisiration of
compounds or agents 1o a subject to prevent or delay the onset of the syraptoms,
camplications, or biochemical indicia of g disease {e.g., an HIV infection), alleviating
the symploms or arresting or inhibiting fusther development of the disease, condition,
or disorder. Subjects in need of treatment include those already suffering from the
disease or disorder as well as those being at risk of developing the disorder. Treatment
may be prophylactic (o prevent or delay the onset of the disease, or to prevent the
manifestation of clinical or subelinical symptoms thereof} or therapeutic suppression or
alleviation of symptoms afier the manifesiation of the disease.

[LEERRY ¥acoine refers to a pharmacentical composition that elicits & prophyiactic
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 to a celiular
constituent correlated with a pathological condition. A vaccine may include a
polynucleotide (such as a nucleic acid encoding a disclosed antigen), a peptide or
polypeptide {such as a disclosed antigen), a virus, a cell or one or move cellular
constituenis.

{8034} Virus-like particle (VLP) refers to 8 non-replicating, viral shell, derived
from any of several viruses, VLPs are generally composed of ong or mors viral proteins,
such as, but not Hmited to, those proteins referred to as capsid, coat, shell, surface
and/or envelope proteins, or particle-forming polypeptides derived from these proteins,
VLPs can form spoptaneously upon recombinant expression of the protein in an
appropriate sxpression system. Methods for producing particular VLPs are known in
the art. The presencs 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
microscopy, blophysical cheracterization, and the like. See, for example, Baker et al,
(1991} Biophys. I, 60:1445-1456; and Hagenses ot al. (19943 1. Virol, 68:4503-4505,
For example, VLPs can be isolated by density gradient centrifugstion and/or identified
by characieristic density banding. Alternatively, oryoelsctron microscopy can be
performed on virified aqueous samples of the VLE preparation in question, and images
recorded wnder appropriale exposure sonditions.

A ¥ et Seaet L8NS e T AT meatalne ame Ty 2 N aoaE b ok erwd ey A Y weaersen
HIR Modiied HIV-1 gpldd proteing and immiuncsens with redesizned HRI resion

U HiV-1 Env is 8 heterodimer of 2 transmembrane glycoprotein (gpdliand a
surface glycoprotein (gpl28). These dimers are organized as irimers on the swace of
the viral membrane. The HIV-1 trimer immunogens of the nvention are formed of a
gpidl-related protein thal comtains g gpl20-derived polypeptide and a gpd | -derived
polypeptide with a redesigned N-terminus {residues 548-568) of the heptad region 1
{(HE1} in gp4l. The gpl40-related protein should maintain an appropriate frimeric
structure described hereln {e.g., » native-like trimeric conformation). The gpi20-
derived polypeptide and the gpd 1-derived polypeptide can be associated non~covalently
as in the natural HIV-1 gpl40 protein or covalently linked via a linker sequence
desoribed berein. The well charascterized gpi2¢ glycoprotein contains the core and
several variable loops or domains (2.8, the VIV2 domain and the V3 domain). Various
gpi2i-derived polypeptides can be emploved in the practice of the invention. The
gpl2i-derived polypeptide does not have to contain the full-length sequence of g
wildtyps gpi20 glycoprotein. Thus, the gpl2-derived polypeptide can be, e.g., the
natural gpl20Q protein, the VIV domains of the gpl20 glyeoprotein, the gpl20 core
{i.c., the inner domain and the outer domain), and just the outer domain of gpl20 core.
In some embodiments, the employed gpl20-derived polypeptide encompasses s gpdl-
interactive region and the antigenic epitopes (o.g., the outer domain).
{8836} Typieally, the gpl4Q-derived polypeptide shouid harbor and expose the
native epitopes {e.g., “sites of HIV-1 vulnerability” or “broadly neutralizing epitopes™)
recognized by one or more of the woll characterized HIV budbs {e.g., PGS, PGLS,
CHO3, PGDMI400, VROOL, 4E10 and 10E8). For cxarnple, PGY is g broadly
neutralizing moneclonal antibody that specifically binds to the VI/V2 domain of HIV-1
gpllQ and prevents HIV-1 infection of target colle {see, o.g., Walker ot al.,, Nature,
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477:466-478, 201 1; and WO2010/107939). In addition, sequences with conservative
amine acid substitutions or sequences that are substantially identical to the gpl146-
derived polypeptide exemplified herein can also be used in the Invention. In various
embodiments, the vaccine immumogens of the invention are further characterized by
their antigenicity of specifically binding to one or move {e.g., 2, 3, 4, 5 or more) of the
well known HIV-1 bnAbs {e.g., PGS, PGL6, CHO3, PGDMI1400, VRCO1, 4E10 and
10ES). Such antigenicity can be readily assessed via methods routinely practiced in the
art, .., the Octet measurement (ForteBio, Ine.). See, g.g., Fera et al, Proc, Natl. Acad.
Sei. USA. 111 1027510280, 2014; and McGuire et al,, J. Vivol, 88: 2645-2657, 2014,
{8957} Other than the gpl120-derived polypeptide, the gpi4Q-related protein for
producing the HIV-1 irimer immunogens of the invention also containg a gpd1-derived
polypeptide with a redesigned N-terminus {residues 548-568) of the hepiad region |
{HR1}. Insome embodiments, the gpl20 and gpé | polypeptides in the engineered
gp14Q immunogens of the invention are derived from the same HIV-1 strain or subtype.
In some embodiments, the gp120 and pp120 polypeptides in the gp140 protein are
derived from different HIV-1 strains or subtypes. For example, as exemplified herein,
a modified gpd! Hom sirain BOSOS or 8 universal gp41 domain derived from the HIV-
1 sequence database can be combined with gpi128 from various other HIV-sivaing or
subtypes to form differcnt chimeric gp14Q trimer immunogens. The modified gpd1-
derived polypeptide in the enginecred gpl40 immunogens of the invention typically
harbors the HRI region of the native gpd! protein excerpt for the N-terminus
muodificalion described herein, The HR1 region wndergoes drastic confurmational
change during vial fusion with host cells, Preferably, the gpdl-derived polypeptide isa
soluble polypeptide that has the transmembrane region truneated, ¢.z., 8 polypeptide
comtaining the ectodomain {gpdlsere) or a polypeptide containing the fusion peptide
and the ectodomain, In various embodiments, the 21 residue N-terminus of HR1
(residnes 548-368) of the gp41-derived polypeptide ix replaced with 2 shorter loop
sequence to stabilize the pre-fusion gpl4d structure. The loop sequence can contain
from about & to about 14 amine acid residoes. Specific loop sequences suitable for the
HIV-1 irimer immunogens of the Invention can be obtained by rational design to ensure
proper function {e.g., stabilizing the pre-fusion conformation of gpl48). For example,
shorter loop sequences replacing the HRI Ne-terminus can be designed via the
gnsemble-based de nove protein design method exemplified herein. As detailed in the
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Hxamples herein, almost all HRI redesigns based on the computational method showed
substantial improvement in terms of wimer yield and purity.

{0858) In some embodiments, the inserted [oop sequence replacing the HRI N-
terminus contains 10 amino acid residues. Specific examples of such loop sequences

5 are shown ia SEQ ID NQGs:1-8. In some other embodiments, the substituting loop

sequence contains B amino acid residues. Examples of such loop sequences are shown
i SEQ I NOs:6-15. In still some other embodiments, the loop sequence replacing the
HRI N-ternuinus can contain abomt 6, 7, 9, 11, 12, 13, or 14 amino acid residoes. Such
loop sequences can be readily oblained by applving the same rational resign methods

10 exemplified herein for the §-residue and 10-residue loop sequences. In some other
embodiments, a generic loop seguence containing 2-7 tandem repeats of GS ({GS)y
SEQ 15 NO23) can be used in the redesign of the HRI N-terminus, As demonstrated
herein {e.g,, Fig. 2a}, a generic loop sequence (G8)q (SEQ ID NO:24) was shown to be
effective in constructing modified gpl140 nmunogens from various HIV-1 strains.

15 [B8sY] In addition to the HR1 Muerminus modification, some gpl40-derived
proteins for forming BIV-1 trimer immunogen of the invention also have the protease
cleavage site between gpl20 and gpd! replaced with a linker sequencs o create non-
cleavable gpl4l protein. As exemplified herein, varions cleavage site Hnkers can be
used in the gpldf-derived protein immunogens of the invention. In various

20  embodiments, the linkers can contain different amino acid residues of varying length.
Irx some embodiments, the 4-residue cleavage site (e, residues 508-311) is replaced
with the linker sequence. For example, the ¢leavage site can be replaced with a linker
containing one or more tandem repeats of a 8GS motif. Altematively, the cleavage site

can be replaced with a Hnker of (G48) (SEQ ID NG:22). In some other embodiments,

[
L

a longer cleavage site-containing region {2.g., residues 501-5318) is replaced with the
linker sequence. In some of these embodiments, the linker contains an $-amino acid
residue sequence. Somoe specific linker sequences that replace the cleavage siie in the
gpld0-derived protein are shown in SEQ D NCGs:16-20. As exemplified herein, a
conmibination of the cleavage site linker sequence and the redesipned HRI Neferminus in
30 the gpl40 Inmunogens of the invention lead to further improvement in frimer vield and
purity.

{8850} in some embodiments, the association between gp120 and gpdl can be
siabilized by the introduction of a correctly positioned intermolecular disulfide bond to
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make a soloble form of Ery, SO8 gpl40. Such a stabilized, native Bov complex would
inerease the tme that the trimeric gpi20-gpd] complex is prosenied to the Immune
sysiem. The gpl20-gpd! intersctions in SO8 gpi40 can also be stabilized by deleting
the first and second variable (V1 and Y2} loops and by introducing amino acid
substitstions into the N-icrminal beptad ropeat region around position 559 of gpdl (see,
e.g., WO 03/02286%9). One such modified gpl40 protein is SOSIP gnl40, which
containg an 1559P substitution. SOSIP gpl148 is property folded, proteciytically
cleaved, substantially trimerie, and has appropriate receptor binding and antigenic
properties, Stability and immunogenicity of gpl40 or other Env-derived frimers can be
additionally enhanced by the rimer-presenting formats described hersin
[8ds1] In some embodiments, the modified gpl4Q-related protein may additional
include modified ghyean site af residue 332 (T332N). In some other embodiments, the
medified gpl40 protein harboring a redesigned HR1 N-terminus also has other
mutations or alterations infroduced at the cleavage site, e.g., replacing REKR (SEQ ID
NG:25) with RRRBRR (SEG ID NO26). In various embodiments, the C terminus of
the modified gpl4{ protein can be truncated to either residye 664 or 681 (sccording to
HXB2 nomenclature}, resulting in the two gpl40 versions like “BGSES
SO8IP.gp140.6647 and “BGI03 SOSIP.gp148.681” which are known in the art. Also,
the HIV-1 immunogens of the invention can employ the different pp140 derived
proteins from various BIV-1 clades or straing {e.g., strains BG303 {clade A}, JRFL
{clade B) CAP43 {clade C), ZMI09 (clade ), DUI72.17 {clade ), and CH115.12
{clade B/} exemplified 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 are
several genstically 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, Q, or
PorGlade A, B, C, DL 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 into vectors, are known {see, .., HIV Sequence Compendium, Division of
AIDS, National Institite of Allergy and Infectious Diseases (20033; HIV Sequence
Pratabase (hiv-weblanl. govicontent/hiv-db/mainpage htmi); Sambrook et al, Molsenlar
Cloning: A Laboratory Manmual, Cold Spring Harbor Press, NUY {B’d ed., 2000); and
Brent ef al., Current Protocols in Molecular Biology, John Wiley & Sons, Ine. {ringbou
ed., 2003}, Further, there is an HR Lype region in most enveloped viruses that employ
20
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a similar fype-1 fusion mechanism, such as influenes virus, Ebola, and respiratory
syncytial vires (R8V). The strategy for generating HIV-1 gpl4{ immunogens of the
invention can also be employed for stabilizing Env spikes in designing and producing
vaccine immunogens for the other enveloped viruses.

{8082] As detailed below, the gpl40-derived protein may be conjugated (o the
presenting platform {e.g., nanoparticles or VLPs} via various means, Preferably, the
conjugation is achieved via covalent linkage, e.g., protein fusions or insertions. In
sorne preferred embodinients, the protein sequence is fused with the presenting
platform sequence via a linker sequence. Tn the various immunogens of the invention,
other modifications can also be made to the gp140-derived trimers or the conjugating
pariner in order to Improve stability or antigenicity.

REERY The various gpidi-derived proteins used in the invention can be obiained
or generated in accordance with the protocols exernplified herein or methods well
known in the art. Upon recombinant expression (e.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. Fnzymol. 185,
Academic Press, San Diego, 1990; and Scopes, Protein Purification: Principles and
Practice, Springer Verlag, New York, 1982, Substantial purification denotes
purification from other proteins or cellular components. A substantially purified protein
is at least 60%, 70%, 80%, 90%, 95% or 98% pure. Once purified, antigenicity and
other properties of gpl4¢ frimer Immunogens formed of the gp140 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 nterferometry (BLI), and co-

crystallography analysis as exemplified berein.

V. Scaffolded HIV-1 trimer innumnosen compositions

{8064} (ther than soluble gpl40-based trimer immunogens described above, the
invention also provides HIV-1 jnumunogens that contain a heterclogous scaffold that
presents of incorporates a trimerie Env-derived protein. In some smbodiments, 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 employed in the invention need to be formed
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by multiple coples of & single subunit. Additionally or aliornatively, 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-termind has o closely mateh the spacing of the
carboxyol-fermini of various HIV-1 trimeric components. In some preferred
embodiments, the immunogens comprise scif-assembling nsoparticles 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 nanoparticles provide suitable particle platforms to
produce multivalent HIV-1 trimer vaccines.
[6865) n some embodiments, the HIV-1 trimer-presenting nanoparticles are
naturally existing nanoparticles such as ferritin fon cages with 3-fold axes on the
surface. They aliow presentation of multiple copies of the trimerie component of HIV-
1 envelope complex (Env), enabling a series of multivalent trimer vaccine candidates,
As an example, one of such nanoparticles is the ferritin nanoparticle from Helicobacter
pyiori. Ferritin is a globular profein found in alf animals, bacteria, and plants. Iis
primary function is to control the rate and location of polynuciear Fe(lII( formation
through the transportation of hydrated iron jons and protons to and from a mineralized
core. The globular form of ferritin is made up of monomeric subunit proteins (also
referred to a9 monomeric ferritin subunits), which are polypeptides having a molscule
weight of approximately 17-28 kDa.
[B0ss] A monomeric ferritin subunit used in the invention is a full leugth, single
polypeptide of a ferritin protein, or any portion thereof, which is capable of directing
self-assembly of monomeric ferritin subunits nto the globular form of the protein.
Amine 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 selfassembling into a nanoparticle displaying
HIV-1 epitopes on its surface. In addition to ferritin, the invention can alse employ
many other self-assembling nanoparticles with similar molecolar traits. These include,
e.g., muolecules with the following PDB s 110G (12-wer Dip-2 from Bocillus
aanthracis), 1UVH (§2-mer DFS from Mycrobacterinm Smegmatis), 2YGD 24-mer gye
lens chaperons aB-crystalting, 3080 (24-mer DegP24), 3MHG and 3MH7 (24-mer HirA
protesses), 3PV2 (12-mer HirA homolog DepQ WT), 4A8C {(12-mer Deg from £
Coit), 4A5G (24-mer Dep(} from £ Joli), 4BVE (12-mer HP-NAP from Helicobacier
pylori strain YS29), and 4GQU (24-mer HisB from Mycobacterium ruberculosis).
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{08677 In some embodiments, the HIV-1 irimer Immmunogen presenting
nanoparticles are thermostable §0-meric nanoparticles, e.g., dilrydrolipoyl
acyitransferase (E2p) from Bacillus stearothermophilus, In some embodiments, the
emploved nanoparticles can be lumazine synthase (LS) from Aquifex seolicus, Edpisa
hollow dodecahedron with 8 dismeter of 23.2 nm and 12 largs opsnings separating the
threefold vertices on the particle surface. LS, with a dismeter of 14.8 v, is an
assembly of 60 subuanits arranged in a capsid with T % 1 icosahedral symmetry. As
sxemplified herein, trimer immunogens presented on these nanoparticles (e.g., E2p}
have excellent siructural and functional properties, including an optimal size for direct
uptake by I¥Cs and increased recognition by bNAbs.

{0868} Any Env-derived HIV-1 trimer proteins can be used in the nanopariicle-
presented vaceine compositions. In some embodiments, the nanoparticles present a
native trimeric form of HIV-1 Env based glycoproteins or domains, e.g., gpl4d, gpl20
or V1V2 domains as exemplified herein (see, ¢.g., Table 23, In some embodiments, the
nanoparticles present a modified gp140 trimer inununogen, .g., 8 HRI-modified gpl40
irimer described herein, As the receptor-binding protein of HIV-1 Enyv, gpl20 has been
extensively studied as 3 vaccine immumogen, but Is now considered suboptimal due to
the exposure of & non-neuiralizing face that is buried within the native spike. As
demonstrated herein, display of full-length gpl120 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.

{8069] In addition, the Env-derived trimer protein can be obtained from various
HIV-1 strafns. In some embodiments, the Envederived frimer is from HIV-] sirain
BGS05. As exemplificstions, VIV 2-ferritin nanoparticles were produced with trimer
proteins of HIV-1 strains ZM109 and CAP43, Also exemplified hereln ave
nanoparticles (E2p or ferritin} displaying gpl40 trimers, full length gpi20, full length
gp120 with an sdditional disulfide bond to stabilize the gp128 termini, and gpl20
molecules of different lengths, These emplifications indicate that the general
nanoparticle siructure and design described hergin strategy can be applied to create
multivalent HIV-1 vaccine candidates based on other HIV-1 sirains,

Ba7d In various embodiments, nanparticle displaying swy of these HIV-1 Env-
derived immunogens can be constructed by fusing the irimer Immunogen to the subunit
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of the nanoparticle (e.g., Bip or forritin subunit), The antigenicly and structural
integrity of thess nanoparticle based HIV-1 inumunogens can be readily analyzed via
standard assays, ¢.g., antibody binding assays and negative-stain slestron microscopy
{EM). As sxemplified hersin, the various fugion molocules can all self-assemble into
nanoparticles that display immunogenic epitopes of the Env-derived trimer {e.g.,
gp140). By eliciting 2 robust trimer-specific bnAbs, these nanoparticles are useful for
vaceinating ndividuals against a broad range of HIV-1 visuses.

[8871) In some embodiments, the heterologous soaffold that presenis or
incorporates a Wrimeric Env-derived proteln, e.g., a gpldQ-derived trimer protein
described herein, is 8 virus-like particle (YLP) such as bacteriophage Qp VLP as
exemplified herein, or 2 self-assembling nanoparticle possessing the same molecular
and geometric iraiis as a VLP. In general, the VLPs t0 be used in the prosent invention
need to meet at least one, snd preferably all, of the following oriteria: (1) the VLP bas
to be formed by muliiple copies of a single subuniy; {3) the VLP has (o have 3-fold axes
displayed on the surface; 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 match the
spacing of the C-termind of an HIV-1 trimeric antigen so that the HIV-1 antigen can be
fused to the N-terminus of the VLF subunit. Or aliernatively, the 3-fold axis is
surrounded by three surface loops, each from e VLP subunit, where the HIV-1 antigen
can be inserted into the subunit chain,

0073 In various embodiments, the VLF based HIV-1 immunogens of the
invention can have a minimum of 20-25 epitopes spaced by 5-10mm, which is sufficient
for Becell activation. In some embodiments, the VLPs have 3 diameter of 310-40 nm
and 3-fold sxes on the surface, which provide an ideal platform to develop multivalent
HIV-} trimer vaccinegs. In some embodiments, the VLP based HIV-1 immunogens can
smploys any of the VLPs identified by the inventors via bioinformatic analysis of an
annotated database for icosabedral virus capsids, VIPERdD (hitp://viperdb.seripps.edu),
These include bacteriophage Q with a 3.5A crystal structure (PDB 11 10BE), flock
house virus (FHV) capsid with 8 .54 crystal structure {(PDB ID: 4FSY), Orsay virus
capsid with 2 3.25A crystal structure (PDIB ID: 4NWV) in the PDB database
{(http:/fwww.resh.org/pdb), and B-cell activating factor (BAFF) with a 3.0A crystal
structure (FDB I 1JHS), which forms a §0-mer VLP-like assembly. In some
preferred embodiments, bacteriophage € is used due to iis optimal structural features,
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Additional VLPs suitsble for the tnvention can be readily identified via bioinformatic
search of similar particle assembly and subunit struciure as that identified for any of
these exemplified YLPs. For example, bacteriophages ME2 {(PDE I 2WBH) and P22
{ZXYY and 2XYZ) have been used 10 enginesr andigen-presenting VLF vaccine
platforms. These two bacteriophage VLPs can also be used o construct multivalent
HIV-1 vaccine immunogens of the invention,

{08731 The multivalently scaffolded HIV-1 trimer immunogens of the invention
can be constructed in accordance with the methods described herein {e.g., Examples 8-
13). Varions nanoparticle presenting HIV-1 trimer mmunogens are exemplified herein,
These include VIV2 trimers presented on ferritin (SEQ D NO:28-31), gpl20 trimers
presented on ferritin {SEG ID NOsi32-34), gpl120 trimers presented by B2p or LS (8EQ
1D NQOs:35-36), gpli40 trimers presented on ferritin nanoparticles (SEQ 1D NOs:37-39),
and gpl40 trimer immunogens presented oo LS or E2p nanoparticles (SEQ 1D NOs:40-
41). In general, to construct the VLP presenting HIV-1 trimer bumunogens, the trimer
sequences can either be fused with the VLP sequence {e.g., st the N-terminus of the
VLP) or inserted imto the VLP sequence. In some embodiments, the VLP is fused at its
M-terminus with the HIV-1 Env-derived trimer, e.g., HIV-1 VIV2, gpl20, and the twe
versions of SOSIP gpld8 trimer noted above can be presented on the VLP. In some
other embodiments, the HIV-1 Env-derived {rimer is inserted into the VLP. In these
embodiments, the HTV-1 irimer can be the V1V2 domains or the gp120 protein. Since
the N- and C-fermint of gpl4 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 VIV2Z, gpl20, and two versions of SOSIP gpldb o the @
subunit, by nserting VI1V2 into the swrface loops of FHY and Orsay subunits, and by
inserting V1V2 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 clectron microscopy (EM). Antigenicity was

also validated for the FHV-, Orsay-, and BAFF-based V1L.Ps.

Y.

{80741 The inverntion provides pharmaceutical compositions and related methods

of using the HIV-1 immuonogens {e.g., soluble gpldi-derived proteins or nanoparticles
displaying an Bov-derived trimer} described hersin for preventing and treating HIV-
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infections. In some cmbodiments, the nwumogens disclosed herein are included in g
pharmaceutical composition. The pharmaceutical composition can be eithera
therapeutic formulation or a prophylactic formulation. Typically, the composition
additionally includes one or more pharmaceutically acceptable vehicles and, optionally,
5 other therapeutic ingredients (for example, antibiotics or sntiviral drugs). Varlous
pharmaceutically acceptable additives can also be used in the compositions.
{8975} some of the pharmaceutical compositions of the invention are vaccines.
Far vaceine compositions, appropriaste adjuvanis can be sdditionally inchided.
Examples of suitable adjuvants includs, e.g., aloninum hydroxide, lecithin, Freund's

10 adjuvant, MPL™ and 1L-12. In some embodiments, the HIV-1 immunogens disclosed
hersin can be formulated a3 8 controlied-release or time-release formulation. This can
be achieved in a composition that contains a slow release polymer or via a
microgncapsulated delivery system or bioadhesive gel. The various pharmacentical
compositions can be prepared in accordance with standard procedures well known in

15  theart. See, e.g., Remington’s Pharmacsutical Sciences, 19.sup.th Bd., Mack
Publishing Company, Easton, Pa., 1995, Sustained and Controlled Release Drug
Delivery Systeras, L. R. Robinson, ed., Marcel Delker, Inc., New York, 1978); US.
Pat. Nos. 4,652,441 and 4,917,893; U.S, Pat. Nos. 4,677,181 and 4,728,721; and US.
Pat. Mo, 4,675,189,

28 {B978] The pharmaceutical compositions of the invention can be readily employed
in a variety of therapeutic or prophylactic applications for reating HIV-1 infection or
eliciting au mmune response to HIV-1 in a subject. For sxample, the composition can
be administered 10 a subject to induce an immune response to HIV-1, e.g., to induce
production of broadly neviralizing antibodics to HIV-1. For subjects at risk of

23 developing an HIV infoction, a vaccine composition of the invention can be
administered to provide prophyiactic protection against viral infection. Depending on
the specific subject and conditions, the pharmaceutical compositions of the invention
can be admindstered to subjects by a variety of administration modes known to the
person of ordinary skill in the art, for example, intramuscular, subcutaneous,

30 intrgvenous, intra-arterial, intra-articular, intraperitoneal, or parenteral routes. In
general, the pharmaceutical composition is administered {0 8 subject in need of such
treatment for a time and under conditions sufficient to prevent, inkibit, and/or
ameliorate a selected dissase or condition or one or more symptom(s) thereof. The
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bmumogenic composition is sdministered in an amount sufficient 1o nduce an mmune
response agsinst HIV-1. For therapeutic applications, the compositions should contain
a therapeutically effective amount of the HIV-1 immunogen described herein. For
prophylactic applications, the compositions should contain a prophylactically effective
amount of the HIV-1 immunogen described herein, The appropriate amount of the
imrmmogen oan be determined based on the specific disease or condition o be treated
or prevented, severlty, age of the subject, and other personal atiribules of the specific
subject {e.g., the general state of the subject’s health and the robustness of the subject’s
mmune system). Determination of effective dosages is additionally guided with
animal model studies followed up by human clinical trials and is guided by
administration protocols that significantly reduce the cccurrence or severity of targeted
disease symptoms or conditions in the subject.

{0477] For prophylactic applications, the inununogenic composition is provided in
advance of any symptom, for example in advance of infection. The prophylactic
administration of the immunogenic compositions serves to prevent or ameliorate any
subsequent infection. Thus, in some embodiments, 3 subject to be treated is one who
Ras, or is at risk for developing, an HIV infection, for exanple because of exposure or
the possihility of exposure to HIV. Following administration of a therapeutically
effective amount of the disclosed therapeutic compositions, the subject can be
monitored for HIV-1 infection, symptoms associated with HIV-1 infection, or both,
18878} For therapeutic applications, the Immunogenic composition is provided at
or after the onset of a sympton of disease or infection, for example after development
of a symptom of HEV-1 infection, or afler diagnosis of HIV-1 infection. The
immunogenic composition cau thus be provided prior {o the anticipated exposurs (o
HIV virus so as to atienuate the anticipated severity, duration or extent of an infection
and/or associated discase symptoms, affer exposure or suspected exposure to the virus,
or after the actual initiation of an infection.

{8079} The pharmaceutical composition of the invention can be combined with
other agents known in the art for ireating or preventing HIV infections. These include,
.9, antibodies or other antiviral agents such as nucleoside reverse transeriptase
inhibitors, such as abacavir, AZT, didanosing, emtriciiabine, lamivudine, stavuding,
tenofovie, zaloitabine, xidovadine, and the like, non-mucleoside reverse fransoriptase
inhibitors, such as delavirdine, efavirenz, nevirapine, protease inhibitors such as
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amprenavin, atazanavir, indinavir, lopinavir, nclinavir, osamprenavis, ritonavir,
saquinavir, tipranavir, and the like, and fusion protein inhibitors such as enfuvirtide and
the like. Administration of the pharmaceutical compostion and the known anti-HIY
agems can be either concurrently or sequentialiv.

[6086] The HIV-1 vaceine immunogens or pharmaceutical compositions of the
invention can be provided as components of a kit Optionslly, such a kit includes
additional components including packaging, instructions and various other reagents,
such as buffers, subsirates, antibodies or ligands, such as control antibodies or Hgands,
and detection reagents. An optional instruction sheet can be additionally provided in

the kits,

8881} The following examples are offered to ifusivate, but not to limit the present

irrvention.

v fhe TTR Y reaiar
S RN FeRon

Fxample | ~DASS o i }
{6082} We hypothesized that the Nterminus of HR1 (residues 548-568) is a

critical determinant of HIV-1 trimer metastability becaunse it is poised to elongaie
during fusion and is disordered in all but one reported structure of the SOSIP trimer,
where it still appears less ordered compared to the surrounding regions (Fig. la)
Disorder at the top of the lopg HR1 central helix is somewhst unexpected because this
region iz 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 influenza
hemagghitinio and other type 1 viral fusion proteins (Wilson of al,, Nature 285, 1981},
and therefore less ordered in the pre-fusion form or at least adopt a completely different
conformation. In the SOSIP design, in addition to an enginesred disulfide bond
{(ASOIC/TEOSCY, the 13597 mutation was introduced to destabilize the post-fusion state
and was oritical for produetion of high-quality Env protein, strongly supporting the
notion that this HR1 region wight be related (o Bav metastability,

(0083 In this study, the HR1 bend was subjocted to rational redesign simed to
stabilize the pre-fusion conformation, rather than to just destabilize the post-fusion
conformation as in the BG305 SOSIP.664 trimer (Fig. 1b). Although this wild-type

{WTY HR1 region consists of 21 residues, the Ca distance between G347 and T38% is
28
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merely 24.84, which is equivalent to 3 fully extended polypeptide backbone of only 6.3
residues. Hers, we decided to examine two loop lengihs — 8 and 10 aming acids — for
the HR1 redesign, allowing for a small degree of Sexibility while dramatically
shortening the WT HR loop. We uiilized ensemble-based protein design (see
Methods) to identify sequences that may stabilize the pre-fusion trimer structure (Fig,
e}, Given a specified loop length, o large ensemble of backbone conformations was
generated to bridge the gap betwesn G547 and T569 (Fig. 3a). For §-residus loops, the
Co rovt-mean-square fluctuation (RMSF) ranges from 1.3 1o 5.7A with an average of
2.3A, whereas for 1{-residus loops, a greater conformational space was sampled with
an gverage Co RMSF of 3.6A (Fig. 3b). Afler an exhaustive sampling in sequence
space, all designs were rankad by their energy scores (Fig. 3o} The 5 top-ranking
sequences for each loop length, totaling 10, were advanced to experiments} validation

(Fig. 3d).

Example 2 Biochemien] and Mopbysical charavterization of HRI redesigng
{B084] As demonstraled for SOSIP, sc-gp14Q, and NFL trimers, biochemical and
biophysical properties provide an initial assessment of trimer designs. Following 8
similar strategy, we assessed the 10 HR 1vedesigned BGSOS trimers containing the
same T332N (Yo restors the N332 epitope), SO8 (ASGIC/TS05C), and R6 mutations as
the SOSIP.664 trimer {except for 1559P). As noted, various purification profocols can
produce irimers of varying quality, Here, we adopted a rather sirople protocol utilizing
materials that are readily gvailable to most researchers and can be scaled up inan
industrial seiting. All constructs were expressed transiently in HEK293 F cells with co-
transtected furin as previously described (Sanders et al. FLoS Pathog,. 8, €1003618,
2013}, The scoreted Env proteins were purified using a Galwuhus nivalis lectin {GNL)
cotwmn followed by a single SEC on a Superdex 200 10/300 oolumn, One-liter
expression produced sufficient quantitics (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, it 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,
HU AT We compared the SEC profiles based on simple metrics utilizing the
uliraviolet 280 nm absorbance values (UV), The UV value of the rimer peak was used
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83 an indicator of the trimer vield, with the sggregete and dimer/monomer peaks
measured as ratios of their UV valuss versus that of the trimer peak. The two-liter
SOSIP gxprossion showed an average UV value of 371 for the trimer peak, with
average ratios of 3196 and 49% for the aggregate and dimer/monomer peaks,
respectively. The five 8-residus HR I redesigns (named HR -redesign 1-5, respoctively)
showed significantly increased trlmer vield with reduced aggregaic and dimer/monomer
peaks in the SEC profiles. Overall, BRI redesigns 1 and 2 appeared 10 be the best
performers in this group. For example, the HR 1 redesign 2 showed a near two-fold
inoreass in the UV valuee of the trimer peak, with 3 16% and 223%¢ reduction in UV
values for aggregaie and dimev/monomer peaks relative to SORIP, indicative of
improvement in both trimer vield and purdty. The five 10-regidoe HRI redesigas
{named HR-redesign 6-10, respectively) presented a stmilar trend, but less pronounced
improvement. Notwithstanding, HRI redesign 10 showed a UV value for the trimer
peak that is comparable to the SOBIP irimer from two-liter expression, with the same
low level of nnwanted Eov species as HRI redesigns 1 and 2, This finding was
consistent with the lue native polyacrylamide gel elecirophoresis (BN-PAGE) anslysis
that showed more concentrated frimer bands on the gel. The trimer-containing fractions
were elited at 16.23-10.75 ml. for the initial assessment of thermal stability by
differential scanning salorimetry {D8C). For all 10 tested HRI redesigns, the DSC
profiles showed simifar unfolding peaks with s thermal densturation midpoint {Tw)
ranging from §5.7 to 68.2°C, closely resembling the Ty of 68,170 reporied for the
SOSIP trimer.

{BH86] Crverall, shortening and redesign of this HRI region exerted a positive
effect on the composition of produced Env proteins. In addition to incressing the trimer
vield and reducing other Env species, HRI redesigns retained the thormal stability of
parent SOSIP.664 wrimer, supporting the notion thet this HRY conngcting loop region s
a key determinant of BIV-1 trimer meiastability with respect to expression and the

presence of unwanded Env species.

Example 3 Crystaliopraphic snalvals of two representative HEBI redesisus

{0087} HRI redesigns | and 9 wers selected fur crystallographic analysis. These
two constructs differsd not only in the redesigned loop length {8 versus 10 amino
acids}, but also notably in thelr SEC profiles, with redesign 9 displaying higher
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gquantities of dimer, providing an opportonity 10 examing how BRI truncation and
design variation affect gpl4d trimer structure. Due to the siringent requirement of
sample bomogensity for orystallization, we propared the HR l-redesigned and WT
SOSIP trimers a3 provioualy described in Kong ot al. Acta Crystallogr, Sect. D-Biol
Crystalbogr. 71, 209%-2108, 2015, In brief, all rimers were produced in A-
acetylgtucosaminyltransferase I-negative (GnTT) HEK293 S cells and purified using a
2G12 affinity column followed by SEC on a Superdex 200 16/600 cohumn, For the WT
SOSIP wimer, the SEC profile displayed a notable sggregate peak of high molecular
weight, with 2 UY valuc that is 58% of the trimer peak and a lower peak containing
monomeric gpl40. By contrast, the 261 2-purified HRI redesigns showed a marked
improvement in trimer vield and purity. Of particolar note, the HER1 redesign 1 showed
an almost undetectable level of gp 144 monomer, whereas HR redesign 9 still
contained 3 small fraction of monomer. Nevertheless, the SEC profiles 0f 293 8-
expressed, 201 2-purified trimers are consistent with that of the 293 F-oxpressed, GNL-
purified trimers described sbove. This finding was further confirmed by BN-PAGE and
the thermal stability of the modified trimers measured by DSC, suggesting that the
improved trimer properties are an inirinsie feature of the HE1 redesigns and
independent of the expression and purificalion syslems,
j8nas] Co-prystaliization with antigen-hinding fragments {(Fabs) of PGT128 and
BANC19S vielded complex structures at resolutions of 6.9 and 6.3A for the §- and 10-
residue HR 1-redesigned trimers, respectively {Table 1), Overall, the redesigned trimers
dsplayed nearly identical structurss to that of the BOSIP wimer af this modest solution,
with Ca root-mean-square deviations (RMSD) < 0.254. Thus the results confirmed that
gp 140 trimers with shortened and redesigned HR I still adopt a SOSIP-like pre-fusion
structure, Limited by the resohution, we could only determine the approximate
backbone conformation of the redesigned HR1 loop, which alluded o how these two
digtinot desigus stabilize the pre-fusion trimer. We speculated that the shortened loop
lergth (8 or 10 versus 21 amino acids) and & redesigned sequence disrupted the heptad
motif and stabilized the pre-fusion form. Furthermore, both HR1 redesigns contained
profines, at positions 2 and & in the 8-residue loop and gt position § in the 10-residue
loop, which likely increased the rigidity of the backbone. OfFf note, Asp 6 In HK
redesizn % is poised to form 2 salt bridge with Arg 579 of the neighboring HR1 helix,
stabilizing the slightly turned loop. In conclusion, gpl140 appears to be highly tolerant
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of the BR1 redesign, which greatly enhances protein production efficiency without

saerificing overail siructural integrity,

Example 4  Aglis
LS The BG5S SOSIP.664 wrimer represents a close mimic of the native spike

in immune recognition by antibodies, Hers we sought to investipate whether HRI
redesign would affect Env trimer binding to bNAbs or affect binding to non-NAbs
uging bio-layer interferometry (BLI and tmmunoglobulin G (JgG). Again, we studied
trimers propared using a simple GNL purification so we could more readily compare
the basic properifes of different trimer constructs. BN-PAGE of SEC fractions obtained
from a Superdex 200 16/600 cohumn following GNL purification was performed to
facilitate selection of well-folded trimers for antigenie profiling. In this context, we also
characterized the HRI redesign | by negative-stain EM. In the unliganded state, the
22A reconstruction displayed a morphology closely resembling that of the SOSIP
frimer prepared using the same protocol. The agreement of orystal and EM sirctures
further confivmed the integrity of HR 1-redesigned trimers prior o sntigenic
characicrization,

000] First, we measured irimer binding to a panel of representative bNAbs. We
utilized ¥V 1V2 apex-directed, quaternary bNAbs PGEMI408, PGT145, and PGS 1o
examine whether the frimeric structure with associated glyean shicld was native-like.
For PGDMI400, the HR redesigns | and ¢ displayed faster on- and off-rates than WT
SOSIP, with a comparable KD (Koffifon) of 7 to 11 nM. A gimilar patiern was
observed for PG16 and PGT143. For VRCBI, a representative of a class of CD4-
binding site {CD4bs)-dirccied bNAbs, all three trimers showed nearly identical binding
profiles, suggesting that the HR1 redesign had Httle effect on the presentation of this
conserved site of vulnerability. A similer patiern was also ssen for NAb 12, which
engages the C4bs with a different angle of approach relative to VRCOI, For b[NAbs
targeting the V3 stem and swrrounding glycans (PGT121, PGTI2E and PGTI3S) and
the high-mannose gpl20 glyean cluster (2G12), all three trimers showed identical
binding profiles, indicating that these glycan epltopes remained intact npon HR1
redesign. Finally, we measured trimer binding to two bNAbs that recognize

conformational epiiopes spanning regions in both gp120 and gpd1. All theee trimers
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bound strongly to PGT151 with 3 fast on-rate and g fat dissociation curve, with subtle
differences observed in 35022 binding kinetics,

[8631] Mexi, we measured trimer binding to a panel of representative non-NAbs.
All three tested trimers bound to CD4bs-specific MAbs, b6 and F105. The HR1-
redesigned trimers displayed weaker binding to F103 than did the SOSIP trimer, with a
slightly faster off-rate detected for HR1 redesign 1. However, no differences in kinetics
were observed for b6, For two V3-specific MAbs, 195 and 447-3215, all three trimers
showed fast associgtion end slow dissocistion, Indicative of some V3 exposure that was
confirmed by surface plasmon resonance (SPR} using the 2G 1 2-purified SOSIP trimer,
Previously, 195 was found to bind the SOSIP trimer by ELISA, byl only {0 g limited
extent by EM. Nevertheless, the V3 exposure may be minimized by conformational
fixation as demonstrated recently for the SOSIP trimer. Weo then tested two MAbs
targeting the immunodominant epiiopes in cluster I of gp4lecro, F240 and 7B2. The
SOSTE wrimer appeared to bind both MAbs al a low level with a slight preference for
F240. Interestingly, the two HR1 redesigns showed reduced binding to F240 and an
almost negligible binding to 782, indicating & more closed or less flexible gpdtncro.
We also investigated the binding of two €41 MAbs, 17b and A3Z. All three irimers
showed no binding 1o 17b in the sbsence of sCD4, with the HR1 redesign 1 exhibiting
only a minimal level of A32 recognition slthough sl trimers bound wealdy to this
MAD.

HIEY Overall, the two HRI redesigns displaved broadly similar patierns in their
recognition by bNAbs with an exception of altered kinstics for apex-dirscted
gquaternary bNAbs, While all three trimers showed some V3 exposure, the two HRI
redesigns appeared to shield non-neutralizing gpdlaoro epitopes more effectively. The
ohserved binding to non-NAbs may be ativibuied to the use of IgG instead of Fab and a

different immobilization strategy in the BLY experiment.

acine the forin ol
AN NG B O

Example 3 Ra

{B083] Sharma ef of. recenily reported a native-like, cleavage-independent gpl40
trimer designated NFL (Cell Rep. 11, 538-554, 2015}, In a sepavate study, Georgiev ¢
. replaced the cleoavage site between gpl20 and gpdl with Hokers of up to 20 residues
designated sc~gpl46 {J. Virol. 8%, 5318-5329, 2015). Although the presence of
gherrant stroctures was speoulsted for so-gp 140 trimers with short Hnkers, the precise
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effect of cleavage site modification on gp 140 folding and structure remeained unclear.
Here, we addressed this oritical issue in the context of the HR1 redesign 1 that had been
validated both structhurally and antigenically {Figs. 2 and 3}
{D034] We first examined the cutvome of replacing the cleavage sife-contalning
region {residues 300-319) with a redesigned connecting loop between gpl20 and gpdl.
The Co distance between K300 and F518 is 16.8 &, equivalent to o fully extended
backbone of 4.4 residues. Ensemble-based protein design vielded a large pool of §-
residue foops connecting R3O0 and F319 (Fig, 4a). Of note, this design strategy was
rather aggressive in that these loops may pack differently than the wneleaved WT
sequence due to a2 13-residus truncation in this region, and exclusion of the SO
mutation since ASG1 was now part of the region subjected to redesign {with the T30
mutation reversed). Similar to the HRI redesign, the § top-ranking designs (termed
CET1-5, Fig. 4b} were characterized by SEC following transient expression in HEK293
F cells without furin followed by GNL purification. Gwersll, CST1-5 showed reduced
trimner vield, as well as increased aggregates compared o the parert HRI redesign,
indicated by a higher shoolder left of the main trimer peak in the SEC profiles. Forall 5
8T redesigns, an extra band was observed in BN-PAGE snalysis, suggesting the
presence of an uncharacterized Env species in the produced proteins (Fig. 4c¢).
6095} We next examined the effect of replacing the cleavage site {pBERKRs11)
with a near full-length SGS linker (termed CSF). Interestingly, CSF displaved a notably
reduced aggregate peak in the SEC profile compared to C8T1-5, which was further
improved by adding back the SO8 mutation (termed CSF-808). Similar to C8T1-8, an
extra band was observed for the CSF trimer in BN-PAGE analysis of winer-contsining
fractions after BEC on a Superdex 200 16/600 column, suggesting a conmumon patiem
associated with short cleavage site linkers. To identify this unknown Env species, we
used negative-stain EM to obtain 31 reconstructions for the CSF trimer, Remarksbly,
two distinet morphologies were observed for the unliganded trimer: one in the pre-
fusion state {204) similar to the SOSIP trimer and the other in a non-pre~fusion state
{174} that has not been previcusly reported. This non-pre-fusion trimer conformation
contains an extended gpd1 (approximately 40-45A) 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 contrast, a single conformation was observed for the EM reconstraction
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of the CSP-808 trimer in both unliganded (214) and PGV04-bound form (204). In
surnmary, BM suggested that with short cleavage site linkers the C87T snd CSF trimers
contain g fugion intermediate state thet can be effectively suppressed by the G5
mutation.

{0096} We then tested the CSF and CSF-808 trimer binding to a small panel of
bNAbDs and non-NAbs, For bNAbs, we utilized PGDM14006, VRCOI, and PGTISI1,
which target the VIV2 apex, CD4bs, snd gpl120-gpd1 interfuce, respectively. Both C8F
and CSF-S08 trimers bound to PGDM 1400 with similar kinetic profiles and affinities.
However, due to the two mixed trimer forms, C8F showed a reduced binding relative (o
£8F-808, CSF and CSF-S08 exhibited identical VRCD binding profiles similar to
that of the SOSIP trimer, suggesting that the CD4bs is squally accessible in these
trimers. For PGT151, CSF and CSF-SO8 showed reduced binding with a notable off-
rate, suggesting that the Hnker between gpi20 and gpd4! may affect PGT151 binding.
Three non-nevtralizing MAbs were also tested. CSF bound more strongly to CDdbs-
directed F103 than CSF-SOS due to the mixed fusion intermediates. For the V3-
directed 19b, both CSF trimers displayed similar binding profiles relative to the 8OSP
trimer and HR1 redesign 1. By contrast, CSF showed enhanced binding to the gpél-
directed F240 that was effectively reduced by the SOS mutation in CSF-8508,

Example 6 Neplacing the furin cleavags site with long linkers

HEG Based on our anafysis thus for and the reports on NFL and sc-gpi4Q
irimers, we hypothesized that HR1 redesign combined with a long cleavage sits linker
may overcome the tendency to form fusion intermediates and render an uncleaved, pre-
fusion optimized {UFQO) trimer, To this end, we {ested two irimers based on the HR1
redesign 1 and an NFL-like linker (2»(G4S)}. These two constructs, termed CSL and
CSL-808, were transiently expressed in HEK293 ¥ cells followed by GNL purification
and SEC on a 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 extra
bands were definitively identificd on the BN gel, the trimer bands appeared to be more
diffuse than those observed for CSL-SOS8. To further characterize their struchures, we
obtained EM reconstructions for the unliganded CSL and CSL-80S trimers 1t 17 and
204 resolutions, respectively. The CSL trimer showed a somewhat different
morphology than of WT SOSIP, HR1I redesign 1, pre-fusion CSF and C8F-S08 trimers:
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the density of CEL trimer appearad to be narrower st the top of the trimer apex with
additional densities pointing ontwards and 8 wider bottorm around gpd1. The overall
shape of the CSL-808S trimer was consistent with that of the CSF-808 trimer. The
~20A reconstructions of PGV04-bound CSL and CSL-SOS trimers resembled that of
the SOSIP trimer, indicative of stabilization upon BNAb binding, Taken together, &
long cleavage site Hnker can reduce the formation of fusion intermediates, likely at the
cost of greater conformational variability, as suggesied by EM.

[6098] We performed antigenic profiling for the CSL and CSL-8508 irimers using
the same panel of bNAbs and non-NAbs as for the two HR1 redesigns. For apex-
direcied bNAbs PGDM 1400, PGS, and BGDMI4S, two CSL trimers showed similar
binding kinetics and Kp values to those of HR1 redesign 1. For Chdbs-directed bNAbB
{VRCO1), NAbL b12, and glyvcan-reactive bBNAbs (PGT121, PGTIZ2E, PGTI35 and
2G12), the two CSL trimers showed nearly identical binding profiles to those of HRI
redesipn 1 and the SOSIP trimer. As expected, the most vigible difference was found
for bNAbBs PGTIS1 and 35022, For PGT151, which binds an epliope consisting of one
gpl120 and two adjacent gpd s in trimer, the cleaved HR Iredesigned trimers and
SOSTF trimer showed flat dissociation curves. However, the CSL trimers showed faster
off-rates strailar to those observed for the CSF trimers, indicating a consistont effect
caused by cleavage site linkers. By contrast, for 35022, which binds to gpi20 and gpél
in a single pp140 protomer, the off-rales appeared o be cleavage-independent. MAbs
F240 and 7B2 revealed less accessible non-neutralizing epitopes on gpél for CSL-80S
but not for CSL, consistent with observations for the two CSF frimers.

{8059] In summary, an NFL-lke long Haker between gpl20 and gpdl used in
combination with au optimal HRI redesign vielded 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, chenging the
linker length at the cleavage site must be carcfully evaluated in each case in trimer

omunogen design,

< . N o 8y .
Qo O ot SR
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(601801 Although cleavage site linkage might cause complications, the HR1

redesign appeared to have an overall positive effect on frimer structure and antigenicity,

in light of this finding, we rovisited the HR1 redesign strategy by examining the utility
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of & simple 48 Hoker (Fig. Za} Such a “generic” HRI Huker (ormed HRLLG), i proven
suceessful, will not only confirm the role of this HR1 region in Env metastability but
alse enable development of stable trimers for diverse HIV-1 straing, To this end, we
tested the gencric HRU linker in the backgrounds of clade-4 BGSGS, clade-B JRFL,
clade-C DUIN72.17, and 8 B/C recombinant strain THI13.12 {Her 3), with their SQOSIP
trisers inchaded for comparison. All irimer constructs were ransiently expressed in
HERZS3 F cells with furin, followed by GNL purification and SEC on a Superdex 200
10/300 column. For the four strains studied, the generic HR1 lnleor showed consistent
improvement on triser vield and purity (Fig. 2b), The most substantial improvement
was observed for the clade-C strain: g 46% increase of trimer peak relative to WT
SOSIP with the aggregate and dimer/monomer peaks reduced by 34% and 37%,
respectively. For this clade-C strain, two top-ranking HR1 redesigns from ensemble-
based protein design further increased the trimer peak by ~30% with identical SEC
profiies to the gensric HR1 redesign, HRI-G. The resolts thus indicate that the generic
HR 1 linker offers a general framework for stabilization of Env while further
optimization of rimer properties can be achisved by computational design in a strain-
specific manner,

3

i N o i asy e T TIW Y pead Tonvasd AT HET TS
Fxample 8 Some ssemplified mesthods for HR redesigned HIV-1 immunogsen

{80181]  Ensemble-based de novo protein design. We developed an ensemble-based
de nove protein design method (Fig. 1o}, Given the trimer structure (PDB ID: 4TVP)
and a specified loop length, a three-step design process was undertalen: () sn
ensemble (1,000} of backbone conformations is generated to conneet the two anchor
residues using a torsion-space loop sampling algorithm®®; (2} for each backbone, a
starting sequence is selected from a pool of 30 random sequences based on the RAPDY
potential™ and subjected to S00 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 sl MCSA-derived designs are ranked
based on energy at the completion of the process. The top 20 designs are manually
inspected to facilitate selection of 5 candidates for experimental validation.
[8082]  Antibodies for antigenic profiling. We utilized a panel of bNAbs and non-
NADs to characterize the antigenicity of designed trimers. The bNAbs 2G12 snd b12 as
well as MAbs F240, B2, 17h, snd A32 were requested from the NIF AIDS Reagent
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Program (hiftps:/fwww aidsreagent.org’). Other bNADs and non-NAbs were provided by
3.8, and DB,
881037  Expression and purification of HIV-1 Env trimers, Eny trimers were
transiently expressed in HEK293 F cells (Life Technologies, CA) except for
crystallographic snalysis. Briefly, 293F cells were thawed and incubated with
FreeStyle™ 203 Expression Medium {Life Technologies, CA} in the Shaker incubator
at 37°C, with 120 rpm and 8% CO;. When the cells reached a density of 2.0x 10%mi,
expression medium was added to reduce cell density to 1.0x10%m1 for transfection with
polyethyleneimine (PEI} (Polysciences, Tnc), For 8OSIP and HR1wedesigned trimers,
830 pg of Env plasmid and 300 pg of furin plasmid in 25 ml of Opti-MEM transfection
medium (Life Technologies, CA) was mixed with 5 ml of PERMAX (1.0 mg/ml) in 25
mi of Upti-MEM, whereas for uncleaved frimers, 900 ug of Env plasmid was used
without furin, Afler incubation for 30 min, the DNA-PELMAX complex was added io
1L 293F cells. Culture supernatants were harvested five days after transfection,
clarified by cenirifugstion at 1800 rpm for 20 min, and filtered using 2 0.45 pm filters
{Thermo Scientific). The Env proteins were extracted from the supernatants using a
Gadantha mivalis lectin (GNL) column (Wector Labs). The bound 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 a Superdex 200 Increase 10/300
GL column for initial asscssment and a Hiload 16/600 Superdex 200 PG columm {GE
Healthcare} for EM analysis and antigenic profiling. Protein concentrations were
determined using Vs sbhsorbance with theoretical extinction coefficients.
[60184]  Blue Native (BN) PAGE. Env proteins were analyzed by dlue nafive
polyacrylamide gel electrophoresis (BN-FAGE) and stained with Coomassic Mue. The
profein samples were mixed with loading dyve and loaded onto a 4-12% Bis-Tris
NuPAGE gel {(Life Technologies), BN PAGE gels were run for 2 hours at 150 V using
NativePAGE™ running buffer {Life Technologies) aecording to the manufachurer’s
instructions.
[68185]  Differential Scanning Calorimetry (DS8C). Thermal melting curves of
SOSIP and HR -redesigned trimers were obtained with a MicroCal VP-Capillary
calorimeter (Malvern). The SEC purified glycoproteins were buffer exchanged into 1X
PBS and concentrated to 0.5-1 M prior to analysis by the instrument. Melting was
probed at a scan rate of 90 °C/hr. Data processing including buffer correction,
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normalization, and haseline subtraction were conducted using the standardized protocst
from the Origin 7.0 software,
[B0i86]  Protein production and purification for crystallization, The twe HRI-
redesigned trimers, as well as the BANCI93 and PGT128 Fabs, were produced and
purified as described in Xong ot al., Acto Crysiallogr, Secr. D-Biol Crystallogr. 71,
209821408, 2013, Briefly, all constructs were cloned into the expression vector
phCMV3. Fabs were transiently transfected into mammalian Fresstyle™ 293F cells,
and trimers were transiently transfected in in GuT17 293 § sells, After one week of
transfection, the supernatants of the sntibody transfected cells were barvested and
purified using 3 Lambda or 2 Kapps Cepture Sslect column (BAC BV) for PGT128 and
EANCISS respretively before further purification using fon exchange chromatography
snd SEC. The supermatants of the trimer transfected cells were purified using 2 2G12
affinity columm folfowed by SEC. The {rimer complexes used for erystallization trisls
were prepared by mixing the gimer proteins with Fabs PGT128 and BANCI93 at s
molar ratio of 1.0:1.2:1.2 at roons tepsperature for 20 min, This mixture was then
deglveosyiated using endoglyeosidase H (Endo¥) in 200 mb NaCl, 30 mM sodium
citrate, pH 5.3, for 37 °C for 1 by Tollowing the manufacturer’s protocol (New England
Biolabs) before final purification by SEC,
[80187]  Protein orystallization and data coliection. Two purified protein complexes
containing Fabs PGT128 and 8ANC195 bound to HR 1-redesigned trimers wers
prepared for orystallization by buffer exchange into 53¢ mM NaCl, 20 mM Tris-HCE, pH
7.2. The complexes were then concentrated o 5 mg/mi and passed through 3 .22 um
filter before orvatal soreening using the IAVIIUSG/TSRI CrystalMation robot (Rigaku)
at the JOSG. Similarly {o g previoosly described complex containing Fabs PGTI28 and
SANCISS bound to SOSIF gpl40 rimer, the HR-1 redesigned trimer/Fab complexes
crystallized at 25 'C in .05 M Hihium sulfate, 0.05 M sodium sulfate, 20% {(w/v) PEG
490 and 0.05 M Tris-HCL, pH 8.7 (JCSG Core Suite condition: JCSGI AD3, Qdagen).
All crvstals for Xoray dats collection were ervoprotected by brief immersion in mwther
Hguor supplemented with 40%5 PEG 400 prior to flash-cooling in Houid nitrogen. For
the HR1 redesign 1 complex, diffraction data to 6.3 A resolution were collected at
beamline 2310-B a1 the Advanced Photon Source, processed with HKL-2060, and
indexed in space group 123 with 100% completeness and an <f>/<gp of 2.3 in the
highest resolution shell. For the HR1 redesign 9 complex, diffraction data t0 68 &
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resohution were collected st beamline 12-2 at the Stanford Synchrotron Radiation
Lightsource, processed with HEL-2000, and indexed In space group 123 with 100%
comipleteness and an <P/~ of 1.3 in the highest resolution shell. Data collection and
processing statistics are summarized in Table 1.
{00108  Stuchwre determination and refinement. The structures of PGT128 and
§ANCIOS bound to the HR Lredesigned gpl4l trimers were solved by the molecular
replacement method using the Phaser sofiware and a search model consisting of a
complex with SOSIP gp140 trimer bound to Fabs PGTI28 and 8ANCI95 (PDBID:
5CTK). As described previously, refinement consisted of alternating rounds of manua)
mode!l building using Coot-(1.7 and antomated refinement as implemented by the Phenix
program, Given the limited resolution of the datasets, grouped 8-factor refinement for
each residue was used. Furthermore, positional coordinate refinement was enforced
using a reference model set of restraints. The starting model for each amtomated
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
Borsr a8 Rpee 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. Sce Table 1 for final
refinement statistics. The Buried molecular surface arcas were analyzed with the
Molecular Surface Package
(hitp:/fwww.csb.yale.cdwuserguides/graphics/msp/msu_local.htrol) using a 1,7 A probe
radivs and standard van der Waals radii. Fab residues were numbered according to
Kabat nomenclature and gp 40 was numbered vsing the standard HXBc? convention,
[08109]  Electron microscopy sample preparation. The gpl4Q trimers alone, and in
complex with PGV(4, were analyzed by negative stain EM. A 3 pl aliquot containing
~0.02 mg/mi. of the trimers was applied for 15 3 onio 3 carbon-costed 400 Cu mesh
grid that had been glow discharged at 20 mA for 30 s, then negatively stained with 2%
urany! formate for 30 s, Data were collected using a FEI Tecnai Spirit electron
microscope operating at 120 XV, with an electron dose of ~30 ¢/A” and a magnification
of 52,000 x that resulied in a pixel size of 2.05 A at the specimen planc, Images were
acquired with a Tietz 4k x 4k TemCam-F416 CMOS camera using & nominal defocus
of 1000 nm and the Leginon package.
{60118}  Electron microscopy data processing and image reconstruction. Particles
were picked sutomatically using DoG Picker and put info a particle stack using the
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Applon software package. Initial, reforence-free, two-timensions] (212} class averages
were caloulated using particles binned by two via Herative multivariate stalistical
smalysis (MSAYmulttreference alignment (MRA) and sorted into classes. Particles
corresponding to Wrimers or o trimers bound to POV were selected into a substack
and binned by two before another round of reference-free alignynent 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, and non-native),
the reference fres 7D class averages were examined by eve using the metrics described
in Pugach ef of J Virol 89, 3380-3395, 2015). An @b inftio common Hnes mode! was
caloulated from reference-free 2D class averages in EMAN2 imposing symmetry €3,
This model was then refined against raw particles for an additional 25 cycles using
EMAN (Ludtke et gl,, I. Struct. Biol 128, 82.97, 1999). The resolutions of the final
models were determined using & Fourier Shell Correlation (FSC) cut-off of 0.5,

[60111] Binding Analysis by BLISA and Biolayer Light Interferometry (BLI). The
kinstics of trimer binding to bNAbs and non-NAbs was measured using an Octet Red96
instrument (foriéBie, Pall Life Sciences). All assays were performed with agitation set
1o 1000 rpm in fortéBIO Ix kinetic baffer. The final volume for all the solutions was
200 plwell. Assays were performed at 30 °C in solid black 96-well plates (Geiger Bio-
One), 5 ug/mi of protein in 1x kinetic buffer was used to load an antibody on the
surface of anti-hwman Fo Capture Blosensors (AHC) for 300s. A 60s blosensor baseling
step was applied prior to the analysis of the association of the antibody on the blosensor
10 the Env trimer in sohution for 200s. A two-fold concentration gradient of trimer
starting at 200 nM was used in a tiiration series of six. The dissociation of the
interaction was followed for 300s. Correction of baseline drift was performed by
subtracting the averaged shifl recorded for a sensor loaded with antibody but not
incubated with trimer, or a sensor without antibody but incubated with trimer. Octet
data were processed by fortéBio’s data acquisition soffware v.8.1. Experimental data
were fitted for VIV2 apex-directed bNAbs using 8 global fit 1:1 model © determine the

Ky values and other Kinelic parameters,

PR, | T PRS- FINST oxead B bt
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{88132}  The VIV2 region of gpl20 ranges from 56 o 90 residues in length with §

in 10 residues N-glvoosylated, forming a dense glycan shield onthe HIV-1 Env. The
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Y 1Vi-encoded glvean epifopes can be recognized by bNADLs such as PGY/PGIE,
CHOEL-04, PGT141-145, and PGDM1400. Despile sequence variation, a short segment
ventered at M160 defines the specificity for most known V1V 2-specific bNAbs, The
erystal structure of scaffolded VIV2 in complex with PGP has besn determined for two
clade C siraing, CAP4S and ZMIO%, revealing a Greek key motif with strands B and €
harboring two critical glveans. The EM structures of PGY and PGDMI400 in complex
with BGS(S SOSIP.664 opl4d trimer indicated that these two BNAbs are directed to
the trimeric apex with different angles of approach as described in, &.g., Julien ef o,
Froc. Notl. Acad Sei USA 118, 43514356, 2013 and Sok er al., Proc. Natl Acad Sci.
US4 111, 17624-17629, 2014, In this study, we hypothesized that the threefold axes on
ferritin nanoparticls can be wtilized to present VIV2 in o native-like trimeric
conformation found in the cryo-EM and crvsial stroctures of SOSIP trimer. To test this
possibility, we designed two consiructs based on the VIV2 of clade C ZMIO: one
containing all three disulfide bonds (termed VIV2Ex!) and a shortened version
containing two {termed V1V2ShY), with both Y1V2 sequences fised to the Neterminus
{135} of ferritin subunit (FR) {Table 2a} (See, o.g., Kanskiyo et al., Nature 499, 102~
106, 2013; and He et al., Sei. Rep. 8, 12581, 2015). After fitting the Cotermind of
trimeric V1V2 {0 the N-termint of ferritin subunits around cach threefold axis on the
particle surface, structural modeling vielded Co root-mean-square deviations (RMSDs)
of 3.7 and (1.8 A for VIV2Ext-FR and VIV28ht-FR, respectively. Further analysis
revealed a dense glycan surface for both nanoparticles with diameters of 16.6 and 143
nm for VIVIEx-FR and VIVISh-FR, respectively.
(80313}  The two VIV2-forritin constructs and the monomeric V1V2 were expressed
transiently in N-acetylglucosaminyltransferase I-negative (GnT1") HEX293 8 cells and
purified using a Gadambues nivalis lectin (GNL) column followed by SEC ona
Superdex 200 10/300 GL column. For both VIVI-FR designs, the SEC profiles
displayed s single pesk indicative of well-formed nanoparticles, which were confirmed
by dlue native polyvacrylamide gel slectrophovesis (BA-PAGE). We then wtilized
negative stain EM to visnalize the purified nanoparticles. Indeed, imaging by EM
showed homogeneous V1V2Ext-FR particles, which enabled the calculation of two-
dimension (213} class averages. Similar results were observed for VIV2ZSkt-FR
particles, suggesting that homogeneity and purity are intrinsic to these nanoparticles
despite their differences in the VIVZ length and the number of disulfide bonds
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coniained. However, the irimeric VIV2 spikes appeared diffase in the 2D class
averages, indivative of some mobility. To probe the antigenicity of the VIV2 apex, we
measured particle binding to PGS, which recognizes VIV2 in hoth monomeric and
trimeric forms, and PGDM1400, which targets the apex of the SOSIP-like trimer
conformation. Analysis of both nanoparticles by enzyme-Hnked immunosorbent assgy
{BELISA) showed enhanced BNAb binding relative {o the monomerie VIV2, with
PGIMI400 demonstrating preferential binding to VIV2IExI-FR. Using bic-layer
interferometry (BLI} and bumunoglobulin G (JgG), we characterized the kinetics of
V1V2 binding to BNAbs PG and PGDM1460 in monomeric and particulate forms, As
expected, monomeric VIV2 bound to PGY with low sffinity and showed no binding to
PGDMI400. By contrast, VIV2Ext-FR bound to both bNAbs with high affinity, but
different kinetics. For PGDM 1400, VIV2ZExi-FR showed an extremely fast on-rate,
indicating a stable apex that can be readily recognized by this apex-divected bNAD.
VI1V2Sht-FR exhibited similer binding kinetics with respect to VIVZExt-FR, but with a
reduced affinity for PGDMI400 that suggests an adversary effect of the shortened
YV1V2 on the apex structurs and antigenicity consistent with ELISA,

[88114]  Our results demonstrate that the V1V2 region of HIV-1 Env can be
presetted o a native-like trimeric conformation on foreitin nanoparticles. OFf note, this
design strategy is likely strain-independent, since nanoparticles were also observed for
VIV2Ext-FR designed based on clade C CAP4S (Figs. 8b-8d). Overgll, particulate
display of trimeric VIV2 substantially improved its recognition by apes-divected
BNAbs, suggesting that VIV2 nanoparticles may provide promising alternatives o

gp 146 trimers snd focus B eell responses to this quaternary epitope.

Example 10 Forritio nanoparticles presenting wrimerie VIVZ with 8 native-like sosx

{60115} A 60-meric LS nanoparticle presenting an engineered gp120 core lacking
variable loops (VIV2 and ¥V3) and inner domain has been used 1o target germline
precursors of VRCG1L, a CD4-binding site (CD4bs)-directed bNAD. However, structures
of BG30S SOSIP trimer in complex with the VRU01-class bNAD PGVO4 revealed that
glycans on the neighboring gpl40 protomer are also involved in CD4bs recognition,
suggesting an angle of approsch constrained by the irimeric context. The importance of
trimer constraints for HIV-1 neutralization was further demonstrated in human Ig
knock-in mice, in which only BGS05 SOBIP wrimer, but not e0D-LS nanoparticle,
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plivited MAD responses. Based on these previous studies and the resulis of V1V2
nanoparticles, we hypothesized that ferritin nanoparticle can be used o present full-
length gp 120 and expose all #ts encoded BNAb epitopes in their native-like
conformations as does the SOSIP gpl40 trimer. This design strategy may generate
aliemative immunogens lacking the complications intrinsic to the gpl40 trimers
containing metastable gpd 1. To test this possibility, we designed three ferritin fusion
constructs based on clade A BGSUS gpl2{: gpl20Ext-FR and gp1208hi-FR contained
different lengths of gpi20, while pp12085-FR incorporated an additional disulfide
bond simed to stabilize the gpl20 termind (Table 2b). In the case of gpl20Ext-FR,
structural modeling revealsd a nearly perfect superposition of gp120 C-terminus (G495)
and ferritin N-terminus {1353} around cach threefold axis on the particle swrface, with a
Cer RMSD of 1.9 A and a diameter of 26.2 nm for the resulting nanoparticle,
[00116] Al three gpi20-ferritin constructs and the monomeric gpl20 were
expressed transiently in HEK293 F cells. The seoreted proteins were purified using a
GNL column followed by SEC on a Supercse 6 10/300 GL column. Amoug 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 gpl2088-FR, suggesting
misfolding of the mutant gp120. BN-PAGE revealed high molecular weight {m.w.)
bands for both gp120Ext-FR and gp1208ht-FR, corresponding to fully assembled
nanoperticles. We then employed negative stain EM to visualize the purified gpl20-F8
nanoparticles. Homogeneous particles were observed for both gpl20Ext-FR and
gp1208ht-FR, with 2D class averages calculated for the latter. Since gpl208h-FR
displayed more efficient particle assembly, cryo-EM was utilized to further characterize
the nanoparticles, showing a particle surface decorated with gpl20 spikes.
[88117]  To assess the antigenicity of gp120 nanoparticles, we measured the kinetics
of particle binding to a pansl of representative bNADs and non-NAbs. We first tested
apex~directed bBNAbs PG16 and PGDMI1400. As expected, gpl20 monomer exhibited
only minimal binding to PG16 and almost undetectable binding to PGIN1400. By
comfrast, gpl20 navoparticles showed substantially enhanced binding to both bBNAbs
with sub-nanomolar affinities, with gpl20Shi-FR slightly ouiperforming gpl20Exi-FR.
This confirmed that three gp120s arcund each threefold axis on a ferritin nanoparticle
can indeed form SOSIP-like trimer conformations. For CDM4bs-directed VRCOI, both
nanoparticles displayed an increased on-rate with flat dissociation curves. A similar
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trend was observed for NAb b2, which targets the same site. The avidity effect
resulting from multivalent display was most pronounced for BNAD PGT121, which
targets the V3 base and surrounding glveans: while monomeric gpl20 bound to
POTI2T at a lower level with a fast off-rate, both gpl2¢ nanoparticles showed
enhanced binding with faster on-rates and flat dissociation curves. We then measured
particle binding to non-newiralizing MAbs. For F103, which prefers an open gpl20
conformation, monomeric gpl20 displaved rapid on- and off-rates, whercas
nanoparticles showed slower on- and off-rates that may result from the steric hindrance
caused by the dense display of gpl20 wimers. However, gpl28 nanoparticles did show
enhaneced recognition by the V3-specific 19 in comparison to monomeric gpl2(,
which may be minimized by conformationa! fixation as recently demonstrated for the
SOSIP rimer. Lastly, gp120-FR nanoparticles showed almost negligiblc binding to the
C4i MADL 17b in contrast o a8 aotable recognition of monomeric gpl20 by this MAb,

120
{B0118]  We also investigated whether 60-meric nanoparticles could be utilized to

Example 1T 0-merde nanoparticles presenting frimerle

present irimeric gpl2¢. We selected two thermostable 60-mers with distinet structural
features — LS (Fhang et al,, J. Mol Biel 308, 109%-1114, 2001) and E2p (Izard et al,,
Proc, Natl, dead Sei. US4 96, 1240-1245, 1999} — to examine this possibility.
Compared to the 12.2-nm diamester of ferritin, LS is only slightly larger in size, witha
diameter of 14.8 num. Structural modeling of the gp120Sht-LS nanoparticle indicated
that the LS surface would be covered entively by 20 trimeric gpl20 spikes with an
estimated diameter of 28.7 nm. Following transient expression in HEK293 ¥ cells and
(NL purification, the secreted protein was analyzed by SEC. However, no particle
peak was observed in the SEC profile of this LS constract, Consistently, 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 gpl20 trimeric spikes.
{8011%]  We next examined Elp, which is a hollow dodecabedron with a diamster of
23.2 nm and 12 large openings separating the threefold vertices on the particle surface.
Structural modeling vielded a gpi208ht-E2p nanoparticle with a diameter of 37.6 nm
{Table 2c}, which is close to the optimal size for direct uptake by DCs. The HEK293 F-
exprassed, ONL-purified gpi20Shi-E2p protein was anshyzed by SEC on a Superose 6
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10/300 GL solumn, which showed a distinctive high mow. peak corresponding to the
chimeric E2p particles, Concordantly, BN-PAGE showed a concentrated nanoparticle
band on the gel, with a lighter band of low m.w. sugpestive of dissociated gpl20-E2p
irimer. We then otilized negative staln EM (o characierize the agsembly of this 63-mer
and ohserved large, homogeneous nanoparticles. The 2D class averages revesled
hollow protein cages resembling the crystal structure. However, while the EM analysis
validated the robustaess of B2y as 2 nanoparticle platform for farpe and complex
antigens such as irimeric gpl20, ¥ also showed unexpected 213 class averages lacking
the gp120 spikes. It was unclesr from the EM analysis slove whether the trimeric gpl28
spikes formed but remained mobile doe to the large spacing, or if the three gpl20s
around cach threefbld axis falled to assemble into a stable trimer. To address this issue,
we measured Eip particle binding to a small panel of bNAbs and non-NAbs by BLE.
Remarkably, gp1208hi-E2p bound to the apex-directed b(NAbs PG16 and PGDM1400
with sub-picomolar affinities. The fast on-rate and flat dissociation curves indicated
native-like apexes resembling that of the SOSIF trimer but with additional advantage of
avidity. Similar to the case of gpl20-ferritin nanopearticles, we observed increased
recognition of the CDdbs and V3 base by bNAbs VRCO! and PGTIZ2L, as well as NAb
bi2. For non-neuivalizing MAbs, gpl1208he-E2p bound o the CD4bs-specific Mab
F105 and Vi-specific 19b at a level similar to gp1208ht-FR, suggesting a common
feature shared by gp120 nanoparticles irrespective of the size. Lastly, only minimal
binding was chserved for the CD4i MAD, 17b.

{08128]  Asthe receplor-binding protein of HIV-1 Env, gp120 has been extensively
studied a8 8 vaccing immunogen, bt is now considered suboptimal dug o the exposure
of a non-nevtralizing face that is burled within the sative spike. Our results indicate that
display of full-length gp120 with ferritin and EZp nanoparticles can restore the native-
fike trimer conformation in the absence of gpdl, With SO3IP-like antigenicity and
varigtions in particle size and surface spacing, these nanoparticles provide versatile

platforms o investigate gpl20-based HIV-1 vaccines.

Esample 17 Forrilin navoparticles presenting stabilized gol 48 frimers

f803121]  The design and immunogenicity of a ferritin nanoparticle presenting the

BG303 SOSIP gpl40 #rimer were recently reporied (Sliepen ef al,, Retrovivol. 12:82,

2815} The snalysis of this gp140 nanoparticle by ELISA showed notably reduced
48
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binding to the apex-directed bNAbs PGP and PGT1435, and 1o 3 BNAb directed 1o the
gpi20-gpdl interface, PGTI5T. This is somewhat surprising given the antigenic
profiles we shesrved for gpi20 nanoparticles using BLI In this study, we soughi to
approach the ferritin display of gpl40 trimer with a new stabilization desigs containing

5  amodified HR1 bend {reziducs 548-368, tormed HR1 redesign 1), and a detailed
analysis of linker length and gp4l truncation. The gpl4G constructs tested hers
included: a gp140 troncated af position 6564 {gp140.664), gpl140.664 with a 10-residue
iinker {gp140.664-10aa}, and a gpl40 truncated at position 681 to inchude MPER with
the same linker (gp140.681-10aa} (Table 2d). Structural modeling of the HR1-

10 redesigned gpl4Q-ferritin particles indicated well-separated trimer spikes with
diameters of 30,1, 35.7, and 40.1 nun for gp140.664-FR, gp140.664-10a2-FR, and
gp140.681-10aa-FR, reapectively.

81231 Since contaminant BEnv species cannot be eliminated during particle
assembly, the purity of gpl40 trimer will have a significant impact on the guality of

1§ gpl46 nanoparticles. To illustrate this problem, we compared the SEC profiles ofthe
BGS05 SOSIP trimer and an HR I-redssigned gp14¢ trimer, which showed substantial
differences in aggregate and dimer/monomer peaks, as indicated by the UV absorbance
at 280 nm. Al gpl40-forritin nanoparticles, including a SO8IP-based design, were
transiently co-expressed with furin in HEK?293 ¥ cells and purified using GNL followed

20 by SEC on 2 Superose 6 10/300 GL columm. Using negative stain EM, weo first
confirmed the assembly of SOSIP-ferritin nanoparticles. The GNL-purified gpl40-
ferritin proteins containing the HR1 redesign 1 exhibited similar SBC profiles with high
trimer and dimerfmonomer peaks relative to the particle-containing peak 2t 8.5-10.3
mL. For gpl140.664-10aa-FR, which contained more nanoparticles, EM revealed an

25  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 700 column, which has been used for VLP purification. Afler purification using
Capto Core 700 and GNL columus, ppl40.664-10aa-FR showed reduced non-particle
peaks in the SEC profile. Consistently, higher~quality EM tmages were oblained with

30 the hesagonal siructures still present, indicating that an HIV-1 Env-specific purification
method is required. To this end, wo sxamined the combined use of Capto Core 700 and
2G12 affinity columns, the latter of which has been widely used to purify SO8IP
trimers. Overall, gp143.564-103a-FR remained the best performaer, showing a more

47



3

10

15

20

23

30

WO 2017/192434 PCT/US2017/030375

visible particie peak {n the SEC profile with a reduced trimer peak and no
dimer/monomer peak. For all three constructs, the particlo-containing fractions were
analyzed by BN-PAGE, which showed high m.w, bonds corresponding to fully
assembled gpl40 nanoparticles relative v the individual wimer. Of note, these bands
are consistent with the SEC profile and the estimated shift from the gpiZ20-forritin
particls bands, in condrast to the Shepen of al. report. For gpld40.664-10aa-FR,
homogeneous nanoparticles with visible spikes on the surface were observed in
negative stain EM. The stability of gp140.664-10aa-FR nanoparticies was confirmed by
EM analysis of a sample that had been frozen and thawed. We also observed well-
formed nanoparticles for gpl40.664-FR and gp140.681-10aa-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 gpid0-based nanoparticles.
[88133]  We characterized the antigenic profiles of gpl40 nanoparticles ueing BLI
and a panel of representative bNAbs with the HR 1 -redesigned trimer inchuded as a
control. We first utilized V1V2 apex-directed bNAbs PGDM 1400, PGTI45, and FGIS
to probe the apex of gpi40 trimers displaved on the particle surface. Remarkably, all
g 140 nanoparticles showed sub-picomolar affinities compared to the individual trimer,
with flat dissocigtion curves due to gvidity, For bNAb PGTIZ1, 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 CDMbs-directed bBNAD
YRCO1, gpldd-ferritin particles displayed slow association similar to gpl20-ferritin
particles. For BNAbs PGTIS51 and 35022 that target the gpl120-gpd! interface, we
found enhanced recognition, but with different kinetics. For PGT151, a faster on-rate
was observed with an unchanged dissociation pattern. By contrast, an increased on-rate
was observed for 33022 that was accompanied by a rapid dissociation. In brief, all
three gp140 nanoparticles showed improved recognition by bNAbs except for VRCB1,
suggesting that the crowded surface display of gpl4{ trimers may have the most
significant impact on the VRC01-class bNAbDs that bind the CD4bs with a resiricted
angle of approach.
[#8124]  We next wecasured the binding kinetics of gp140 nanoparticies to non-
NAbs. Notably, reduced binding was observed for the CD4dbs-specific MAbs F108 and
b, with a moore significant redoction seen for 56, In the case of Vi-gpecific MAb 18h,
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a slower association was observed for gp140 nanoparticles compared to trimer and
260 nanoparticles, suggesting a minimized V3 exposure due to the dense display of
gpi40 rimers. For MAD F240, which fargets the immunodominant epifopes in cluster [
of gpd 1, gpl40 nanoparticles exhibited undetectable binding compared to the residual
binding observed for the HR I-redesgined trimer. For both gpl40 trimer and gpl40
nanoparticles, binding to CD4i MAbs 17b and A332 was not detected. Lastly, we
utilized MPER-directed bNAbs 4E10 and 10E8 to probe this gpé! epitope in the
context of gpl40.681-10aa-FR. Surprisingly, although this nanoparticle bound to 4E18
with a rapid on-rate and flat dissociation curve, it showed only minimal binding to
10ES8, which recognizes a conformational epitope spanning bevond the 4E10 binding
site. As revealed by structural modeling, since MPER is proximal to the ferritin surface
with a distance of 2 10 nm from the cuter surface, steric hindrance may have a more
significant impact on bNAbDs such as 10ES that select for certain epitope conformations.
IB9I28]  Owr anabyses rovealed oritical charactoristics of the designed gpl40-ferritin
nancparticles. In conirast to the Slicpen et al. report, the antigenic profiling by BLI
clearly demonsirated enhanced recognition by bNAbs and reduced binding 0 non-
Nabs, The resulis suggest that these gp 140 nanoparticles may be superior immunogens
to individual gpl4d trimers in eliciting robust B cell responses towards the bNAD
opitopes. OF nots, the infrinsic purity of HR1-redesigned 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-NAbs.

Example 13 A 50-meric E2n nanoparticle presenting stabilized gpl40 trimer

{00128]  Based on the promising results of gpl40-forritin nanoparticles, we
investigated the particulate display of gpi4l) trimer on two $0-mers, LS and E2p. Given
the small size of LS, we first designed a construct containing 3 {-residue linker
between the Coterminus of L3 subunit snd Nerminus of gpl4 (Table 2e}, Structural
modeling of L3-10as-gp140.664 vielded an extimated diameter of 39.2 nm. Following
furin co-expression in HEK293 F cells and GNL purification, the chiveric 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 E2p nanoparticle by fusing the
BGSOS gpl140.664 containing a redesigned HR1 bend to the N-terminus of E2p core
subunit {Table 2e). Structural modeling indicated that the gp140.664-E2p nanoparticle,
49
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41.% nm in diameter, can oxpose all BNAD epitopes except for MPER. The gpl40.664-
E2p construct was co-transfected with furin in HEX293 F cells followed by the GNL
purification and SEC on a Superose 6 14/300 GL coloma. Although the overall
expression was low, the highest peak in the SEC profile corresponded to the large E2p
nanoparticles, which was further confirmed by the SEC analysis of 2G12-purified
sample. A possible explanation for the improved efficiency in particle assembly is that
the association of three gpd] subunits can facilitate ppl40 trimerization and E2p
assembly simultancously. BN-PAGH showed a band on the top of the gel characteristic
of high m.w. nanoparticles. Homogeneous gpl140.664-E2p nanoparticles with a dense
fayer of trimer spikes were observed from the EM analysis. Our results thus indicate
that gp140.664-E2p can form homogenous, VLP-size nanoparticles with desired
structural regularity of gpl40 trimers poised for immune recognition.
{861277  We then characterized the antigenicity of gpl140.664-E2p nanoparticle
using a panel of bNAbs. For apex-~direcied PG16 and PGDMI1400, gp140.664-E2p
showed a slow on-rate with flat dissociation curves and less than piearpolar affinities.
For CD4bs-directed VR0, ppl40.664-F2p showed notably reduced binding and flat
dissociation curves reminiscent of the gpl4i-ferritin nanoparticles, bt weaker. For
bMNAL PGTI21, which binds to 8 glycan epitope at the V3 stern, we ohserved irimer-
like kinetics with shightly reduced on-rate. For PGTIST and 35022, gp140.664-E2p
exhibited binding profiles similar to those of the gp140-ferritin nanoparticles. Qverall,
gp140.664-E2p showed reduced recognition by the bNAbs tested in this analysis, with
the most visible change observed for VRCO! and the least for PGT151. This result
raised the possibility that non~-native gpl40 trimer conformations were displayed on the
E2p nanoparticle. To address this critical issue, we tested particle binding to a panel of
non-MAbs, For CD4bs-specific MAb F105, we ohserved weakened binding with &
more rapid dissociation relative to the individual trimer. Furthermore, 1o our surprise,
19b binding revealed a notably reduced V3 exposure, as opposed to the enhancement
observed for all other gp120 and gpl40 nanoparticles, The gp140.664-E2p nanaparticle
hound to the CD4i MAD 17b at o minimal level, consistent with the previons
chservation for gpl40-forritin nanoparticles. For gpdl-specific MAbD F240, however,
g0 140.664-E2p showed slightly increased binding relative to the irimer and gpl40-
ferritin nanoparticles, Further analysis revealed an approximately 9A edge that made up
the threefold vertices for E2p compared to 8 204 edge for forritin, suggesting that a
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short Hinker might have saused some strain o the gpdi-E2p connecting region, and
consequently a less favorable gp4 1 conformation,

{0128  The gp140.664-BE3p nanoparticle, with an optimal size {(40-30 nm) for DU
update, may be more sdvantageous then gpl40-ferritin nanoparticles in eliciting strong
and sustained B cel responses. Given the efficient assembly of gpl40.664-E2p
manoparticles, it is possible that the particulate display of gp140.681 can be achieved
using Elp, and warrants forther investigation, In summary, our characterization of
gp140.664-E2p nanoparticle has provided an important step towards the development
of high-valency, VLP-fike HIV-1 vaccines.

Table
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of reflection b, k, §, <> is the average intensity for that reflection, and & is the redundancy. Ry
iy & redundancy-independent measure of the quality of intensity measurements. Rpg = Day (1o~
1})”2 Tl dnaps - <& | Tws Ty Foge s, Where Sy, is the sealed intensity of the i measurement of
refiection B, I |, < Jur > 15 the sverage Intensity Tor that reflection, and » is the redundancy.
“Rorgn ™ Tat | Fo= Fo |/ Tag| £y 100

*Rives Was Salontated a5 for oy but 0 3 1031 sl comprising 10% of the dats excluded from
refinement,

These vatues were caleuluted using MolProbity (http//molprobity. biochem.duke.edus).

g ¥1V72 trimer-presenting forritin nanoparticles

FM100 VIVIEFR | [POVELIPLOVILNC TGP AAHNESE TR VKHCSFNITIDVRDRK

(SEQ D NO2Y) GKVNATPYDLDIVPLSSSDNSSNSSLYRLISCNTSTITGACPIAS
GOURLLNEGYNKEMOSSNLY MEMSS WO Y THELDGAGLFLFD
HAAFRYEHAKKLUFLNENNVEVQLTSISAPEHKFRGLTOIFGK
AYEHEQHISESINNIVDHAKSKDBATFNFLOWY VARQHEERY
LFK DL DEIBLIGNENHGL Y LADOY VK GIAKSRES

ZMIOS VIVIE-FR [ACYTLNCTSPAAHNESETRVEBOSFRITTDVKDREGEVYMATF

{REQ D NGOG YLDUYPLESSIINESNESLYRLISCAL4SGDIE LINEGVKREKEMQ
SENLYMSMESWCYTHELDCGAGLFLFDHAAREYEHARKKLIFL
NENNYPVQOLTSISAPERKFEGLTQIFQKAYERBOHISESINNTY
DHAKSKDHATFNFLOWYVARQHEEEVLFE DL DEIBLIGNEN
HGLYLADOY VRGIAKSRES

CAPS VIVZEREFR PPCVELTPLOVTLERCTNATINGSLTEEVENCEFNITTELRDKED

{SEG IDNOGYH KAYALFYRPDYVPLNENEPSONSSEYILINCNTSTITQACPL4SG
DHKLLNEQVNEEMOSENLYMSMERWOYTHRELDGAGLFLEDH
AAEEYERARKLUFLNENNYPYQLTSISAPEHKFEGLTQIFQEA
YEHEQGHISESINMNIVEHAIKSKDHATINFLOWYVARQHEEEVL
FRDBDEIBLIGNERRGLYLADOY VKGIAKSRKS

b. gpl20 vimer-prosemting fereitin nanoparticles

BGS0S gpl20Bxt-FR [GVPYWERDAETTLFCARDARAYDTERHINYWATHACVETOPN

{SEQ 1D MCx32) POEIHLENYTERPNMWENNMYEQMHETIHISLWDOSLEPCVKL
TPLCYTLOQUINY INMNITDDMRGELENCSFNMTTELRDEROR
YVYSLEYRLDVVQINENQOGNRENNENKEYRLINCNTSAITQACP
KYSFEPIPIHY CAPAGFAILKCK DR K FNGTOPUPSYSTVQUTHG
RPYVETOQLLLNGELAFREVMIRSENPI MM AKX MILVOFNTEY
WCTHPNNNTRESIRIGPGOAFY ATGDUGDIRGAHCNY SKATW
NETLGRYVEQLREHFONNTHRFANSSGCGDEEVTTHSPNCGOE
FFYONTSGLFNETWISNTSVQUGSNSTGSNDSITLPCRIKQINM
WORICQAMY APPIQGVIRCYSNITGLILTRDGGSTMNSTIEIPRD
GOCDMRIDNWRSELYRKYRVYRKIEPLG48GIRIKLLNEQVRKE
MOSSNLY MEMSES WY THSLDGAGLFLFDHAABEYEHAKELY
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BOAES ppl20She-FR

{8EQ 1D NO:33)

BGSOS gpl2088-FR
(SEQ ID NO:34)

GVWKDAETTLECASDARAYDRTERBNYWATHACVPTDPNEG
EHLENVTEEPNMWENNMYVECQMHTDUSLWDOSLKPCVELTP
LCVTLOQOUTNYTHNNITDDMRGELKNCSFRMTTELRDERKGEVY
SLFYRLDVYQINENQGRNRENNSNKEYRLINCNTSATTQACPRKY
SFEPIFIHYCAPAGFAILECKDEKKIMNGTGPCPEVSTVICTHGIK
PYVETOLLINGELAEEEVMIRSEMITNNARNILYVOFNTEVOING
TRPNNNTRKSIRIGPGQAFYATGDIGDIRQAHCNVEKATWNE
TLOEVVEKOQLRKHFONNTHRFANSSGGDLEYTTHSFNCGGEFF
YONTSGLENSTWISNTSVQUGSNSTGSNISITLPURIEQINMWQ
RIGQAMYAPPIGGVIRCVYSNITGLILTRDGGETNETTETIRPGG
GRMRDNWRSELYKYRVVEKIEGI4ASCGOEKLLNEQVNKEMQSS
NLYMSMSSWCOYTHSLDGAGLFLFDHAAREYEHAKKLHFLNE
NNVPYVOLTSISAPEHKFEGLTOIFQRKAYCHEQHISESINNIVEH
AIKSKDHATFNFLOWY VAEQHEEEVIFKIDILDKIELIGNENRG
LYLADQYVEGIAKSRES

[GWCDAETTLFCARDAKAY D TERKHNY WATHACVITDPNPQE]
HLEMVTEEFNMWENMNMVEQMHETDHSLWDROQSLEPCYKLTPL
CYTLQUINVTINNITDDMRGELENCSFNMTTELRDKEQREVYS
LFYRLDVYQINENGONRSNNSNEEY RLINCNTSAITQACPRYS
FEPIPIHYCAPAGFAILKCKDEKEFNGTGRCPSVETYVQCTHGIKY
YVVETQLLINGSLABEEVMIRSENITNNAKNILVQFNTPVQINCT
RPNMNNTREKSIRIGPCQARFYATCGDHOGDIRQAHCNYEKATWREY
LOGEKVVEQLRKHFOMNTHRFANSSGGRLEVTTHSFNCGGEFFY
CNTEGLENSTWISNTEVOGENSTGSNDSITLPCRIKQIMNMWOR
HGOAMY APPIQGVIRCVENITGLILTRDGGSTNSTTETRRPGGE
DMRONWRSELYEYRVVCIGIASCDUKLINEQVNEEMQSSNL
YMEMESWCYTHSLDGAGLPLFDHAAREYEHAKKLHFLNENN
YEVQLTSISAPEHEFEGLTQIFQKAYEHEGHISESINIVIHAIK
SEDHATENFLOWYVARQHEEEVLFKDILDKIELIGNENHGLYL
ADOYVEGIAKSRES (SEG TD N34

c. gpl2f trimer-prosenting LS and Elp nanoparticles

BGEOS gpl206R-LS
{(SEG ID NOJS)

IGYWEKDAETTLFCASDAKAYDTEKHNVWATHACVPTDPNP
ETHLENVTEEFNMWENNMYEQMHETDHSLWDOSLEPCVELTP
LOYVTLOUTNVINNITDDMRGELENCSFNMITELRDRKKGEYY
SLEYRLEBYVQOINENQGNRENNSNEKEYRLINCNTSAITQACPEY
sFEPIFHYCAPAGFAILKCKDERPNGTGPCPSVETVOUTHGIK
PYVETOLLINGILAEEEVMIRSENITNNAKNILVOFNTPYQING
TRPMNNNTRKSIRIGPGOQAFYATGDHGDIRQAHCNVEKATWNE
TLORVVKQLREKHFGHNTHRFANSSOGDLEVTTHSFNCGGEFF
YONTSGLENSTWISNTSVOQGSNSTGSNDSITLPCRIKQIINMWQ
RIGOAMYAPPIQGVIRCYSNITGLILTRDGGSTNETTETFRPGG
GEMRDNWRSELYRKYKVVRIEGIMSGMQIVEGK LTAEGLRFGI
VASRFNHALVIDRLVEGAIDCIVRHGGREEDITLVRVPGSWEIP
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BGS0S gpl208h-E2p IGYWRDARETTLFCASDAKAYDTEKHNYWATHACVPTDPNPQ

{(SEQ 1D NO36)

EIHLENVTEEFNMWENNMVEQMHTDISLWDOSLEPCVELTE
LOVTLQCTNVINNITRDMRGELENCSFNMTTELRIEKQEVY

SLEYRLDVVOINENQGNRSNNSNEEYRLINCNTSAITQACPERY
SFEPIPHIYCAPAGFATLKCKIDEKFRGTGPOPSVETVOQUTHGIK

PYYSTQLLLNGELAEEEVMIRSENITNNAKNILVOFNTPYQING
TRPNNNTRESRIGPGOAFYATODIGDIRQAHONVEKATWINE

TLGEVVEQLREKHFGNNTHRFANSSGGDLEVTTHSFNCGGERY
YONTSGLENSTWISNTRVOGENSTGENDSITLPCRIKGHNMWG
RIGOAMY APPIQGVIRCVSNITGLILTRDGGSTNSTIETFRPGG

GDMRDNWRSELYKYRVVKIEGIASGCAAAKPATTEGEFPETRE
EKMSGIRRAIARAMVHSKHTAPHYTLMDEADVTELYAHRKEYF
KAIAAPKGIKLTFLPYVVKAL VEALREYPVENTAIDDETEEIQ

EHYYMIGIAADTDRGLLVPVIKHADRKPIFALAQEINELAEK A

ROGRLTPOEMEGASCTIINIGRAGGQWFTPVINHPEVAILGIG

RIAEKPIVRDGEIVAAPMLALSLSFDHRMIDGATAQKALNHIK

RLLEDPHELLEM

d. gp140 trimer-presenting forritin nanoparticles”

BGE0S gpl40.684-FR
{SEQ ID N3

BG505 gpi40.664-10aa-
FR (SEQ Iy NO:38)

FAENLWYVIVY YOV PVWEDAETTLFCASDAKAYETERANVW
ATHACVPTDPNPQEIHLENVTEEFNM WENNMVEQMHTIHISL
WDOSLEPCVELTPLOVTLOCTNVTNNITDDMRGELKNCSFN
MTTELRDKKOKVYSLEYRLDVVOINENQGNRSNNSNKEYRLI
NONTSAITQACPK VSFEPIPIHY CA PAGFAILKCKDEKFNGTGP
CPRVSTVOCTHOIKPVVSTOLLLNGSLABERVMIRSENITNNA
KNILVQENTEVOINCTRPNNNTRESIRIGPGQAFY ATGDIIGDIR
QAHCNVSKATWNETLOKVVEQLRKHFGNNTIRFANSSGGDL
BVTTHSFNCGGEFFYCNTSGLFNSTWISNTSVOGSNSTGSNDS!
TLPCRIKOINMWORIGOAMY APPIQGVIRCVSNITGLILTRIG
GSTNSTTETFRPGGGDMRDNWRSELYK YKV VEKIEPLGYAPTR
CKRRVVGRRRRRRAVGIGAVFLGFLGA &G‘STMGA&SM‘TLT
VOARNLLSGN
LGIWUQSGKLICC”{NVPWN GSW &mNLSEEWDNMT% TOWDK
EISNYTOHYGLLEESONQOEXNEQDLLALD 4SODIKLINEQY
NEEMOQSSNLYMSMSSWOYTHSLDGAGLFLFDHAABEY EHAK
KLIFLNENNVPVOLTSISAPEHKFEGLTOIFQK A VEHEQHISES
TNNIVDHAIK SKDHATFNFLOWY VAEQHEEEVLFKDILDKIEL]
CNENHGLYLADOYVEGIAKSRKS

[AENLWVIVYYGVPVWRDABTTLFCARDAK AYETERHNYW
ATHACYPTDPNPQEIHLENVTEEFNMWENNMYBOMHTRIISL
WHOSLEPCVELTPLOYTLQUTNVTNNITDDMRGELKNCSEFN
MITELRDEKGKYYSLEFYRLDVVQINENQGNEENNENKEYRL]
NCWTSAITQACPRKVSIERMPIHYUAPAGFAILKCEDEXFNGTGP
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CPSVSTVQUTHGIKPYVSTOLLLNGSLAREEVMIRSENITNNA
KNILVOENTPVOINCTRENNNTRESIRIGPGOAFY ATODIGDIR
QAHCNVSKATWNETLGKVVKQLRKHFGNNTITRFANSSGGDL
EVITHSFNCGGEFFYCNTSGLENS TWISNTS VOGSNSTGSNDSE
TLPCRIKGINMWORIGQAMY APPIQGVIRCYSNITGLILTRDG
GSTNSTTETFRPGGODMRDNWRSELYK VEVVEIEPLGVAPTR
CKRRVVGRERERRBAVGIGAVFLGFLOAAGSTMGAASMTLT
VOARNLLSGNPDWLEDMTVWGIKOLOARVLAVERYLRDOOL
LGIWGCSGKLICCTNVPWNSSWANRNLSEIWDNMTWLQWDK
BISNYTOIYGLLERSONQOEKNEODLLALDIGSGSGSGSGRASG
DIKLLNEGVNKEMOSSNLYMSMSSWOY THSLDGAGLFLFDH
AABEYEHAKKLIPLNENNVPVOLTSISAPEHKFEGLTQIFOKA
YEHEGHISESINNIVDHAIK SKDHATFNFLOWYVARGHEEEVL
FEDILDKIELIGNENHGLYLADQY VKGIAKSRKS

[AENLWYTVYYOVPYVWKDAETTLFCASDAKAYETEKHNYW
ATHACVYPTDPNPGEIHLENVTEEFNMWENNMVEQMHETDISL
WROSLEPCYRLTPLOVTLOCTNYTNNITDDMRGELKNCEFN
MTTELRDEKQKVYRLFYRLDVVOQINENGGNRSNNSNKEYRLY
MNONTSAITQACPKVSFEMIPIHY CAPAGFAILKCKDKKFNGTGP
CPSVETVQUTHGIKPVVETOLLINGSLAREEVMIRSENITHNNA
ENILVOFNTPYQINCTRPNNNTRESIIGPGRAFY ATGDIIGDIR
CAHCNVSKATWNETLORYVKGLREKHFGNNTIRFANSSGGDL
EVTTHSFNCGOEFFYONTSGLPNSTWISNTSVQGSNETGENDS]
TLPCRIKGHINMWORIGQAMY APPIQGVIRCVENITGLILTRDG
GETNSTTETFRPGGGDMRDNWRSELYKYKYVEIEPLGVAPTR
CERRYYGRERRRBAVGICAVFLGFLGAAGETMGAASMTLT
VOQARNLLSGNEDFILDMIVWOIKGLQARVLAVERYLRINQL
LOIWGUSGRLICCTNVPWNSSWENRNLSEIWDNMTWLOWIK
EBNYTQHYGLLEESQNOQOQERNEGRLLALDEWASLWNWERDIT
SMESWCYTHSLDCAGLFLFDHAAFEYEHAKKLFLNENNYP
VOLTSISAPERKFEGLTOIFQRAYEHEGHISESINNIVIHAIKEE
DHATPFNFLOWY VAEQHEEEVLFKDILDEKIELIGNENHGLYLA
DY VRGIAKERKS

e. gpl4d wimer-presenting

L8 and EZp nanoperticles

BGSUS LS 108
gp140.664 (SBQ ID
NO40)

MOHYEGRKLTAEGLRFGIVASRFNHALVIRLVEGAIDCIVRHGG
REEDITLVRVPGEWEPVAAGELARKEDIDAVIAIGYLIRGATP
HOGNKOWEAALSATEMANLFKSLRGIGYGIGSGS4SGIABNLY
YTYYYOVPYWEDAETTLFCASDAKAYETERHNVWATHACY
PIOPNPOEIHLENVTEEFNMWENNMVEGMHTDIISLWDOSLK
POVELTPLOVTLGCTNY TNNITDDMRGELKNCSFNMTTELRD
KEORVYSLFYRLDVVQINENQUNRENNSNEEYRLINCNTSAL
TOACPFEVEFEPIPIHY CAPAGFATLKCEDKX FNGTGPCPEVETY
GUTHGIKPVVSTQLLLNGSLAFEEVMIRSENITNNARKNILVGE
NIPVOINCTRPNNNTRESIRIGPGQAFYATGDIIGDHRQAHUNY
SKATWRETLORKVVEQLREKHFGNNTHRFANSSGGDLEVTTHS
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STWISNTSVQGS U
aQthﬁWQREGQAMYAPP}QGVERCVWHUMLTRDG&STNST
TETFRPGGGDMRDNWRSELYK YKVVKIEPLGVAPTROKRRY
VGRRRRRRAVGIGAVFLGFLGAAGSTMGAASMTLTVOARN
LLSGANPDWLEDMTVWOIKOLOARVLAVERYLRDOOLLGIWG
CSGKLICCTNYPWNSS WSNRNLSEIWDNMT WLOWDKRISNY
TOHYGLLEESONOQQEENEQDLLALD)

BGS05 gpldi.664-E2p
(SEQ ID NO41)

AENLWYTVYYGVPYWREDAETTLFCASDAKAYETEKHNVY
ATHACVPTDPNPQEIHLENVTEEFNMWENNMYEQMHETINISL
WOOSLKPCVRKLTPLCYTLQUTNVTNNITDDMRGELENCSFN
MTTELRDEKKOKVYSLFYRLDVVQINENQGNRSNNSNKEYRLE
NONTSAITGACPRKVSFEPIPIHY CAPAGFATLKCKDKEFNGTGP
CREVSTVOQUTHGIKPYVYSTQLLLNGSLABEEVMIRSENITNKA
ENILVOFNTPYVQINCTRPNNNTRESIRIGPGRAFYATGDIGDIR
QAHCNVEKATWNETLOEVVEQLRKHPGNNTHRFANSSGGDL
EVITHSFNCGGEFFYCNTSGLENSTWISNTSVOGSNSTGENGS]
TLPCRIKQINMWQRIGQAMYAPPIQGVIRCVSNITGLILTRDG
GETNSTTETFRPGGGDMIDNWREELYKYRKVVKIEPLOVAPTR
CKRRVVGRERRERAVGICAVFLOFLGAAGSTMGAASMTLT
YORARNLLSGNEDRIEDMTVWOIKQLOARVLAVERYLRDQQL
LOIWGCSGKLICCTNVPWHNSSWSNRNLSEIWDNMTWLOWDK
EISNYTOUYGLLEESQNOQQEKNEQDLLALDASGAAAKPATIE
GEFPETREKMSGIRRATAKAMVHIKHTAPHVTLMDEADVTKL
VAHRKEFKATAABKGIKLTFLEY VVKALVSALREYPYLNTAID
DETEEBIOKHY YNIGIAADTDRGLIVPVIKHADRKPIFALAQEL
NELAEKARDGRKLTPGEMKGASCTITNIGSAGGQWFIPVINGP
EYVAILGIGRIAFKPIVRDOEIVAAPMLALSLSFOHRMIDGATAG
EALNHIKRLLSDPELLLM

*For cach constract, the HIV-1 anitigen is shown in brackets with the reutations shown in underined font. Mutations
in the nanoparticle sequenss almed to remove N-linked glycosylation sites ave shown in double underlined fore. The
@n{ymaatzu site {AS() betwseen HIV-1 antigen and particle subunit is shown in Halic font.

*The gpl40 sequences contain a redesigned heptad repeat 1 {HR 1) region that has been found to significantly
improve trimer yisld and purity while rtaining the SOSIP-lke structure snd antigenicity. The modified HRI region
is shown in falic/double underlined font, snd the 10 residue GS linker (SEG 11D NO:43) is shown In
falivfunderlined font. A leader sequence “MDAMKRGLOCCYLLLCGAVIVEPSQRIHARFRRGAR (SEQ ID NG
43} is used for all gp140 nanoparticle constronts.

Example 14 Sowe sxenplified methods for HIV-1 irlssr prosenting nanoperticles

[B8313%1  Mapopasticle design and modeiingh A Perl soript was developed 1o (1)

search for three-fold verticss on the surface of a given nanoparticle or VLP, (2)

superpose the C-termind of trimeric HIV-1 antigen onto M-termini of three particle

subunits around each three-fold axis on the particle surface, and (3) generate XYZ

coordinates of the trimer-presenting particls with the Hameter and other structural

parameters calculated at the completion of the process. The particle model obtained was
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visualized using UCSF Chimera (hitps:/fwww cglucsf edu/chimera’) for manual
inspaction and seleetion of proper linkers.
PBEI3GL  Antibodies for antigenic profiling. We wiilized a panel of bMNADs snd non-
WAbs to characterize the sntigenicity of designed trimers, The bNAbs 2G12 and b2 a5
well as MAbs F2490, 782, 17h, and A32 were requested from the NIH AIDS Reagent
Program (hitps://www.aidsreagentorg’). Other bNAbs and non-NAbs were obained
slsewhers,
B0E31]  Expression and purification of HIV-1 Env antigens and nanoparticles.
Trimers and trimer-presenting nanoparticles were transiently expressed in HEK293 F
cells (Life Technologies, CA}, with monomeric VIV2 and VIVZ nanoparticles
fransiently expressed in HEK293 § cells, Briefly, HEK283 F/8 cells were thawed and
incubated with FreeStyle™ 293 Expression Medium (Life Technologies, CA)in a
Shaker incubator at 37°C, with 120 rpm and 8% CO;. When the celis reached a density
of 2.0%10%ml, expression medium was added to reduce cell density to 1.0%10%m] for
transfection with polyethyleneimine (PED (Polysciences, Inc). For gpl14¢ nanoparticles,
860 pg of fusion protein plasmid and 300 pg of fiwin plasmid ia 25 mi of Opti-MEM
transfection mediwm (Like Technologies, CA} was mixed with 5 mi of PEL-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 complex was added to 1L 293F/8 cells. Culture supematants were harvested
five days after transfection, clarified by centrifugation at 1808 rpm for 22 min, and
filtered using 0.45 um filters {Thermo Scientific). The proteins were extracted from the
supernatant using a Galanthus mivalis lectin (GNL} column {Vector Labs), The bound
proteins were eluted with PBS containing 300 mM NaCl and | M methyl-g-D-
manaopyranoside and purified by size exclusion chromatography (SEC) on a Superdex
200 Increase 107300 GL column or 8 Superose § 187300 GL columm {GE Healtheare),
Protein concentrations were determined using UV absorbance with theoretical
extinction coefticients, For gpl40-ferritin nanoparticles, Capto 700 Core column (GB
Healtheare) and 2G12 affinity column® were used to improve particle purity.
{B83132]  Biue Native (BN) PAGE. HIV-1 trimer-presenting nanoparticles were
analyzed by blue native polyacrylamide gel electrophoresis (BN-PAGE) and stained
using Coomassie blue. The protein samples were mixed with loading dve and loaded
onio a 4-12% Bis-Tris NuPAGE gel (Life Technologiss), BN-PAGE gels weare run for
57
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2 hours at 150 ¥ using NativePAGE™ running buffer (Life Teclmologies) according to
the manufacturer’s instructions.
HBBI33T  Electron microscopy sarople preparation and dats procsssing. The purified
nanoparticles were analyzed by negative stain EM. A 3 gL aliguot containing ~0.01
mgiml of the sample was applied for 15 ¢ onto a carbon-coated 400 Cu mesh grid that
had been glow discharged at 20 mA for 30 s, then negatively stained with 2% uranyl
formate for 455, Data were collected nsing 8 FEI Tecnal Spirit electron microscops
operating at 120 kV, with an electron dose of ~30 ¢ /A% and a magnification of 52,000 x
that resulted in a pixel size of 2.05 A at the specimen plane. Images were acquired with
a Tietz 4k x 4k Tem{Cam-F416 CMOS camers using a nominal defocus of 1880 mun and
the Leginon package. The nanoparticles were picked awtomatically using DoG Picker
and put into a particle stack using the Appion sofiware package. Reference-free, two-
dimensional {203 class averages were caleolated using particles binned via the iterative
msa‘mrs Clustering 25 Alignment and IMAGIC sofiware systoms and sorted into
classes,
[68134] Binding Analysis by Enzyme-Linked Immunosorbend Assay {ELISA).
Costar™ 96-well assay plates (Cormning) were coated with V1V2 antigens overnight at
4. The wells were washed once with PBS + (.05 % Tween 20, and then incubated
with 150 gl of blecking buffer (PBS with 5% w/v dry milk) per well for 1 hour at room
temperature (K1) followsd by 5 times of washing in PBS + 0.05% Tween 20, 50 pl of
apex-~directed bNAbs in blocking buifer were added, with a maximum concentration of
2 pgfmi and a 5-fold dilution series, and incubated for T hour at RT. After washing §
times in PRS + 0.05% Tween 20, the wells were incubated with 50 ul of Peroxidase-
AffiniPure Goat Anti-Human IgG antibody (Jackson ImmunoResearch Laboratories,
Inc) at 1:5000 in PBS + 0.05% Tween 20 per well for 1hat RT, After washed 3 times in
PBES + 0.05% Tween 20, the wells were developed using 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,
{#8135] Binding Analysis by Biolayer Light Imerferometry. The kinetics of HIV-1
antigen and nanoparticle binding to BNAbs and non-NAbs was measured using an Octet
Red96 instroment (foriéBio, Pall Life Sciences). All sssays were performed with
agitation set to 1000 rpm in fortéBIO 1 kinetic buffer. The final volume for all the
sohutions was 200 plfwell. Assays were performed at 30°C in solid biack 36-well plates
58
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{Geiger Bio-One). 5 pgfml of protein in 1x kinetic buffer was used fo load an antibody
o the surface of anti-human Fe Capture Biosensors {AHC) for 300s. A 60s biosensor
haseline step was appiied prior 1o the analysis of the association of the antibody on the
biosensor to the Bov trimer i solution for 2080s. A two-fold concentration gradient of
testing antigens was used in a titration series of six. The dissociation of the inleraction
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 frimer,
or a sensor without antibody but incubated with frimer. Octet data were processed by
fortéBio’s data acquisition software v.8.1. Experimental data were fitted for VIV2Z
apex-directed bBNADs using 2 global fit 111 model to determine the Kp values and other

kinetic paranctess.

{ification of the god] domain o improve frinier properties

Example 15 Futherme
{30136]  We hypothesize that other regions within gp41 also contribute to the HIV-]

Env metastability, in addition o the N-terminal bend of the heptad region 1 (HR 1),
which is the primary cause of metastability. This is the master hypothesis that can be
realized in two different implementations.
[881371  In the first buplementation, we hypothesize that the BG3035 gp41 domain
contalning & redesigned HR 1 Neterminal bend and a cleavage-site linker can be used o
replace the gpdl domain of diverse HIV-1 sirains or subtypes to render “chimeric”
gp140 trimers (termed “UFQ-BG™) with the same high yvicld, purity, and stability as the
BGSOS URG ep 140 trimer. Since the gpl20 domain encodes most of the Env epitopes
and thus defines the identity of an HIV-1 strain or sublype, such a “chimeric”™ gpl40
trimer will be antigenically similar to the wild-type (WT) gp 140 trimer but with
significantly improved vield, purity, and stability. To validate this hypothesis, we
selected 10 HIV-1 sirains of § diverse clades (A, B, C, 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 BG30S {clade A, tier 2}, QB42-d12 {clade A, tier
2), 6240.08.TAS.4622 (clade B, ter 23, HU7E.14 {clade B, tler 3}, Dul72.17 (clade C,
tier 23, 16055-2.3 (clade C, ter 2}, CN534 (clade B'/C, tier unknown), CHI115.12 {clade
BY/C, tier 3}, 95TNIHO22 (clade A/E, tier unknown), and 93JP _NHI {clade AJE, tier
unknown). Indeed, the profiles obtained from size-exclusion chromstography (SEC) on
# Superdex 200 16/600 Hi-Load column demonstrated exceptional purity for the UFO-
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BG trimers derfved from diverse HIV-1 sirains. Using bio-layer inmterferometry (8L,
we further measured the antigenic profiles for these 10 UPG-BG trimers against a panel
of 11 broadly neutrslizing antibodies (bNAbs) and 8 non-NAbs, showing broadly
similar patierns to the wild-type (WT) gp140 vimers without swapping the gpdl
domain. Negative-stain EM analysis of 18 UFQ-BG trimers indicated that 80-100% of
the produced Env protein corresponds to native-like gpl140 trimers. Finally, g orystal
structure has boen determined for the UFG-BG gpl40 trimer of a clade-B, tier-3 strain,
HO78.14, confirming the structural integrity of such chimeric gpl40 designs.

[08138]  In the second implementation, we hypothesize that 8 “universal” {or
“consensus™} gpdl domain derived from the HIV-1 sequence database containing a
redesigned HRI Neterminal bend and a cleavage-site linker can be used to replace the
gp41 domain of diverse HIV-1 strains or subtypes to render “chimeric” gpl40 trimers
{iermed “UFO-U} with improved yield, purity, and antigenicity. Such universal (or
consensus) gpd1 can be calculated from the database of all HIV-1 sequence (UFO-
UALL), or from the database of HIV-1 sequences belonging to a specific HIV-1
subtype {for example, UFO-UA, “UR, -UC, -UBRC, and -UAE), These databases and
thelr use for oblaining “consensus” sequences are well known in the art. See, e.g,,
Kothe et al,, Virol. 352:438-449, 2006; and Korber et al,, Brit. Med. Bullet, 58:19-42,
2001, Yo demonstrate the effectiveness of this design strategy, we selected 3
representative HIV-1 sivains, each from s different clade, to characterize the UFO-
UALL wimers. Similar to the UFO-BG trimers, we observed improved SEC profiles
and BLY antibody binding profiles for the UFQ-UALL trimers compared to the wild-
type {WT) gpl40 triners without swapping the gpd1 domain, Negative-stain EM
analysis of the selected UFO-UALL wrimers indicated that 90-100% of the produced
Env protein corresponds to native-like gp140 trimers.

Example 16 Displaving UFQ enl48 trimers on bacteriophege Qo vivus-like pavticle

[B8139]  Bacteriophage Qp is an icosahedral virus with a diameter of 25 nm that can
infect Escherichia cofi (B, coli), The virus-like particle (VLP) derived from (p has been
used as g multivalent carrier to display foreign antigens in vaccine development against
influenza (Phase I}, allergic rhinitis and asthma (Phase 11, NCT0089G734), malignant
melsnoma (Phase [, NCTO651703), Alzheimer's diseass (Phase [}, NCTHI97096),

hypertension (NCTOO500788), nicotine addiction (Phase I, NCTO1280968), and type
&0
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diabetes mellitus (Phase 1, NCT00824105), Clinical trials have demonstrated its safoty
and immunogenicity in humans. The Qp VLP is made of 180 tdentical subunits and cam
in principle display 60 HIV-1 gpé! trimers. However, siructural modeling suggested
that thers might not be encugh space on the VLE surface to accommodate $0 gpl 40
irimers. To reduce the surface density, we engineered the Qp VLP by covalently linking
two O subuonits with a short glycine-serine {GS) lnker. We further removed an inward-
facing glycosylation site that may affect the assembly of Qp VLP In mammealian cells. A
trimeric foldon of the T4 phagehead fibritin (PDB Identifiers: 4ANCV, 4NCW, 4NCU,
1RFO) was then included as 2 “necld” to connect the UFO gpl40 and engineered (3
subonit. The resulting construct, when expressed in manunsHan cells, assembled into
siable YLPs displaying 36 UFG gpl40 trimers on each particle.

wh
[88148]  The invention thus has been disclosed broadly and llustrated in reference to
representative embodimenis described above. It is undersiood that various
modifications can be made o the present invention without departing from the spirit
and scope thereof,
[08141] 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
purposes 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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