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COMPOSITIONS AND METHODS RELATED 7O HEV-1 IMMINOGENS

CROSS-REFERENCE TORELATED APPLICATIONS
a8t} The subject patent application claimus the benefit of priority to U.S.
Provisional Patent Application Numbers 62/334,604 {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
{8802} This invention was made with government support under AI100663 and
AIOB4R1T awarded by the National Institutes of Heshh, The government has certain

rights in the invention.

BACKGROUND OF THE INVENTION
[H803} Human immunodeficiency virss type 1 (HIV-1} is the primary cause of the
acquired immune deficiency syndrome {(AIDS) which is regarded a3 oue of the worlds
major health problems. It is an RNA virus of the family Retroviridae. The HIV-1
genome encodes at least nine protelns which ave divided into three classes: the major
siructural profeins Gag, Pol and Env, the regulatory proteins Tat and Rev, and the
accessory proteins Vpu, Vpr, Vif and Nef. HIV-1 can be divided into several different
clades, for example A, B, C, I E, F, G, H, J and K, 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 gengtic similarity.
{8804} The initial phase of the HIV-1 rephicative cycle involves the attachment of
the viros 0 suseeptible host cells followed by fusion of viral and cellular membranes,
These events are mediated by the exterior viral snvelope glyvcoproteing which are first
synthesized as 3 fusion-incompetent precursor envelope glycoprotein (Env) known as
gpisd, The genetic diversity of HIV-1 renders extremely difficult for the development
of an effective vaccine against straing from multiple HIV-1 clades. Tremendous efforis
hiave been expended in the past two decades (o produce a preventive BIV vaccine.
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While several candidate vaccines have been developed, they all tailed to prevent HIV-1
infection in clinical tosting.

jaans! The generation of an antibody response capable of noutralizing a broad
range of clinical isolates romains a major challenge In human mmanodeficiency virus
type 1 (HIV-1} vaccine development. There s 3 strong and wgent need for 8 vaccing
that that is safe and efficacious around the world. The present invention addresses this

and other unmet needs in the art,

SUMMARY OF THE INVENTION
{8006} Inn one aspect, the invention provides modificd HIV-1 envelope ppl40
proteins. The proteins are composed of a gp120 polypeptide and a gpd! polypeptide,
with the N-terminus of heptad 1 region (HR1) of the gpd1 polypeptide being replaced
by a loop sequence of about 6 to about 14 amino acid residues in length that stabilizes
the pre-fusion gpl4d strocture. In some of these proteins, the gpédl polvpeptide is
gpdiacro. Proferably, the modified HIV-1 gpl46 protein is a trimer. In some
entbodintents, the gpl20 polyvpeptide and the gpdl polvpeptide are derived from the
same HIV-1 strain or subtype. For example, both the gpl20 polypeptide and the gpd!l
polypeptide in the modified HIV-1 gpl40 protein can be derfved from HIV-1 strain
BGSOS. In some embodiments, the gpl20 polypeptide and the gp41 polypeptide are
derived from different HIV-1 straing or subtypes. For example, an engincered gpdl
polypeptide from HIV-1 strain BGS0S as exemplified herein can be used to form
chimeric gpi40 immunogens with a gp120 polypeptide derived from many other HIV-
sirains or subtvpes.
19087} In some modified HIV-1 envelope gpl40 proteins of the invention, the loop
sequence contains (G8)n (SEQ ID NO:23), with n being any integer between 3 and 7,
inclusive. In some of these embodiments, the loop sequence is (GS) (SEQ I NO:24),
In some embodiments, the loop sequence is obtained via rations! redesign. In some of
these embodiments, 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
aminoe acid residues. Some examples of these loop sequences are shown in SEQ ID
NGs:1-5, In some other modified HIV-1 gpl40 proteins, the loop sequence contains §
gmins acid residugs. Some examples of these loop seguences are shown in SEQ D

NOs:6-10,
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B0a8] Inn some ernbodiments, the modified BIY-1 gpl40 proteins of the invention
further contain a flexible linker sequence that substitutes for the cleavage siie sequence
between gpll0 and gpdl. In some of these embodiments, the linker sequence has s
sequence of (G581 (BEG 1D NG22Y or SGS, which substinges for residues 5308-311 at
the cleavage site. In some other embodiments, the linker sequence contains 8 amino
acid residues and substitutes for residues 501-318 at the cleavage site. In these
embodiments, numbering of the aming acid residues corresponds to that of HEV-1 sirain
B30, SOSHP 664 gpldll In some exemplified proteing, the linker sequence contains
the sequence shown in any one of SEQ ID NG« 16-28.

ELEY: in some embodiments, the modified HIV-1 gp140 proteins of the invention
further contains {a} an enginesred disuifide bond between gpi20 and gpdt andior (M) a
stabilizing mutation in gpd 1. In some of these embodiments, the enginesred disulfide
bond is between residues ASG1C and ToU3C, and the stabilizing mutation is [359R,
[8618] Some modified HIV-1 gpl4¢ proteins of the invention contain a gpi40
frimer derived from HIV-1 strain BGS0S, with cach gpl40 monomer containing a
gpl120 polypeptide and a gpd e polypeptide, and the Neterminus of heptad § region
{HR1) (SEQ 1D NO:28) in gpd lecro polypeptide being replaced with a loop sequence
shown in SEQ ID NO:6. In some of these embodiments, the protein additionally
contains {a) a linker sequence (G881 (SEQ D NO22) that substitutes for residues 508-
511 at the cleavage site, and (b} an ongineered disuifide bond betwoen residues ASGIC
and T6OSC,

{EURE In another aspect, the nvention provides HIV-1 vaccine immunogens that
contain a modified wimeric HIV-1 envelope gpi4Q protein, In these invsunogens, the
gp 140 protein containg & gpl20 polypeptide and 3 gpdiscro polypeptide, with the N-
terminus of heptad 1 region (HR1} of the gpé4lsero polypeptide being replaced with a
loop sequence of about § to about 14 amino acid residues that stabilizes the pre-fusion
gpldd structure. In some embodiments, the loop sequence contains (G8m (REQ ID
NO:23}, with n being any integer between 3 and 7, inclusive. In some of these
embodiments, the loop sequence has 2 sequence of {G8) (SEQ 1D NO:24). In some
gmbadiments, the loop sequence is obtained via rational redesign, €.g., by ensemble-
based protein design. In some embodiments, the loop sequence containg 10 amine acid

residues, o.g., any sequence as shown in SEQ 1D NOs: 1-3. In some other
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embodiments, the loop sequence contains § amino acid residues, £.g., 8 sequencs as
showy In any one of SEQ 10 NOs:8-10.

{66131 Some HIV-1 vaccine mmunogens of the invention additionally contsin 2
flexible linker sequence that substitutes for the cleavage site sequence between gpi2d
and gpdlacre. In some of these embodiments, the linker sequence containg (Gy8) or
SG8, and sybstitutes for residues 308-5311 at the cleavage site. In some embodiments,
the linker sequence containg 8 amino acid residues and substitutes for residues 501-518
at the cleavage site, In these embodiments, numbering of the amino acid residues
corresponds {0 that of HIV-1 strain BGS05, SO8IP.664 gpi40. In some smbodiments,
the linker sequence contains a seguence as shown in any one of SEQ 1D NOs: 16-24,
{8613} Some HIV-1 vaceine immunogens of the invention additionally contain an
engincered disulfide bond between gp120 and gp41. In some of these embodiments,
the engineered disulfide bond is between residues AS01C and T60SC. Some of the
HiV-1 vaccine immunogens contain g gpl4l trimer derived from HIV-1 strain BG305,
with cach gp140 monomer containing 8 gpl20 polypeptide and a gpélsoro polypeptide,
and with the N-terminus of heptad | region (HR1} (SEQ D NO:28) in gpd 1T
polypeptide being replaced with a loop sequence shown in SEQ D NOG:6, In some
embodiments, the modified HIV-1 gp149 protein further contains (a) a linker sequence
{GySp (SEQ 1D NO:22) that substitutes for residucs S08-511 at the cleavage site, and
(b} an cngineered disulfide bond between residues ASOLC and T6O5C,

{8014} In another aspect, the invention provides BIV-1 vaccine compositions that
contain an HIV-1 Envederived trimer immunogen presented on a self-assembling
nanoparticie or a virus-like particle (VLP), In some of these embodiments, the HIV-1
Env-derived trimer immunogen is VIVZ, gpl20 or gpl4f. In some embodiments, the
HIV-1 Env-derived trimer immunogen is 3 modified gp140 protein that contalns 8
gp120 polypeptide and a gpdlsoro polypeptide that has the Neterminus of heptad 1
region (HR1) of the gpdipcro polypeptide being replaced with & loop sequence of about
6 to about 14 amino acid residues that stabilizes the pre-fusion gp140 structure.

LAY in some embodiments, the loop sequence contains {8} a sequence of {(G8)n
(SEG I NOG2Z3), with n being any integer between 3 and 7, inclusive, or {(b) a
rationally redesigned sequence via ensemble-hased protein design. In some
embodiments, the modified gpl40 protein is covalently fused o the nanoparticle
platfomn. o various embodiments, the nanoparticle platform contains a trimeric

4



L5

1)

28

30

WO 2017/192434 PCT/US2017/030375

vequence. In some of these embodiments, the nanoparticle platform is dibvdrolipoyl
scyltransferase (E29), ferritin, or henazine 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 to the 3-fold axis, and the spacing of
the three N-termini matching the spacing of the C-termind of the modified gpl40
protein trimer. In some embodiments, the C-erminus of the modified gpl46 protein
sequence is fused to the N-lerminus of the subunit of the nanoparticle platform
sequence.  In some embodiments, the nanoparticle platform containg g self-assembling
nanoparticle with a dlameter of about 20nm or less that is assembled from 12 or 24
subunits. Some HIV-1 vaccine compositions of the invention can further contain an
adiuvant,

{B016] In some HIV-1 vaccine compositions of the invention, the gpl4f trimer s
derived from HIV-1 strain BGS0S, with a loop sequence as shown in SEQ 1D NG:6.
Some of the compositions further contains (a) 2 linker sequence (G8R (SEQ ID
N{»:22) that substitules for residues S08-311 atl the cleavage site, and (b) an engineered
disulfide bond between residues AS01C and T605C.

{8017} In still another aspect, the invention provides methods of preventing HIV-1
infection in a subject, These methods entall administering 1o the subject a
therapeutically effective armount of the HIV-1 immunogen or vaccine composition
described herein. The administration of the immunogen resulis in prevention of HIV-1
infection in the subject. In a related aspect, the invention provides methods of treating
HIV.] infection or eliclting an tmmune response against HIV-1 in a subject. Thess
methods involve administering to the subject a pharmaceutical composition that
contains 2 therapeutically effective amount of the HIV.] immunogen or vaccine
described herein.

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

and clatms.

DESCRIPTION OF THE DRAWINGS
[8819] Figure 1 illucirates computational redesign of HR1 N-terminus and
cleavage site. (8) Atomic model and molecular surface of BGS0S SOSIP.664 trimer
(PDB I 4TV with gpl 20 and two regions of gpdlporo (residues 518-547 and 569
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664} within one gpl40 protomer colored in blue, orange, 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 (residuss 505-518) is shown on the right
with the structural gaps connected by black dotied lines. {b} Schematic presentation of
the HR1 redesign. (c} Computations! procedure for ensemble-based de novo protein
design of the HR 1 region (residues 548-568). After local backbone sampling in torsion
space (step 1) and exhaustive search in sequence-structure space {step 2}, the designed
sequences #1-3 (SEQ ID NOs:11-135, respectively) are ranked by anergy {step 3} prior
to manual selection of candidates for experimental validation,

{8626] Figurs 2 shows design and validation of 8 generic HRI loop sequence
{linker), (G8)4 (SEQ TD N(:24), to stabilize Env trimer, (a) Schomatic representation
of a generic HR1 loker (HR1-G) design. (b) SEC profiles of SOSIP and HR1-G irimers
from g Superdex 200 10/300 column for clade-A BGS0S {iop, left), clade-B JRFL {top,
right}, clade-C DUL72.17 (middie, two HRI redesigns obtained from ensemble-based
de novo protein design included on the rvight), and BY/C recombinant strain CH115.12
{bottom, CSF-80S ncluded on the right), The UV value of the trimer peak and the
ratios of UV values for aggregate pesk {8t & mL} and dimer/monomer peak (at 12 mL}
refative to the trimer peak {8t 16.5 ml) ave Igbeled.

0021} Figure 3 shows snsemble-based protein design of the HRI region with loop
lengths of § and 10 residues. {2} Conformational ensembles of 8- (Jeft) and 10-residus
{right} HR1 loops colored in green with gpl20 and two gpdigere regions (318547 and
369-664) within one gpl40 protomer colored in blue, orange, and red, respectively. (b)
Ca root-mean-square (RMS) fluctuation of 8 (upper panel) and 1-residue {lower
panel; redesigned HRI loops. (¢} Correlgtion between RAPDF score and Co root-
mean-square (RMS) fluctuation determined for 8- (Jeft) and 10-residue {righ)
redesigned HR1 loops. () § top-ranking sequences manually selected for 8-residue
HR1I redesign (lefl; SEQ D NOs:6-10, respectively) and 10-residue HR1 redesign
{right; SEQ D NOs:1-5, respectively) between residues G347 and T369. HRI
sequence encompassing its N-terminus (SEQ ID NO:27), including residues 548-568
(SEQ ID NO:2ZB} 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,

PCT/US2017/030375
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{8422} Figure 4 shows ensemble-based protein design of the cleavage sife-
containing reglon (580-519} and biochemical charactorization of top 3 designs. {8}
Conformations] ensemble of &-residus loops connecting RSO0 and F319 (lefl), Co
RMSF distribution of 8-residue loops {upper right}, and correlation between RAPDYF
score and Co BMSF {lower right). {b) § top-ranking 8-residue CST designs (SEQ ID
MNOs:16-20, respectively) are shown below the cleavage stie-containing sequence (SEQ
I NG:213. The region in WT SOSIP 664 that was subjecied to computational design i3
highlighted in yellow. (&) BN-PAGE of five 293 F-expressed, GNL-purified cleavage
aite truncated (C8T) BGSOS constructs, C8T1-5, after SEC on a Superdex 200 104300
columin. For sach trimer construct, the range of SEC fractions is labeled. For U8T 1,

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

DETAILED DESCRIPTION
i Chverview
{8823] The goal of vaceine development for human immuncdeficiency virus type-
b (HIV-1} is to induce protective or therapeutic broadly noutralizing antibody (BNAD)
responses by vaceination. All BNAbs identified thus far target the envelope
glycoprotein {Env) trimer on the surface of HIV-1 virions. The precursor Env protein,
gplod, is trafficked from the endoplasmic reticulum (ER} to the Golgi and cleaved by
cellular proteases of the furin family into iis mature form. The cleaved Bnv trimer
engages host receplors to mediate viral entry and is the primary target of humoral
iminune responses. Functional Env is a trimer of heterodimers, each containing 2
receptor-binding profein, gpl20, and a ransmembrane protein, gpdl, 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 to
host receptor and co-receptor (o mediate membrane fusion. Eov metastability also
facilitates immune evasion by causing gpi20 shedding snd generating a diverse
assortment of native, more open and non-native conformations.
{6024} Various strategies have been proposed in stiempis to overcome Env
metastability, and o create stable, homogeneous gpl40 trimers for structural and
vaceine studies, For example, development of the BG303 SOSIP.664 gpl4l trimer
{Sanders et al., PLoS Pathog. $(9):c1003618, 2013) has facilitated high-resohstion
structural analyses, provided a rational basis for trimer-based vaccine design, aliowed
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expansion of the SOSIP design o other HIV-1 strains and incorporation of new
stabilizing mutations, and removal of furin dependency by cleavage site modification.
However, a premium is placed on trimer purification in order 1o minimize unwanted
Env forms and misfolded trimers. Complex methods such as bNAD affinity purification,
negative selection, and mulii-cyele SEC have been developed for rimer purification,
which can certainly be adapted for industrial scale production but will likely require
special considerations. It iz plausible that trimer impurity and general protein
production inefficiency are linked to the fundamental causes of metastability that have
not besn completely solved by previous BIV-1 trimer designs.

B35} The present invention is predicated in part on the present inventors
development of computationally redesigned HIV-1 Env trimer molecules as vaccing
immunogens., As detailed in the Examples below, the tnventors investigated the
primary causes of HIV-1 trimer metastability and explored alternative trimer designs.
The inventors hypothesized that the disorder observed at the HRI N-terminus {residues
548-568) is indicative of metastability that could potentially be minimized by protoin
gngineering. The inventors redesigned s largely disordered bend in heptad region 1
{HR1) that connects the long, central HR1 helix to the fusion peptide region,
substantially improving the vield of well-folded trimers, Additionally the cleavage site
botween gpl20 and gpdl was replaced with various linkers in the context of the HRI
redesign, Specifically, the inventors tested 10 BGS0S trimers with the N-terminus
region of HR1 redesigned computationally. These constructs showed substantiaily
higher trimer vicld and purity, with SOSIP-like propertics demonstrated by crystal
siructures, EM, and antibody binding. The inventors then examined the structural and
antigenic effect of replacing the furln cleavage site between gpi20 and gpd] with a
finker in the context of a selected HR I redesign. These studies sncovered the sensitivily
of gpi40 folding to modification of this proteclytic site, with a fusion intermediste stale
observed for trimers with short linkers lacking the SO8 mutation. By contrast, the

HR I-redesigned trimers with a long Hinker, termed uncleaved pre-fusion-optimized
{UFQ) irimers, adopted a native-Hike conformation that resembled many salient featurss
of the SOSIP trimer.  Additionally, the inventors demonstrated the wtility of a generie
HRI linker in trimer stabilization for diverse strains of HIV-1. Further studies
mndertaken by the Inventors showed that the engineered gpd1 domaing described herein
can be used to pair with a gpl20 polypeptide from many different HIV-1 strains or

8
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subtypes to form “chimeric” gpl40 rimers, e.g., “UF0-BG” or “UFG-U” a3
exemplified herein. Together, these studies demonstrated a general approach for
stabilization of Eny trimers from diverse HIV-1 strains.

{8026} Oither than the gpl40-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 characterization. The inventors
hypothesized that the trimeric Env antigens, such as VIVZ and gp120, can be presented
in native-like conformations around the threefold axes on the surface of nanoparticles.
To test this kypothesis, the inventors designed constructs containing VIV2 and gpl20
fused {0 the N-terminus of ferritin 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 particolate display of a stabilized gp140 trimer with a redesigned
heptad repeat 1 (HR1) bend that showed substantial improvement in trimer purity. To
facilitate this analysis, the inventors designed three gp140-ferritin constructs containing
different linkers, with gpd1 truncated al either position 664 or 681. While all gp140-
fervitin nanoparticles bound (o the apex-directed bNAbs with sub-picomolar affinities,
the MPER-containing gp 140 nanoparticle conld also be recognized by MPER-specific
bNAb 4E10. in addition to ferritin, the inventors also examined the utility of a large,
§0-meric Elp nanoparticls to present gpi20 and gpl40 trimers. As demonsirated herein,
the gpl40-E2p nanoparticle carrying 20 well-folded trimers demonstrated officient
particle assembly and desired antigenicity.

{6827} In accordance with these exemplified studies, the invention provides
varions HIV~1 vaccine tmmunogens and their clinical applications. Some HIV-1
vaccine immunogens of the invention are soluble gp140-derived protein that harbors a
modified N-terminus of the HRI region in gpd1 as disclosed hereln. Some HIV-1
immunogens of the invention contain an HIV-1 Env-derived trimer protein that is
presented on a nanoparticle platform. Therapeutic snd preventive uses of the HIV-1
vaceing compositions of the invention are also provided in the invention.

{8828} Unless otherwise specified herein, the vaccine immunogens of the
invention, the encoding polynuclectides, expression vectors and host cells, as well as
the related therapeutic applications, can all 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 28%: Solid-Fhase Peptide
Synthesis, J. N. Abelson, M. L Simon, G. B. Fields (Editors), Academic Press; Ist
edition {1997} (ISBN-13: 978-0121821906); U.S. Pat. Nos. 4,963,343, and 3,849,954,
Sambrook ef al., Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Press,
NY. (3% ed, 2000); Brent et 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 &, R, Kimmerl
Eds., Academic Press Inc., San Diego, USA (1987); Current Pratocols in Protein
Science (CPPS) (John E. Coligan, et. al,, ed., Jolm Wiley and Sons, Inc.}, Current
Protocols in Cell Bilology (CPCB) (Juan S, Bonifacine et al. ed,, John Wiley and Sons,
in¢.}, and Culture of Animal Cells: A Manual of Basic Technigue by R. Tan Freshney,
Publisher: Wiley-Liss; Sth edition (2008}, Animal Cell Culture Methods (Methods in
Cell Biology, Vol. 57, Jennie P, Mather and David Barnes editors, Academic Press, st
edition, 1998). The following sections provide additional guidance for practicing the

compositions and methods of the present invention.

il

[882%] Unless defined otherwise, all technical and scientific terms used herein

have the same meaning as comimonly understood by those of ordinary 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 n this invention: dcademic Press
Dictionary of Science and Technology, Morris (Bd.), Academic Press (1% ed,, 1992);
Uxjord Dictionary of Biochemisiry ond Moleculor Biology, Smith et al. (Eds.), Oxford
University Press (revised ed., 2000}, Encyclopaedic Dictionary of Chemistry, Kumar
(Ed.}, Anmol Publications Pvt. Ltd. (2002); Dictionary of Micrebivlogy and Molecular
Bivfogy, Singleton et al. (Eds.), John Wiley & Sons (3% ed., 2002); Dictionary of
Chemistry, Hunt (Ed.}, Routledge (1% ed., 1999); Dictionary of Pharmaceuticsd
Medicine, Nahler (Ed.), Springer-Verlag Telos (1994); Dicrionary of Organic
Chemistry, Kumar and Anandand (Hds.), Anmol Publications Pvt. Ltd, (2002); and 4
Lictionary of Biology (Oxford Paperback Reference}, Martin and Hine (Bds.}, Oxford
University Press (4 ed., 2000}, Further clarifications of some of these terms as they
apply specifically to this invention are provided herein.
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LU As used herein, the singular forms "a," "an," and "the,” refer o both the
singular as well as plural, unless the context clearly indicates otherwise. For sxample,
“an Env-derived trimer” can vefer to both single or phiral Bnv-derived trimer molecules,
and can be considered equivalent to the plrase "at losst one Env-derived trizper.”

8831} As used herein, the terms "sntigen” or “immunogen” are used
inierchangeably 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 ave
immunclogically active in the sense that once administered to a subject (either directly
or by administering to the subject 3 nucleotide sequence or veotor that encodes the
protein] is able to svoke an immune response of the humoral and/or cellular type
directed against that protein.

{6032} Conservative amino acid substitutions providing fimctionally similar amino
acids are well known in the art. The following six groups each contain amino acids that
are conservative substitutions for one ancther: 1) Alanine (A), Serine (8}, Threonine (T
2} Aspartic acid (I3}, Glutamde acid (B} 3) Asparagine (N), Glutamine (Q); Arginine
{R}, Lysine (K}; 3} Isoleucine (I}, Leucine (L), Methionine (M), Valine (V) and 6)
Phenylalanine {F), Tyrosine (Y), Tryptophan (W), Not all residue positions within a
protein will tolerate an otherwise "conservative” substitution. For instance, if an amino
acid residus is essential for a fonction of the protein, oven an otherwise conservative
substitution may distupt that activity, for example the specific binding of an antibody to
a target epHiope may be disrupted by a conservative mutation in the target epitope.
{B833] Epitope refors to an antigenic determinant. These are particular chemical
groups or peptide sequences on a molecule that are antigendie, such that they elicit
specific immune response, for example, an epiiope is the region of an antigen to which
B and/or T cells respond. Epitopes can be formed both from contiguous amine acids or
nemcontiguous aminoe acids fuxtaposed by tertiary folding of a protein,

{6034} Effective amount of a vaccine or other agent that is sufficient o generate a
desired response, such as reduce or eliminate a sign or symptom of 8 condition or
disegse, such as AIDS. For instance, this can be the amount necessary to inhibit viral
replication or fo measurably alter outward symploms 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 measurably inhibit virus (for example, HIV) replication or infeotivity,
When adminisiered to a subject, 8 dosage will generally be used that will achieve target
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tissue concentrations (for example, in ymphooyvies) that has been shown fo achieve In
vitro inhibilion of viral replication. Tn some examples, an "effective gmount” is one that
frests {(including prophylaxis) one or more symptoms and/or underlying causes of any
of a disorder or disease, {or example to treat HIY. In one example, an effective amount
is a therapeutically effective amount, In one exampile, an effective amount s an amount
that prevents one or more signs or symptoms of a particular discase or condition from
developing, such 85 one or more signs or sympioms associated with ATDS,

[8635] Ferritin is a globular protein found in all animals, bacteria, and plants. B
acts primarily to control the rate and location of polvouciear Fe{lllnO: formation
through the transportation of hydrated tron lons snd protons to and from a mineralized
sore. The globular form of ferritin s mede up of monomeric subunit proteins {also
reforred 1o as monomeric ferritin subunits), which are polypeptides having a molecule
woight of approximately 17-28 ks,

[B836] As used herein, a fusion protein is 8 recombinant protein containing aming
acid sequence from at least two unrelsted proteins that have been joined together, via a
peptide bond, to make s single protein, The unrelated amino acid sequences can be
Joined directly to each other or they can be joined using s linker sequence. As used
herein, profeins are unrelated, if their amino acid sequences gre not normally found
jnined together via a peptide bond in thelr natural environment{s) {e.g., inside a cell),
For example, the amino acid sequences of monomeric subunits that make up ferritin,
and the amino acid sequences of HIV-1 gpl20 or gpd] glycoproteing are not normally
found joined together via a peptide bond.

18637} HIV-1 envelope protein (Env) is inftially synthesized as a longer precursor
protein of B45-870 amino acids in size, designated gpisd. gpli6d forms a homotrimer
and andergoes glycosylstion within the Golgt apparatus. In vivo, gpls0 glvcoprotein is
endo-protestytically processed o the mature envelope glycoproteins gpl20 and gpél,
which are noncovalently associated with each other in 3 complex on the surface of the
virus. The gpl20 surface protein contains the high affinity binding site for human CD4,
the primary receptor for BIV, as well as domains that interact with fusion corgceptors,
such as the chemokine receptors CCRS and CXCR4. The gpd 1 protein spans the viral
membrane and contains g its amino-terminus a sequence of ampine acids important for
the {usion of viral and cellular membranes. The native, fusion-competent form of the
HIV-1 envelope ghycoprotein complex is a frimeric structure compased of three gpl20
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snd three gpdl subunite. The receptor-binding (UDM and co-receptor) sites are located
in the gpl20 moisties, whersas the fusion poptides are located in the gpdl components.
Exemplary sequence of wildtype gpl6l polypoptides are shown in GenBank, e.3.,
under sooession numbers AABOSOS and AADI2142,
[B838] gp 140 refers to an oligomeric form of HIV envelope protein, which
contains all of gpl20 and the entire gp41 ectodomain.
{0835 £p120 is an envelope protein of the Humen lmmunedeficiency Vires (HIV).
gp120 contains most of the external, surface-exposed, domains of the HIV envelope
glycoprotein complex, and it is gp120 which binds both o cellular CD4 receptors and
to cellular chemokine receptors (such as CCR3). The mature gp120 wildtype
polypeptides have about 300 amino acids in the primary sequence. Gpl120 is heavily N-
glycosylated giving rise to an apparent molscular weight of 120 kD. The polypeptide is
eomprised of five conserved regions (C1-05) and five regions of high variability (V1-
V&), In i tertiary structure, the gpl20 glycoproteis is comprised of three major
structural domains (the outer domain, the aner domain, and the bridging sheet} plus the
variable loops. See, e.g., Wyalt et al, Nature 393, 705-711, 1998; and Kwong st al.,
Natore 393, 649-39, 1998, The inner domain is believed to interact with the gpdl
envelope glycoprotein, while the outer domain is exposed on the assembled envelope
glycoprotein trimer.
RS T Variable region 1 and Variable Region 3 (V1/V2 domain) of gp120 are
comprised of about 50-90 residues which contain two of the most variable portions of
HIV-1 {the V1 loop and the V2 loop), and one in ten residues of the VI/V2 domain are
Neglyeosylated.
{8043} gp41 is a proteolytic product of the precursor HIV envelope protein. It
contains an N-terminal fusion peptide (FP), a transmembrane domain, as well as an
ectodomain that Haks the fusion peptide and & transmembrane domain. gpél remains in
a trimeric configuration and interacts with gpl20 in a non-covalent manner. The amino
acid sequence of an exemplary gpd! is set forth in GenBank, under Accession No,
CADIGRTS,
18042} BG305 BO8IP.664 gpi40 is 2 HIV-1 Env inumunogen developed with the
gpi40 trimer from clade-A strain BG305. It contains a covalent linkage between the
cleaved gpl20 and gpdlgcre with an engineered disulfide bond (termed S08). Tn
addition, ¥ has an I359P mutation (termed [P} to destabilize the gpd! post-fusion

i3



10

i85

20

WO 2017/192434

conformation and also a runcation of the membrans-proximal external region (MPER}
at residue 664 to improve solubility. This HIV-! bmmonogen has an ouistanding
antigenic profile and excellent stractural mimicry of the native spike. Using the SOSIP
frimer 88 g sovting probe, now bNAbs have been identified and characterized. The
SOSIP design has also boen extended to other HIV-1 strains and permitted the
incorporation of additional stabilizing mutations. Recently, inumumogenicity of SOSIP
frimers in rabbits and nonhuwman primates was reported, paving the way for human
vacoing trials,

[8943] HXB2 numbering systom is s roferonce numbering system for HIVY protein
and nucisic acld sequences, using HIY-1 HXB2 strain sequences as s reforence for all
other HIV sivain sequences, The person of ordinary skill in the et is familisr with the
HXB2 numbering system, and this system is set forth in "Nombering Positions in HIV
Relative to HXB2CG,” Bette Korber et al,, Human Refroviruses and ATDS 19898 A
Conyilation and Analysis of Nuclele Acid and Amine Acid Sequences. Korber B,
Kuiken C L, Foley B, Hahn B, MeCuichan F, Mellors J W, and Scdroski 1, Eds.
Theoretical Biclogy and Biophysics Group, Log Alamos National Laboratory, Los
Alamos, N. Mex,

6044} immunoegen IS & protein or a portion thersof that is capable of inducing an
immune response in a mammal, such as 3 mammal infected or at risk of Infection with a
pathogen. Administration of an immunogen can lead fo profective mmunity and/or
proactive imunity against a pathogen of inferest,

{80451 Immuonogenic surface is g surfboe of a molecule, for example 8 protein such
as gpl20, capable of cliciting an vvmune response. An Immunogenic surface includes
the defining features of that surface, for example the three-dimeonsional shape and the
surface chargs. In some examples, an immunogenic surface is defined by the amino
acids on the surface of 3 protein or peptide that are in contact with an antibody, such as
a neutralizing antibody, when the protein and the antibody are bound together. A target
epitope inchides an immunogenic surfiee. Tmmunogenic surface i synonymous with
antigenic surface.

LY Tmunune response refers (o 3 response of a cell of the immune sysiem, such
as a B oell, T celf, or monocyte, to a stimulus. In some smbodiment, the response is
specific for o particular antigen (an "antigen-specific response™. In soms smbodiments,
an bmune response is a T cell response, such aya O response or 8 CDE+ veaponss,
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In some other embodiments, the response is a B cell response, and results in the
production of specific sntthodies.

[8347] Immunogenic composition refers fo 8 composition comprising an
immunogenic polypeptide that induces 8 measurable CTL response against virus
gypressing the immunogenic polypeptide, or induces & measurable B cell response
{such as production of sntibodies) against the immunogenic polvpeptide.

{6848] Sequence identity or similarity between two or more nucleic acid sequences,
or two or mote aming acid sequences, is expressed in terms of the identity or similarity
hetween the sequences. Sequence identity can be measured in terms of percentage
identity; the higher the percentage, the more identival the sequences are. Homologs or
crthologs of nucleic acid or amine acld sequences possess & relatively high degree of
sequence identity/similarity when aligned using standard methods, Methods of
aligmment of sequences for comparison are well known in the art. Various programs
and alignment algorithms are deseribed In: Smith & Waterman, Adv. Appl. Math, 2:482,
1%81; Needieman & Wunsch, 1. Mol. Biol. 48:443, 1970; Pearson & Lipman, Proc,
Natl. Acad. 5¢i. UUSA 83:2444, 1988; Higgins & Sharp, Gene, 73:237-44, 1988,
Higgins & Sharp, CABIOS 5:151-3, 1989; Corpet ¢t al,, Muc. Acids Res. 16:10881-90,
1988, Huang et al. Compuler Appls. in the Biosciences §, 155-65, 1992; and Pearson ot
al., Meth. Mol Bio. 24:307-31, 1994, Alischul et al, J. Mol. Biol. 215:403-18, 1994,
presents a detailed considerstion of sequence alignment methods snd homology
calculations.

68497 Rotational symmetry, also known {n biological contexts as radial symmetry,
refers to the property of an obiect that looks the same after a certain amount of rotation,
An object may have more than one rotational symmetry; for instance, if reflections or
turning it over are not counted. The degree of rotational symmetry is how many degrees
the shape has 1o be tumed to look the same on a different side or vertex. It canmot be the
same side or vertex. Rotational symumetry of ovder n, also called n-fold rotational
symnetry, or discrete rotational symmetry of the nth order, with respect to a particular
point {in 2D} or axis {in 3D; e.g., 3-fold axiy described herein) means that rotation by
an angle of 360%n (180°, 120°, 90°, 72°, 60°, 51 377°, ctc.) does not changs the obiect.
[8054] Bacteriophage Qp (s or §§ as denoted herein) is an fcosahedral vivus with a
diaracter of 25 nm, I3 host Is Bscherichia coli. Qg onters its host cell through the side of
the F pilus, The genome of Qp is 4217 nucleotides long. The genome has three open
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reading frames and encodes four proteing: Al AZ, OF and gff replicase, See, .g., van
Dhein ot al., "Single-stranded RNA phages. Chapter 157, In Calendar, B L. The
Hacteriophages (Second ed,, 2006}, Oxdord University Press. pp. 175196, The genome
of Qg is highly structured, which regulstes gene oxpression and profects the genome
from bost RiNases,

UL The term "subject” refers to any animal classified as a mammal, ¢.g., buman
and non-human mammals. Examples of non-human animals include dogs, cats, cattle,
horses, sheep, pigs, goats, rabbils, and ete. Unless otherwise noted, the ferms “patient”
or “subject” are used herein imterchangeably. Preferably, the subiect is human,

{8032} The term “ireating” or “alleviating” includes the adminisiration of
compounds or agents 1o a subject to prevent or delay the onset of the symptoms,
complications, or biochemical indicia of g disease {e.g., an HIV infection), alleviating
the symptoms or arresting or inhibiting further 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 (to prevent or delay the onset of the disease, or to prevent the
manifestation of clinical or subclinical symptoms thereof) or therapeutic suppression or
alleviation of symptoms afier the manifestation of the disease.

18653 Vacoine refers to a pharmacentical composition that elicits a prophylactic
or therapeutic immune response in a subject. In some cases, the imnune response is a
protective immune 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 pathologicsl condition. A vaccine may include a
polynucleotide (such as a nucleic acid encoding a disclosed antigen), a peptide or
polvpeptide (such as a disclosed antigen), a virus, a cell or one or move cellular
constituents.

j00s4 Virus-fike particle (VLP) refers to o non-replicating, viral shell, derived
from any of several viruses. VLPs are generally composed of one or more viral proteing,
such as, but not limited o, those proteins referred 1o as capsid, coat, shell, surface
and/or envslope proteins, or particle-forming polypeptides derived from these proteins.
VLPs can form spontaneously upon recombinant expression of the protein in an
appropriate sxpression system. Methods for producing particular YLPs are known in
the art. The presence of VLPs following recombinent expression of viral proteins can
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be detected using conventional techniques known in the art, such as by slecton
microscopy, blophysical characterization, and the tike. See, for example, Baker et al,
{1991} Biophys. I, 6(:1445-1456; and Hagensee et al. (19943 1. Virol, 68:4503-4505.
For example, YLPs can be isolated by density gradient centrifugation and/or identified
by characieristic density banding. Alternatively, cryoelectron microscopy can be
performed on virified aquecus samples of the VLE preparation in question, and images

recorded under appropriale exposure conditions.
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0851 HiIV-1 Env is 8 heterodimer of 2 transmembrane glycoprotein (gpdliand a

surface glycoprotein (gpl20). These dimers are organized as trimers on the surface of
the viral membrane. The HIV-1 trimer immunogens of the invention are formed of a
gpidi-related protein that contains g gpl2i-derived polypeptide and a gpd1-derived
polypeptide with a redesigned N-terminus {residuss 548-568) of the heptad region 1
{(HR1} in gpdl. The gpldl-related protein should maintain an appropriate frimeric
structure described hereln {e.g., 2 native-like trimeric conformation). The gpi20-
dertved polypeptide and the gpé 1-derived polypeptide can be associated non-covalently
as in the natural HEV-1 gpl40 protein or covalently linked via a linker sequence
desoribed hergin. The well characterized epl 29 glycoprotein contains the core and
several variable foops or domains (e.g., the VIV domain and the V3 domain}. Various
gpiZi-derived polypeptides can be emploved in the practice of the invention. The
gpl2i-derived polypeptide docs not have to contain the full-length sequence of g
wildtype gpi20 glveoprotein. Thus, the gpl20-derived polypeptide can be, e.g., the
natural gpl20 protein, the VIV2 domains of the gpi20 glycoprotein, the gpl28 core
{i.c., the inner domain and the outer domain), and just the outer domain of gp120 core.
in some embodiments, the smployed gpl20-derived polypeptide encompasses its gpd 1~
interactive region and the antigenic epitopes {e.g., the outer domain).
[8036] Typically, the gpl40-derived polypoptide should harhor and expose the
native epitopes {e.g., “sites of HIV-1 vulnerability” or “broadly neutralizing epitopes™)
recognized by one or more of the well characterized HIV bndbs (e.g., PGS, PG1E,
CHO3, PGDMI400, VRCOL, 4E10 and 10ER). For exaraple, PGY is 3 broadly
nentralizing monocional antibody that specifically binds to the VI/V2 domain of HIV-1
gpllQ and prevents HIV-1 infection of target cells (see, o.g., Walker et al., Nature,
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$77:466-470, 201 1; and WO/Z010/107939). In addition, sequences with conservative
aming acid substitutions or sequences that are substantially identical to the gpi4G-
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 o one or move {e.g, 2, 3, 4, 5 or more) of the
well known HIV-1 bnAbs {e.g., PG9, PGI6, CHO3, PGDM1400, VRCOL, 4E1{ and
18ESY. Such antigenicity can be readily assessed via methods routinely practiced in the
art, e.g., the Octet measorement (ForteBio, Inc.). See, e.g., Fera et al,, Proe, Natl, Acad.
Sci. USA. 111 1027510280, 2014, and McGuire et al,, J. Virol, 88: 2645-2657, 2014
{0057} Other than the gpi120-derived polypeptide, the gpldQ-related protein for
producing the HIV-1 trimer immunogens of the invention also containg a gpdi-derived
polypeptide with a redesigned N-terminus {residues 548-568) of the heptad region |
{HR1}. In some embodiments, the gpi20 and gpd ! polypeptides in the engineered

gp 140 immunogens of the invention are derived from the same HIV-1 sirain or subtype.
In some embodiments, the gp120 and gpl2{ polypeptides in the gpi40 protein are
derived from different HIV-1 strains or subtypes. For sxample, as exemplified herein,
a modified gpd! from strain BGS0S or g undversal gpd ] domain derived from the HIV-
1 ssquence database can be combined with gp129 from various other HIV-siraing or
subtypes to form different chimeric gpl40 trimer immunogens. The modified gpd1-
derived polypeptide in the engineered gpl40 immunogens of the invention typically
harbors the HR1 region of the native gpd! protein excerpt for the Neterminus
modification described herein. The HRI region undergoes drastic conformational
change during vial fision with host cells. Preferably, the gpd 1 -derived polypeptide is 8
soluble polypeptide that has the transmembrane region truncated, ¢.g., a polypeptide
comtaining the ectodomain {gpdlgeye) oF & polypeptide containing the fusion peptide
and the ectodomain. In varicus embodiments, the 21 residue N-terminus of HR1
{residuecs 348-368) of the gp41-derived polypeptide is replaced with a shorter loop
sequence to stabilize the pre-fusion gpldl structure. The loop ssquence can contain
from about & to about 14 amino acid residues. Specific loop sequences suifable for the
HIV-1 trimer immunogens of the Invention can be obtained by rational design to ensure
proper function (e.g., stabilizing the pre-fusion conformation of gpl40). For example,
shorter loop sequences replacing the HR1 N-terminus can be designed via the
gnsemble-based de rove protein design method exemplified herein. As detailed in the
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Hxamples herein, alimost all HRI redesigns based on the computational method showed
substantial improvement in torms of rimer yield and purity.
{BO38] In some embodiments, the inserted loop ssquence replacing the HRI N~

terminus containg 10 amino acid residues. Specific examples of such loop sequences

L

are shown in SEQ ID NGs:1-8. In some other embodiments, the substituting loop

sequence contains 8 amino acid residues. Examples of such loop sequences are shown

i SEQ ID NOGe:6-15. In still some other embodiments, the loop sequence replacing the

HR1 Neterminus can contain about 6, 7, 9, 11, 12, 13, or 14 amino acid residues. Such

loop sequences can be readily obtained by applving the same rational resign methods

10 exemplified hersin for the B-residue and 10-residue loop sequences. In some other
embodiments, a generic loop seguence containing 2-7 tandem repeats of B3 ({GSh
SEQ I NO:23) can be used in the redesign of the HRI Neterminus, As demonstrated
herein {e.g., Fig. 2a}, a generic loop sequence (G8) (SEQ 1D N(:24) was shown to be
effective in constructing modified gpl40 immunogens from various HIV-1 sirains,

15 [h8sY in addition to the HR1 Nerminus 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 sequence to create non-
cleavable gpldd protein. As exemplified herein, various cleavage site linkers can be
used in the gpldf-derived protein immunogens of the invention. In various

20 embodiments, the Hokers can contain different amino acid residues of varying length.

in some embodiments, the 4-residue cleavage site (Lo, residues S08-311) is replaced

with the linker sequence. For example, the cleavage site can be replaced with a linker
containing one or more tandem repeats of a 3GS motif, Alternatively, the cleavage site

can be replaced with a linker of (G4S); (SEQ ID NO:22). In some other embodiments,

B2
L

a longer cleavage site~containing region {o.g., residues 561-518) is replaced with the
linker sequence. In some of these embodiments, the linker contains an §-amino acid
residue sequence. Some specific nker seguences that replace the cleavage stie in the
gpl40-derived protein are shown in SEQ D NOs:16-20. As exemplified herein, 2
combination of ihe cleavage site linker sequence and the redesigned HR I Netermings in
30 the gpl40 immunogens of the invention lead to further improvement in rimer yield and
purity.

8868} in some embodiments, the associstion between gp120 and gpd! can be
stabilized by the introduction of a correctly positioned intermolecular disulfide bond 1o
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make a soluble form of Bny, 808 gpl40. Such a stabilized, native Hav complex would
inerease the tme that the trimeric gpi20-gpd ! complex is presented o the Imumune
system. The gpi20-gpd! interactions in SO8 gpi40 can also be stabilized by deleting
the first and second varisble (V1 and ¥2) loops and by infroducing amino acid
substifutions into the N-terminal hepiad repeat region around position 359 of gpd 1 {see,
g.g., W 03022869, One such modified gp140 protein is 3OSIP gp146, which
contains an 1559P substitution. SOSIP gp148 is properly folded, protecivtically
cleaved, substantially frimeric, 2nd has appropriaie receptor binding and antigenic
properties, Stability and immunogenicity of gpl40 or other Env-derived trimers can be
sdditionally enhanced by the trimer-presenting formats described herein

[88s1] In some embodiments, the modified gpl4Q-related profein may additional
include modified ghycan site at residue 332 (T332N). In some other embodiments, the
modified gpl40 protein harboring a redesigned HR1 Neterminus alse has other
mutations or alterations infroduced at the cleavage siie, e.g., replacing REKR (SEQ D
NO:25) with RRRRRE (SEG ID NO26). In various embodiments, the C {erminus of
the modified gpl40 protein can be truncated o either residye 664 or 681 (according fo
HXB? nomenclature}, resulting in the two gpl40 versions like “BG56S
SOSIP.gp140.6647 and “BG305 SOSIP gpl40.681” which are known in the art. Also,
the HIV-1 immunogens of the invention can employ the different gpl140 derived
proteins from vartous HIV-1 clades or strains {e.g., strains BGS03 {clade A), JRFL
{clade R) CAP4S {clade C), ZM109 (clade C), DUIT72.17 {clade ), and CH115.12
{clade BY/C) exemplificd horein), 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 genetically distinet clades {or subtypes) of HIV-L. The gp140 trimers for the
present invention can be dertved from any subtype of HIV, such as groups M, N, O, or
PorGlade A, B, C,ILF, G, H, J or K and the like. Sequences encoding HIV-1 Bnv
glycoproteins and methods for the manipulation and insertion of such nucleic acid
sequences infe vectors, are known {sce, £.2., HIV Sequence Compendium, Division of
AIDSE, National Institute of Allergy and Infectious Diseases (2003} BIV Sequence
Database (hiveweb lanl govicontenthiv-db/mainpage himl); Sambrook ef al, Molecular
Cloning: A Laboratory Manual, Cold Spring Harbor Press, N.Y, (B’d ed., 2000); and
Brent ¢ al., Current Protocels in Molecular Biology, John Wiley & Sons, Inc. {ringbou
ed., 2003}, Further, there is an HR I-type region in most enveloped viruses that employ
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a similar type-1 fusion mechanism, such as influenza virus, Ebols, and respiratory
synoytial vires (R8Y). The strategy for generating HIV-1 gpl40 immunogens of the
invention can also be employed for stabilizing Env spikes in designing and producing
vaccine immunogens for the other enveloped viruses.

{8063} As detailed below, the gpl40-derived protein may be conjugated {0 the
presenting platform {e.g., nanoparticles or YLPs} via various means. Preferably, the
conjugation is achigved 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. In the various immunogens of the invention,
other modifications can also be made to the gpl140-derived trimers or the conjugating
pariner in order to improve stability or antigenicity,

(REERY The various gpldil-derived proteins used in the invention can be obtained
or generated in accordance with the protocols exemplified 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, Enzymel. 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%, B0%, 90%, 95% or 98% pure. Once purified, antigenicity and
other properties of gpl46 rimer Immunogens formed of the gp14Q derived protein can
also be readily examined with standard methods, ¢.g., antigenic profiling using known
bNAbs and non-Nabs, differential scanning calorimetry (DSC), eleciron microscopy,
binding analysis via ELISA and Biolayer Light Interferometry (BLY), and co-

crystaliography analysis as exeruplified herein.

Iv. Scatfolded HIV-1 irimer mmunoren compositions

8064} Other than sehuble gpl40-based trimer immunogens described above, the
invention also provides HIV-1 immunogens that contain a heterologous scaffold that
presents of lncorporates & trimerie Env-derived protein. In some embodiments, the
heterologous scaffold is a nanoparticle or virus-like particle (VLP). Various
nanoparticle platforms can be employed in generating the vaccine compositions of the

invention. In general, the nanoparticles emploved in the invention need o be formed
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by multiple copies of 8 single subunit. Additionally or altcmatively, the amino-
terminus of the particle subunit has io be exposed and in close proximity to the 3-fold
axis, and the spacing of three amino-termini has lo closely mateh the spacing of the
carboxyol-termini of various HIV-1 trimeric components. In some preferved
embodiments, the immunogens comprise self-assembling nsoparticles with a diameter
of about 20nm or less (usually assembled from 12, 24, or 60 sububits) and 3-fold axes
on the particle surface. Such navoparticles provide suitable particle platforms to
produce mulitivalent HIV-1 trimer vaccines.

[6865] in some embodiments, the HIV-1 trimer-presenting nanoparticles are
naturally existing nanoparticles such as ferritin ion cages with 3-fold axes on the
surface. They aliow presentation of multiple copics of the trimeric component of HIV-
1 envelope complex (Env), enabling a scries of multivalent trimer vaccine candidates.
As an example, one of such nanoparticles is the ferritin nanoparticle from Helicobacter
pylori. Ferritin is a globular protein found in all animals, bacteria, and plants. Iis
primary function is to conirol the rate and location of polynuciear Fe(li},(: formation
through the transportation of hydrated ivon fons and protons to and from a mineralized
core. The globular form of forritin is made up of monomeric subunit profeins (also
referred to as monomeric ferritin subunits), which are polypeptides having a molecule
weight of approximately 17-20 kDa.

[B0ss] A monomeric ferritin subunit used in the invention is a full length, single
polypeptide of & ferritin protein, or any portion thereof, which is capable of directing
self-assembly of monomeric ferritin subunits into the globular form of the protein.
Armino acid sequences from monomeric ferritin subunits of any known ferritin protein
can be used to produce fusion proteins of the present invention, so long as the
monomeric ferritin subunit is capable of self~assembling into 8 nanoparticle displaying
HIV-1 epitopes on its surface. Tn addition to ferritin, the invention ¢an also employ
many other seif-assembling nancparticles with similar molecular traits. These inchude,
e.g.. molecules with the following PDB {3s: 111G (12-mer Dip-2 from Bacdliuy
anthracis), 1TUVH (12-mer DFS from Mycrobacterium Smegmatis), 2YGD (24-mer eye
tens chaperone aB-crystatling, 3080 (24-mer DegP24), 3IMHG and 3IMH7 (24-mer HiraA
proteases), 3PV2 (12-mer HirA homolog DegQ WT), 4ABC {12-mer Deg(} from £
Coii), 449G 24-mer Deg( from E. Colt), AEVE (12-mer HP-NAP from Helicobacter
pyiori strain YS29), and 4GQU (24-mer HisB from Myveobacteriwn tuberculosis).
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{0057] in some embodiments, the HIV-1 irimer immunogen presenting
nanoparticles are thermostable §0-meric nanoparticles, ¢.g., dibydrolipoyl
acyHransferase (B2p) from Bacillug stearothermophifus, In some embodiments, the
eraployed nanoparticles can be lumazine synthase (LS) from Aquifex seolicus, Elpisa
hollow dodecahedron with g diameter of 23.2 nm and 12 large openings separating the
threefold vertices on the particle surface. LS, with a dismeter of 14.8 wm, is an
assembly of 60 subuniis arranged in a capsid with T % 1 icosahedral symmetry. As
sxemplified herein, trimer mmunogens presented on these nanoparticles (e.g., E2p}
have excellent siructural and functional properties, including an optimal size for direct
uptake by D¥Cs and increased recognition by bNAbs,

{8068} Any Env-derived HIV-1 trimer proteins can be used in the nanoparticle-
presenied vaccine compositions. In some embodiments, the nanoparticles present 2
native trimeric form of HIV~1 Env based glycoproteins or domains, e.g., gpl4d, gpli0
or VIV2 domains as exemplified herein (see, ¢.g., Table 2}, In some embodiments, the
nanoparticles present a modified gp140 trimer immunogen, ¢.g., 8 HR I-modified gpl40
irimer described hersin, As the receptor-binding protein of HIV-1 Env, gpl20 has been
extensively studied as 3 vaccing immunogen, but Is now considered suboptimal due to
the exposure of & non-neutralizing face that is buried within the native spike. As
demonsirated herein, display of full-length gpl120 with fervitin 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 nanopatticles
provide versatile platforms to investigate gpi20-based HIV-1 vaccines.

{B8069] in addition, the Env-derived trimer protein can be obtained from various
HIV-1 strains. In some embodiments, the Env-derived tvimer is from HIV-1 strain
BGS0S5. As exemplifications, VIV 2-forritin nanoparticles were produced with trimer
proteing of HIV-1 strains ZM 109 and CAP4S. Also exemplificd herein are
nanoparticles (E2p or forritin} displaying gpl40 trimers, full length gpl20, full length
gp120 with an additional disulfide bond {o stabilize the gp128 termini, and gpl20
molecules of different lengths, These emplifications indicate that the general
nanoparticle structure and design deseribed herein strategy can be applied to create
multivalent HIV-1 vaccine candidates based on other HIV-1 sirains,

BaTH In various cmbodiments, nanparticle displaying sny of these HIV-1 Env-
derived immunogens can be constructed by fusing the irimer Immunogen o the subunit
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of the nanoparticle {e.g., Elp or forritin subunit). The antigeniciy and structural
mtegrity of thess nanoparticle based HIV-1 Immunogens can be readily analyzed via
standard assays, ¢.g., antibody binding asseys and negative-siain slestron microscopy
{EM}. As exemplified herein, the various fusion molecules can all self-assemble into
nanoparticles that display immunogenic epiiopes of the Env-derived trimer {e.g.,
2140}, By eliciting a robust trimer-specific brnAbs, these nanoparticles are usefil for
vaceinating individuals against a broad range of HIV-1 viruses.
8871} In some embodiments, the heterologous soaffold that presenis or
incorporaies a imeric Bnv-derived protein, e.g., a gpldf-derived trimer protein
described herein, is 8 vivus-like particle (VLP) such as bacteriophage € VLP as
exemplified berein, or 2 self-assembling nanoparticls possessing the same molecular
and geometric traits as a YLP. In general, the VLPs to be used in the present invention
need to meet at least ong, and preferably all, of the following criteria: {1} the VLP has
to be formed by multiple copies of a single subunit; {2) the VLI has {0 have 3-fold axes
displayed on the surface; and {3} the N-ternyinus of each VLP subunit has to be exposed
and in close proximity to the 3-fold axis, and the spacing of three N-termini maich the
spacing of the C-termini of an HIV-1 trimeric antigen so that the HIV-] antigen can be
fused to the N-terminus of the VLF subunit. Or aliematively, the 3-fold axis is
surrounded by three surface loops, each from a VLP subunit, whers the HIV-1 antigen
can be inserted into the subunit chain,
0673 In various embodiments, the VLP based HIV-1 nmunogens of the
invention can have a mindmum of 20-25 epitopes spaced by 5-10mm, which is sufficient
for Becell activation. In some embodiments, the VLPs have a diameter of 30-40 nm
and 3-fold sxes on the surface, which provide an ideal platform to develop multivalent
HIV-1 irimer vaccines. In some embodiments, the VLF based HIV-1 immunogens can
employs any of the VLFs identified by the inventors via biolnformatic analysis of an
annotated database for icosabedral virus capsids, VIPERdD (itp:/viperdb.seripps.edu),
These include bacteriophage Q with a 3.5A crystal structure (PDB 1D 1QRE), flock
house virus (FHV) capsid with 8 3.54 crystal structure (PDB ID: 4FSY), Orsay virus
capsid with 2 3.25A crystal structure (PDB ID: 4NWV) in the PDB database
{(httpr/fwww .resh.org/pdb), and B-cell activating factor (BAFF) with a 3.04A crystal
sirgcture (FDB IDx 1JHS), which forms a 60-mer VLP-liks assembly. In some
preferred embodiments, bacteriophage (O is used due fo #ts optimal structurs] features.
24



10

IS

20

AW]
LA

WO 2017/192434 PCT/US2017/030375

Additional VLFs suitsble for the invention can be readily identified via bivinformatic
search of similar particle assembly and subunit siructure as that identifiod for any of
thess exemplified YLPs, For example, bacteriophages MEZ (PDB 1D ZWBH) and P22
{2ZXYY and ZXYZ) have been used io engineer andigen-presenting VLE vaccine
platforms. These fwo bacteriophage VILPs can also be used to construct multivalent
HIV-1 vaccine bamunogens of the invention.

{08731 The multivalently scaffolded HIV-1 trimer mmunogens of the nvention
can be constructed in accordance with the methods described herein (g.g., Examples -
13). Various nanoparticle presenting HIV-1 trimer immunogens are exemplified herein,
These include V1V2 trimers presented on ferritin (SEQ ID NO:28-31), gpl 20 trimers
presented on forritin {SEQ ID NOs:32-34), gpi28 trimers presented by B2p or LS (8EQ
1D NQO=:35-386), gpl40 trimers presented on ferritin nanoparticles (SEQ ID N(Os:37-39),
and gpl40 trimer immunogens presented on LS or E2p nanoparticles {SEQ ID NOs:40-
41}, In general, to construct the VLP presenting HIV-1 trimer immunogens, the trimer
sequences can cither be fused with the VLP sequence {e.g., at the N-terminus of the
VLP) or inserted imto the VLP sequence. In some embodiments, the VLP is fused at its
N-terminus with the HIV-1 Env-derived trimer, e.g., HIV-1 VIVZ, gpl20, and the two
versions of SOSIP gpl40 trimer noted above can be presented on the VLP, In some
othey smbodiments, the HIV-1 Env-derived frimer is inserted into the VLP. In these
gmbodiments, the HIV-1 trimer can be the VIV2 domains or the gp120 protein. Since
the N- and C-termint of gpl46 are distant, this Env-derived trimer is not suited for
ingertion into the VLP. As exemplified hereln, a series of VLP constructs were
generated by fusing HIV-1 VIV2, epl24, and two versions of SOSIP gpidf o the B
subunit, by inserting VIV2 into the surface loops of FHY and Orsay subunits, and by
inserting VIVZ and gpl20 into a surface loop of BAFF. As detailed in the Examples
below, antigenicity and VLP assembly were validated for all Q-based VLPs with
antibody binding assays and negative stain electron microscopy (EM). Antigenicity was

also validated for the FHV-, Orsay-, and BAFF-based VLPs.
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{8874} The invention provides pharmaceutical compasitions and related methods
of using the HIV-1 immunogens {e.g., soluble gpidd-derived proteins or nanoparticles
displaying an Env-derived trimer) deseribed herein for preventing and treating HIV-1
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infections. In some cmbodiments, the nmunogens disclosed hereln are included in a
pharmaceutical composition. The pharmaceutical composition can be either a
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 antiviral drugs). Varlous
pharmaceutically acceplable additives can also be used in the compositions.
{8875} Some of the pharmaceutical compositions of the invention are vaccines.
For vaeeine compositions, appropriste adjuvants can be sdditionally inchuded.
Examples of suitable adjuvants include, e.g., aluminum hydroxide, lecithin, Freund's

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

15  theart. See, e.g., Remington’s Pharmacsutioal Sciences, 19.sup.th Ed., Mack
Publishing Company, Easton, Pa., 1995, Sustained and Controlled Release Drmg
Delivery Systems, J. R. Robinson, ed., Marcel Deldeer, Inc., New Yok, 1978); U.S.
Pat. Nos. 4,652,441 and 4,917,893; U.S. Pat. Nos. 4,677,181 and 4,728,721; and UL.S.
Pat. No. 4,675,189,

28 {987¢] The pharmaceutical compositions of the invention can be readily employed
in a variety of therapeutic or prophylactic applications for treating HIV-1 infection or
eliciting an immune response to HIV-1 in a subject. For example, the composition can
be administered to & subject 1o induce an immune response to HIV-1, e.g., o induce
production of broadly newtralizing antibodics to HIV-1. For subjects at risk of

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

30 mirgvenous, intra-arterial, intra-articular, intraperitonesl, or parenteral routes., In
general, the pharmaceutical composition is administered fo g subject in need of such
treatment for a time and under conditions sufficient to prevent, inhibit, and/or
ameliorate a selected disease or condition or one or more sympiom(s) thereof. The
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immunogenic compesition is administered in sn amount sufficient 1o nduce an Immune
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 immmogen described hersin, The appropriate amount of the
imrnunogen can be determined based on the specific disease or condition to be freated
or prevented, severily, age of the subject, and other personal atiribuies of the speeific
subiect {c.g., the general sate of the subject’s health and the robusiness 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 ccourrence or severity of targeted
disease symptoms or conditions in the subject.

{8077] For prophylactic applications, the immunogenic composition is provided in
advance of any symptom, for example in advance of infection. The prophylactic
administration of the jmmunogenic compositions serves o prevent or ameliorate any
subseguent infection. Thus, in some embodiments, a subject 10 be treated is one who
has, or is at risk for developing, an HIV infection, for example because of exposure or
the possibility of exposure to HIV. Following administration of a therapeuntically
effective amount of the disclosed therapeutic compositions, the subject can be
monitored for HIV-1 tnfection, symptoms associated with HIV-1 infection, or both,
{8078} For therapeutic applications, the immumogenic composition is provided at
or after the onset of a symptom of disease or infection, for example after development
of a symptom of HIV-1 infection, or afer diagnosis of HIV-1 infection. The
immunogenic composition can thus be provided prior o the anticipated exposure to
HIV virus so as to atienuate the anticipated severity, duration or extent of an infection
and/or associated disease symptoms, affor exposure or suspecied exposurs 1o the vivus,
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,
.g., antibedies or other antiviral agents such as nucleoside reverse {ranscriptase
inhibitors, such as abacaviy, AFT, didanosing, emtriciabine, lamivadine, stavudine,
tenofovie, zalcitabine, midovudine, and the ke, non-nuclesside reverse transeripiase
inhibitors, such as defavirdine, efavirene, nevirapine, protease inhibitors soch as
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amprenavir, atazanavir, indinavir, lopinavir, nelfinavir, osamprenavis, ritonavir,
saguinavir, tipranavir, and the Iike, and fusion protein inhibitors such as enfuvirtide and
the like. Administration of the pharmacsutical compostion and the known anti-HIV
sgenis can be either concurrently or sequentially.

[6686] The HIV-1 vaceing immunogens or pharmaceutical compositions of the
invention can be provided as components of 2 kit. Optionally, such a kit includes
additional components inchuding packaging, instructions and varicus other reagents,
such as buffers, subsivates, antibodies or ligands, such as control antibodies or ligands,
and detection reagents, An optional instruction sheet can be additionally provided in

the kits,

EXAMPLES
[8881] The following examples are offered to illustrate, but not to limit the present
invention.
Pxample I Ensemble-based protein design for the HR region

Soock

{8082} We hypothesized that the N-terminus of HR1 (residues 548-568) is s
critical determinant of HIV-1 trimer metastability because it is poised to slongale
during fusion and is dizsordered in all but one reported structure of the SOSIP trimer,
where it still appears less ordered compared to the surrounding regions (Fig. 1a).
Disorder at the top of the long HR1 central helix is somewhat unsxpected because this
region iy at the cove of the Env complex; however, this region is expected o refold and
become helical in the post-fusion form, as in the equivalent region of influenza
hemagghitinin and other type 1 viral fusion proteins (Wilson of al,, Mahure 288, 1981},
and therefore less ordered in the pre-fusion form or at least adopt 2 completely different
conformation. In the SOSIP design, in addition 10 an enginesred disulfide bond
{ASQIC/TEOSC)Y, the 1539F mutation was introduced to destabilize the post-fusion state
and was oritical for production of high-quality Env protein, strongly supporting the
notion that this HRI region might be related to Env metastability,

JO083) In this study, the HR1 bend was subjected to rational redesign aithed to
stabilize the pre-fusion conformation, rather than to just destabilize the post-fusion
conformation as in the BGS0S SOSIP.664 trimer (Fig. 1b). Although this wild-type

{WTY HR1 region consists of 21 residues, the Ca distance between G347 and T369 is
28
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merely 24.8A, which is equivalent to 3 fully extended polypeptide backbone of oniv 6.3
residues. Here, we decided o examine two foop lengths — § and 10 amive acids — for
the HR1 redesign, allowing for a small degree of flexibility while dramatically
shortening the WT HRI loop. We uiilized ensemble-based protein design (see
Methods) to identify sequences thal may siabilize the pre-fusion trimer siructure {Fig,
1e). Given a specified loop length, a large ensemble of backbone conformations was
generated to bridge the gap betwesn G547 and TS69 (Fig. 3a). For B-residue loops, the
o rovt-mean-sguare fluctuation (RMSF) ranges from 1.3 o0 5.7A with an aversge of
234, whereas for 1{-residue loops, a greater conformational space was sampled with
an gverage Co RMSF of 3,64 (Fig. 3b). Afler an exbaustive sampling in sequence
space, all designs were ranked by their energy scores (Fig. 3o} The 5 top-ranking
sequences for each loop length, totaling 18, were advanced to experimental validation

(Fig. 3d).

Example 2 Biochemies! and Mopbysical charactorization of HR I redesigns

{BO84] As demonstrated for SOBIP, sc-gpl4Q, and NFL trimers, biochemical and
biophysical properties provide an initial assessment of trimer designs. Following a
similar strategy, we assessed the 10 HR 1vedesigned BGS0S irimers containing the
same T332N (to restore the N3I32 epitope), SO8 {ASGLC/TE05C), and RE mutations as
the SOSIP.664 trimsr (except for I559P). As noted, various purification protocols can
produce irimers of varying quality, Here, we adopted a rather simple protocol utilizing
materials that ave readily gvailable to most researchers and can be scaled up inan
industrial setting. All constructs were expressed transiently in HEK293 F cells with co-
transtected furin as previously described (Sanders ot al. PLoS Pathog. 8, e 1003618,
2013}, The secreted Env proteins were purified using a Galanthus nivadis lectin {GNL)
cotunn followed by a single SEC on a Superdex 200 10/300 column, One-liter
expression produced sufficient quantities (3-7 mg) of HR L-redesigned trimers,
compared to three separate two-liter expressions for the SOSIP trimer. Although GNL
purification does not yicld the purest trimers, 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,
AT We compared the SEC profiles based on simple metrics utilizing the

uliraviolet 280 nm absorbance values (UV), The UV value of the trimer peak was used
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33 an indicator of the trimer vield, with the sgeregste and dimer/moncimer peaks
measured as ratios of thair UV values versus that of the trimer peak. The two-liter
SOSIP cxpression showed an average UV value of 371 for the trimer peak, with
average ratios of 31% and 49% for the aggregale and dimer/tonomer peaks,
respectively, The five B-residus HRI redesions (named HR 1-redesign 1-5, respectively)
showed significantly increased trimer vield with reduced aggregaie and dimer/monomer
pesks in the SEC profiles. Overall, HRI redesipns 1 and 2 appeared 1o be the best
performers in this group. For example, the HRI redesign 2 showed a near two-fold
increase in the UV valne of the trimey peak, with & 16% and 229 reduction in UY
values for aggregate and dimer/'monomer peaks relative {o SOSIP, indicative of
improvement s both trimer vield and purity. The five 10-residue HR 1 redesigns
{named HR I-redesign 6-10, respectively) presented 2 stmilar trend, but less pronounced
mmprovement, Notwithstanding, HRI redesign 10 showed a UV value for the trimer
peak that is comparable to the SOSIP trimer from two-liter expression, with the same
ow level of unwanted Bov species as HRI redesigns 1 and 2. This finding was
consistent with the dlue notive polvacrylamide gel elecirophoresis (BN-PAGE) anslysis
that showed more concenirated trimer bands on the gel. The trimer-containing fractions
were ehated at 10.25-10.75 ml for the mitial assessment of thermal stability by
differential scanning csalorimetey (DSC). For all 10 tested HR1 redesigns, the DSC
profiles showead similar unfolding peaks with 3 thermal densturation midpoint (T}
ranging from 65.7 10 68.2°C, closely resembling the Ty of 68.1°C reporied for the
SOSIF trimer.

[8386] Crverall, shortening and redesign of this HR region exerted a positive
effect on the composition of produced Env proteins. In addition to incressing the trimer
vield and reducing other Env species, HR1 redesigns retained the thermal stability of
parent SOSIP.664 wimer, supporting the notion that this HR1 connecting loop region is
a key determinant of HIV-1 trimer metastability with respect to expression and the
presence of unwanted Env species.

. e e YRR e
et s sdhie mrabreie of e eevrecantstive IR 1 sedael ong
Example 3 rvstallopraphic anabvais of two representative HE 1 radasigng

{B087] HRI redesigns 1 and @ were selected for crystallographic analysis. These
two constructs differed not only in the redesigned loop length {8 versus 18 amino
acids), but also notably in thelr SEC profiles, with redesign 9 displaying higher
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quantities of dimer, providing an opportunity 1o examine how HRI truncation and
design variation atfect gpi4{ trimer structure, Due to the sivingent requirenent of
sarmnple homogeneity for orystallization, we prepared the HR l-redesigned and WT
SOSIP trimers as proviously described in Kong ot al. Acta Crystalloge. Sect, D-Biol.
Crystallogr. 71, 2099-2108, 2015. In briet, all gimers were produced in M-
acetylglucosaminylransforase L-negative (GnTT") HEK293 § cells and purified using a
2G12 affintty colwmn followed by SEC on 3 Superdex 200 16/600 column. For the WT
SOSIP wimer, the SEC profile displayed a notable aggregate peak of high molecular
weight, with a UY value that is 38% of the trimer pesk and a lower peak containing
monomeric gpl4(, By contrast, the 2G12-purified HR redesigns showed a marked
fmprovement in trimer vield and purity. Of particular note, the HRI redesign 1 showed
an almost endetectable level of gp 140 monomer, whereas HR redesign 9 still
contained 3 small fraction of monomer. Nevertheless, the SEC profiles 0293 8-
expressed, 261 Z-purified irimers are consistent with that of the 293 F-cxpressed, GNL-
purified trimers described above. This finding was fusther confirmed by BN-PAGE and
the thermal stability of the modified trimers measwred by DSC, suggesting that the
improved trimer properties are an fntrinsic feature of the HR 1 redesigns and
independent of the expression and purification sysiems.
{H888) Co-prystaliization with antigen-binding fragments {Fabg) of PGT128 and
BANC19S vielded complex structures af resolutions of 6.9 and 6.3A for the &- and 10-
residue HR -redesigned trimers, respectively {Table 1), Overall, the redesigned trimers
displayed nearly identical struchurss to that of the SOSIP irimer at this moedest solution,
with Cu root-mean-square deviations (RMBD) < 0.28A. Thus the resulis confirmed that
gpi40 trimers with shortened and redesigned HRI still adopt 8 SOSIP-like pre-fusion
structure, Limited by the resolution, we could only determine the approximats
backbone conformation of the redesigned HR1 loop, which alluded to how these two
distinct designs stabilize the pre-fusion trimer. We speculated that the shortened loop
lergth (8 or 10 versus 21 amdno acids) and a redesigned sequence disrupted the heptad
motif and stabilized the pre-fusion form. Furthermore, both HR 1 redesigns contained
prolines, at positions 2 and & in the Rresidue loop and gt position § in the 10-residue
foop, which likely increased the rigidity of the backbone. Of note, Asp 6 in HK1
redesign 9 is poised to form a salt bridge with Arg 379 of the noighboring HR1 helix,
stabilizing the slightly turned loop. In conclusion, gpi4{0 appears to be highly tolerant
31
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of the HR1 redesign, which greatly enhances protein production efficiency without

sgerificing overail structural infegrity,
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L S The BGSOS SOSIP.664 trimer represents a close mimic of the native spike
in immune recognition by antibodies. Here we sought to investigate whether HRI
redesign would affect Env trimer binding to bNAbs or affect binding to non-NAbs
using bio-layer interferometry (BLD and tmmunoglobulin G (IgG). Again, we studied
trimers propared using a simple GNL purification so we could more readily compare
the basic propertiss of different rimer 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 antigenic profiling. In this context, we also
characterized the HR1 redesign | by negative-stain EM. In the unliganded state, the
22A reconstruction displaved a morphology closely resembling that of the SOSIP
frimer prepared using the same protocol. The agreement of orystal and EM structures
further confivmed the infegrity of HRI-redesigned irimers prior {o sntigenic
characterization.

EHESH First, we measured irimer binding to 2 panel of representative bNAbs. We
utilized ¥V1V2 apex-directed, quaternary bNAbs PGDMI400, PGT145, and PGS 1o
cxamine whether the trimeric structure with associated glycan shield was native-like.
For PGDMI400, the HR1 redesigns 1 and 9 displayed faster on- and off-rates than WT
SOISIP, with a comparable KD (Kofffon) of 7 to 11 nM. A similar patiern was
observed for PG16 and PGT14S. For VRCOH, a representative of a class of CIM-
binding site {CD4bs)-dirccted b(NAbs, all three trimers showed nearly identical binding
profiles, suggesting that the HR1 redesign had little effect on the presentation of this
conserved site of vulnerability, A similer patiern was also ssen for NAb 12, which
engages the C4bs with a different angle of approach relative to VRO, For bNAbs
targeting the V3 stem and surrounding glycans (POTI21, PGTI2E and PGTI3S) and
the high-mannose gpi20 glycan cluster (2G12), all tree trimers showed identical
binding profiles, indicating that these glycan epitopes remained intact upon HRU
redesign. Finally, we measured trimer binding to two bNAbs that recognize

conformational epliopes spanning regions in both gpi20 and gpd1. All theee trimers

32



10

13

24

WO 2017/192434 PCT/US2017/030375

bound strongly to PGT1S1 with 3 st on-rate and 8 Hlat dissociation ourve, with subtle
differences observed in 35022 binding kingtics,

8691} Mext, we measured trimer binding to a panel of representstive non-NAbs.
All three tested trimers bound to CD4bs-specific MAbs, b6 and F105, The HR1-
redesigned trimers displayed weaker binding (o F103 than did the SOSIP trimer, with 2
siightly faster off-rate detected for HRI redesign 1. However, no differences in kinetics
were observed for b6, For two V3i-specific MAbs, 19b and 447-3213, all three trimers
showed fast association and slow dissociation, indicative of some V3 exposure that was
confirmed by surface plasmon resonance (SPR) using the 2G1 2-purified SOSIP trimer,
Previously, 19b was found to bind the SOSIP trimner by ELISA, but only {0 g limited
extent by EM, Nevertheless, the V3 exposure may be minimized by conformational
fixation as demonstrated recently for the SOSIP trimer. We then tested two MAbs
targeting the Immunodominant epitopes in cluster I of gpdlecro, F240 and 7B2. The
SOSIP trimer appeared 1o bind both MAbs al a low lovel with a slght preference for
F240. Interestingly, the two HRI redesigns showed reduced binding to F240 and an
almost negligible binding to 7B2, indicating a more closed or less flexible gpdipore.
We also investigated the binding of two CD4i MAbs, 17b and A32. All three trimers
showed no binding to 17b in the sbsence of sCD4, with the HR1 redesign 1 exhibiting
only a minimal level of A32 recognition although all trimers bound weakdy to this
MAD.

{089} Overall, the two HR redesigns displaved broadly similar patterng in their
recognition by bNAbs with an exception of altered kinetics for apex-directed
guaternary bNAbs, While all three trimers showed some V3 exposure, the two HR1
redesigns appeared to shield non-newtralizing gpdlpovo epilopes more effectively. The
ohserved binding to non-NAbs may be ativibuted (o the use of 1g( fnstead of Fab and a

different immobilization strategy in the BLI experiment.

Fxample 5 Rep

[pas3 Sharma ef af. recently reporied a native-like, cleavage-independent gpl40
irimer designated NFL (Cell Rep, 11, 538-554, 2013), In a separvate study, Georgiev ef
af. replaced the cleavage site between gpi20 and gpd with Hokers of up 0 20 residues
designated se-gp140 (I, Virol. 8%, 5318-5329, 2015). Although the presence of
aherrant structures was speculated for sc-gp 140 trimers with short linkers, the precise
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gifest of cleavage site modification on gp 140 folding and structure reroained unclear.
Here, we addressed this critical issus in the context of the HR 1 redesign 1 that had been
validated both structurally and antigenically (Figs. 2 and 3}
{H094] We Hirst examined the cotcome of replacing the cleavage site-containing
region {residues 500-319} with a redesigned connecting loop between gpl 20 and gpdl.
The Co distance between R500 and F519 s 16.8 &, equivalent to a fully extended
backbone of 4.4 residues. Ensemble-based protein design vielded a large pool of §-
residue loops connecting R300 and FA19 (Fig, 4a). OF note, this design strategy was
rather aggressive in that these loops may pack differently than the vncleaved WT
sequence due to a 18-residue truncation in this region, and exclusion of the SOS
mutation since ASGH was now part of the region sublected to redesign {with the T6O3C
mutation reversed). Similar to the HRI redesign, the § top-ranking designs {termed
CET1-5, Fig. 4b) were characterized by SEC following transicnt oxpression in HEK293
F cells without furin followed by GNL purification. Oversll, CST1-5 showed reduced
trimer vield, as well 85 increased sggregates compared o the parent HR1Y redesign,
indicated by g higher shoulder left of the main trirper peak in the SBC profiles. Forall §
87T redesigns, an extra band was observed in BN-PAGE gnalysis, suggesting the
presence of an uncharacterized Env species in the produced proteins (Fig. 40}
8095} We next examined the effect of replacing the cleavage site {spREKK 1}
with a near full-length SGS linker (lermed CSF). Interestingly, CSF displaved a notably
reduced aggregate peak in the SEC profile compared to CST1-3, which was further
improved by adding back the SO8 mutation (termed C8F-808). Similar to CST1-5, an
extra band was observed for the CSF irimer in BN-PAGE analysis of trimer-containing
fractions after SEC on a Superdex 200 16/600 column, suggesting a comumon patiemn
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 1o 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
containg an extended gpd1 (approximately 40-454) and Is termed “fusion intermediate”
hereafter. The ~20A EM reconstructions of PGV04-bound C8F trimers in the two
different states showed some unocoupied densities that could not be interpreted at this
resolution, By contrasy, a single conformation was observed for the EM reconstruction
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of the CBF-808 trimer in both unliganded (21A) and PGV 04-bound form (204). In
surnmary, BM suggested that with short cleavage site linkers the UST and C8F {rimers
contain 2 fugion intermediate state that can be effectively suppressed by the SOb
niutation,

{B086] We then tested the CSF and CSF-80OS trimer binding to a small panel of
bBNAbDs and non-NAbs. For bBNAbs, we utilized PGDM 1400, VRCO!, and PGTISL,
which target the VIV2 apex, CD4bs, and gp120-gpd! interface, respectively. Both C8F
and CSF-SOS trimers bound to PGDM 1400 with similar kinetic profiles and affinities.
However, dus to the two mixed trimer forms, U8F showed a reduced binding relative to
CSF-808. OSF and CSF-50F8 exhibited identical YRCO! binding profiles similar to
that of the SOSIP trimer, suggesting that the CD4bs is equally accessible in these
trimers. For PGT151, OSF and CSF-SOR showed reduced binding with a notable oft-
rate, suggesting that the Hoker between gp120 and gp41 may affect PGT151 binding.
Thres non-neutralizing MAbs were also tested. CSF bound more strongly to CD4dbs-
directed F105 than CSF-SOS due to the mixed fusion intermediates. For the V3-
directed 19b, both CSF trimers displayed similar binding profiles relative to the SOSP
trimer and HR1 redesign 1. By contrast, CSF showed enbanced binding to the gpdl-
directed F240 that was effectively reduced by the SOS mutation in CSF-508.

Example 6 Kenlacing the furln cleavags site with fong linkers

097} Based on our analysis thus {or and the reports on NFL and se-gpl4Q
rimers, we hypothesized that HR1 redesign combined with a long cleavage site linker
may overcome the tendency o form fusion intermediates and render an uncleaved, pre-
fusion optimized {UFQO) trimer, To this end, we tested two trimers based on the HR1
redesign 1 and an NFL-like linker (220348}, These two construets, termed C3L and
CSL-808, were transiently expressed in HEK293 ¥ cells followed by GNL purification
and SEC on a Superdex 200 16/600 column, Both USL rimers showad regsonable
vields with similar SEC profiles to that of the CSF trimers, For USL, although no exira
bands were definitively identified on the BN gel, the trimer bands appeared to be more
diffuse than those observed fir CSL-SO8. To further charscterize their structures, we
obiained BEM reconstructions for the unliganded CSL and CSL-80S trimers 8t 17 and
204 resolutions, respsctively. The CSL trimer showed a somewhat different
morphology than of WT SOSIF, HR1 redesign 1, pre-fusion USF and C8F-SO8 trimers:
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the density of CEL trimer appeared 1o be narrower st the top of the trimer apex with
additional densities pointing outwards and 8 wider bottorm around gp41. The overall
shape of the CSL-SOS frimer was consistent with that of the CSF-808 irimer. The
~20A reconstructions of PGV04-bound CSL and CSL-808 trimers resembiled that of
the SOSIP trimer, indicative of stabilization upon BNAD binding. Taken together, a
long cleavage site linker can reduce the formation of fusion infermediates, likely at the
cost of greater conformational variability, as suggested by EM.

j6898] We performed antigenic profiling for the C8L and CSL-808 trimers using
the same panel of bNADbs and non-NAbs as for the two HR1 redesigns. For apex-
direcied bNAbs PGDM 1400, P16, and PGDM 4S8, two CSL trimers showed similar
hinding kinetics and Kp values to those of HR1 redesign 1. For CDMdbs-directed bNAb
{(VRCO1), NAD b12, and glycan-reactive bNAbs (PGT121, PGTI2E, PGT135 and
2012}, the two CSL trimers showed nearly identical binding profiles to those of HR1
redesign 1 and the SOKIF trimer. As expected, the most visible difference was found
for BNAbs PGTIS1 and 35022, For PGT151, which binds an epitope consisting of one
gplZ20 and two adjacent gpé Is in trimer, the cleaved HR redesigned trimers and
SOSIF trimer showed flat dissocistion curves. However, the CSL trimers showed faster
off-rates stroilar to those observed for the CSF trimers, indicating a consistont effect
caused by cleavage site linkers, By contrast, for 35022, which binds to gp120 and gpdl
in a single gpl40 protoaner, the offirates appeared 10 be cleavage-independent. MAbs
F240 and 7B2 revealed less accessible non-neutralizing epitopes on gpd! for CSL-808
but not for CSL, consistent with observations for the two USF trimers.

{805%] In summary, an NFL-lke long linker between gpl20 and gpd! used in
combination with an optimal HRI redesign vielded an uncleaved gpl 40 that refained
the most desirable traits of a pre-fusion trimer. Our detailed analysis of linker length
also revealed complex consequences of cleavage site modification. Thus, changing the
linker length at the cleavage site must be carefully evaluated in cach case in trimer
immunogen design,
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feRi0e]  Alhough cleavage site linkage might cause complications, the HR1

redesign gsppeared 1o have an overall positive effcct on trimer structure and antigenicity.

i{n Hght of this finding, we revisited the HR1 redesign strategy by cxamining the utility
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ot a simple G8 Hinker (Fig. 2a}). Buch a “generic” HRI finker (eormed HRI1-G), H proven
sucoessipl, will not only confirm the role of this HR1I region in Env metastability but
also enable development of stable trimers for diverse HIV-1 stroins, To this ond, we
tested the generic HRI linker in the backgrounds of clade-A BGSGS, clade-B JIRFL,
clade-C BUT72.17, and a8 B/C recombinant strain CHI13.12 {ter 3), with their SQSIP
trimers inchaded for comparison, Al irimer constructs were iransiently expressed in
HERZ93 F eells with furin, followed by GNL purificstion and SEC on a Superdex 200
/300 column. For the four sivains studied, the generic HR1 Hnker showed consistont
imygwovement on trimer yield and purity (Fig. 2b), The most substantial improvement
was ohserved for the clade-C strain: g 46% increase of trimer peak relative o WT
SOSIP with the aggregate and dimer/monomer peaks reduced by 34% and 37%,
respectively. For this clade~C strain, two topranking HR1 redesigns from ensemble-
based protein design further increased the trimer peak by ~809% with identical 3EC
profiles to the generic HR1 redesign, HRI-G. The resalts thus indicate that the generie
HR 1 linker offers 8 genersl framework for stabilization of Env while fusther
optimization of trimer properties can be achisved by computational design in a strain-

specific manner,

Example 8

{88181]  Ensemble-based de novo protein design. We developed an ensemble-based
de nove protein design method (Fig. 1c). Given the trimer structure (PDB ID: 4TVP)
and a specified loop length, a three-step design process was undertaken: (1) an
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 50 random sequences based on the RAPDF
potential®™ and sublected to 500 steps of Monte Carlo simulated annealing (MCSA)
with the temperature linearly decreasing from 300 to 18K (3) the lowest-energy
sequence for each backbone is recorded and all 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.
[B182]  Antibodiss for antigenie profiling. We utilized a panel of bNAbs and non-
NADs to characterize the antigenicity of designed trimers. The BNAbs 2G12 and b12 as
well as MAbs F240, 7B2, 176, and A32 were requested from the NIH AIDS Reagent
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Program (hitps//www aidsreagent.org’), Other bNAbs and non-NAbs werg provided by
B8, and BEB.
88103}  Expression and purification of HIV-1 Env trimers. Env trimers were
transiently expressed in HEK293 F cells (Life Technologies, CA) except for
crystaliographic analysis. Briefly, 293F cells were thawed and incubated with
FreeStyle™ 293 Expression Medium (Life Technologies, CA) in the Shaker incubator
at 37°C, with 120 rpm and 8% OOy, When the cells reached a density of 2.0x w%&,
expression medinm was added to reduce cell density to 1.0x10%m1 for transfection with
polyethylenetmine (PRI (Polysciences, Inc). For SOSIP and HR 1-redesigned trimers,
800 pg of Env plasmid and 300 ug of furin plasmid in 25 mi of Opti-MEM transfection
medium {Life Technologies, CA) was mixed with 5 ml of PFELMAX (1.0 mg/ml) in 25
mi of Opti-MEM, whereas for uncleaved trimers, 900 ug of Env plasmid was used
without furin, After incubation for 30 min, the DNA-PELMAX complex was added io
1L 293F cells. Culture supernatants were harvested five days after transfection,
clarified by centrifugstion at 1800 rpm for 20 min, and fillered using a .45 pm filters
{Thermo Scientific). The Env proteins were extracted from the supernatants using a
Gdanthay mivalis leotin (GNL) column (Vector 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 Buperdex 200 Increase 10/308
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 1Vaso absorbance with theoretical extinetion coefficients.
[60194]  Blue Native (BN) PAGE. Env proteins were analyzed by blue naiive
polvacrylamide gel electrophoresis (BN-PAGFE) and stained with Coomassie bluc. The
protein samples were mixed with loading dve and loaded onto a 4-12% Bis-Tris
NuPAGE gel (Life Technologies), BN PAGE gels were run for 2 hours at 130 V using
NativePAGE™ running buffer (Life Technologies) aecording to the manofachurer’s
instructions.
[98185]  Differential Scanning Calorimetry {DSC). Thermal melting corves of
SOBIP and HR I-redesigned trimers were obtained with a MicroCal VP-Capillary
calorimeter (Malvern). The SEC purified glycoproteins were buifer exchanged into 1X
PBS and concenirated to §.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 baseline subtraction were conducted using the standardized protocol
from the Crigin 7.0 software,
[B84186]  Protein production and purification for crysisllization, The two HRI-
redesigned trimers, s well g5 the BANCI9S and PGTI28 Fabs, were produced and
purtfied as described in Kong et al, dcta Crysiallogr. Secr. D-Bipl. Crystallogr. 71,
2089.2108, 2015, Briefly, all consiructs were cloned into the expression vector
phCMY3. Fabs were transiently transfected into mammalion Freeastyle™ 203F cells,
and trimers were transiently transfocted in in GuT17 293 § cells, Afler one week of
transfection, the supernatants of the antibody transfected cells were harvested and
purified using s Lambda or 2 Kapps Capture Select colupn (BAC BV) Lor PGT1ZE and
EANCIYS respeetively before further purification using lon exchange chromatography
and SEC. The supernatants of the trimer transfected cells wers purified using 2 2G12
affinity colummn followed by S8EC. The trimer complexes used for crystallization trials
were prepared by mixing the trimer proteins with Fabs PGT1Z2E and BANCI®S5 at a
molar ratio of 1.0:1.2:1.2 st room temperature for 20 min, This mixture was then
deglveosylated using endoglycosidase H (EndoH) in 200 mM NaCl, 30 mM sodium
citrate, pH 5.3, for 37 °C for 1 by following the manufactirer’s protocol (New England
Biolabs) before final purification by SEC,
{80187 Protein crystallization and data collection. Two purified protein complexes
containing Fabs PGTI28 and 8ANC19S3 bound to HR L-redesigned trimers were
prepared for erystallization by buffer exchange into 38 mM NaCl, 20 mM Tris-HCI, pH
7.2. The complexes were then concentrated to 5 mg/mi and passed through 2 022 um
filter before orystal soreening using the IAVEFICSG/TSRI CrystalMation robot (Rigaku)
at the JUSG. Similarly to a previously described complex containing Fabs PGT128 and
SANCISS bound to SOSIP gpl40 trimer, the BR-1 redesigned trimer/Fab complexes
crystallized at 25 C in 0.05 M lithinm sulfate, 0.05 M sodium sulfate, 20% (w/v) PEG
400 and 8.05 M Tris-HCL pH 8.7 (JCSG Core Suite condition: JCSGI AL3, (Hagen).
All crystals for Xoray dats collection were cryvoprotected by brief immersion jn mother
Hguor supplemented with 40% PEG 400 prior o flash-cooling in lgoid nitrogen. For
the HR 1 redesign 1 complex, diffraction data to 6.3 A resolution were collected at
beamline 231D-B a1 the Advanced Photon Source, processed with HKL-2006, and
indexed in space group 123 with 160% completeness and an <f>/<gp- of 2.3 in the
highest resolution shell. For the HRI redesign % complex, diffraction data to 6.8 A
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resohution were collected at beamline 12-2 at the Stanford Synchrotron Radiation
Lightsource, processed with HKL-2000, and indexed in space group 123 with 100%
comipletensss and an <P/<ap of 1.3 in the highest resolution shell. Dats collection and
processing statistics are summarized in Table 1.
[00108]  Struchure delermination and refinement, The structures of PGTI128 and
8ANC1Y3 bound to the HR lredesigned gpl40 trimers were solved by the molecular
replacement method using the Phaser software and a search model consisting of a
complex with SOSIP gpi40 trimer bound to Fabs PGTI28 and 8ANC1IES (PDBID:
SCTK). Az described previously, refinement consisted of aliernating rounds of mamsal
model building using Coot-01.7 and automated refinement as implemented by the Phenix
program. Given the Hmited 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 stanting model for each awmomated
refineront 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
Roryer and Ko values converged at 28.1% and 32.2%, and 28.4% and 32.2% for the
complex structures of HR1 redesigns 1 and 9, respectively, See Table 1 for final
refinement statistics. The Buried molecular surface arcas were analyzed with the
Molecular Surface Package
(hitp:/fwww . csb.yale.edu/userguides/graphics/mep/masu_local htrl) using a 1.7 A probe
radius and standard van der Waals radii. Fab residues were manbered according to
Kabat nomenclature and gphdl was numbered using the standard HXBel convention,
[99189]  Electron microscopy sample preparation. The gpl40 trimers alone, and in
complex with PGV04, were analvzed by negative stain EM. A 3 gl aliguot containing
~3.02 mg/ml. of the trimers was applied for 13 5 onio 8 carbon-coated 400 Cu mesh
grid that had been glow discharged at 20 mA for 30 5, then negstively stained with 3%
uranyi formate for 38 5. Data were collected using 8 FEI Tecnai Spirit electron
microscope operating at 120 k¥, 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 plane. Images were
acquired with a Tietz 4k x 4k TemCan-F416 CMOS camera using a nominal defocus
of 1000 nm and the Leginon package.
[86118]  Electron microscopy data processing and image reconstruction, Particles
were picked antemnatically using DoG Picker and put info a particle stack using the
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Appion softwars packages. Intial, refrence-five, two-dinpensional (213} class averages
were calculated using particles bianed by two via Herative multivariate statistical
analysis (MSAYmultireference alignment (MRA) and sorted into classss. Particles
corresponding 1o irimers or to trimers bound o PGV were selected fnto a substack
and binned by two bhefore another round of reference-free alignment was carried ount
using the iterative MSA/MRA and Xmipp Clustering and 21 alignment programs. To
analyze the quality of the trimers (closed native-like, open native-like, and non-native),
the reference free 7D class averages were examined by eye using the metrics described
in Pugach er o, J. Virol 89, 3380-3385, 2015). An ab initio comunon Hnes model was
calculated from reference-froe 2D class averages in EMANZ imposing symmetry C3.
This model was then refined against raw particles for an additional 23 cycles using
EMAN (Ludtke et i, J. Struct. Biol. 128, 82.97, 1999). The resolutions of the final
models were determined using a Fourier Shell Correlation (F8C) cut-off of (1.5,

{68118} Binding Analysis by BELISA and Biolayer Light Interferometry (BLI) The
kinetics of trimer binding to BNAbDs and non-NAbs was measured using an Octet Red%6
instrument (foriéBio, Pall Life Sciences). All assays wore performed with agitation set
1o TG00 rpyo in fortdRIO 1x kinetic baffer. The final volume for alf the solutions was
200 plwell, Assays were performed at 30 °C in solid black 96-well plates (Geiger Bio-
One). § ug/ml of protein in 1x kinetic buffer was used to load sn antibody on the
surface of anti-human Fo Capture Biosensors {(AHC) for 300s. A 60s blosensor baseling
step was applied prior to the analysis of the association of the antibody on the biosensor
10 the Env trimer in solution for 200s. A two-fold concentration gradient of irimer
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
incubaied with trimer, or a sensor withow! sntibody but incubated with trimer. Octet
data were processed by fortéBio’s data acquisition software v.8.1. Experimental data
were fitted for VIV2 apex-directed bNAbDs using a global fit 111 model to determine the
¥y values and other Kinelic parametors,

'y
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{80112}  The VIVZ region of gpl20 ranges from 30 1o 90 residues in length with |
in 10 residues N-givoosylated, forming a dense glycean shield on the HIV-1 Env. The
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¥ 1V -encoded glyean epitopes can be recognized by bNAbs such as PGY/PGL6,
CHOI-04, PGTI41-145, and PGDM 1400, Despile sequence variation, a short segment
centered at M160 defines the specificity for most known VIiV2-specific bMAbs. The
erysial structure of seaffolded VIV2 in complex with PG has bean determined for two
clade C siraing, CAP4S and ZM109, revealing a Greek key motif with strands B and C
harboring two critical glveans. The EM structures of POY and PGDMIAN in complex
with BG30S5 SOSIP.664 gpl4f trimer indicated that these two BNADs are directed to
the trimeric apex with different angles of approach as described in, .., Jolien ef ol
Froc. Nowl Acad Sci USA 110, 43514356, 2013; and Sck er od., Proc. Nadl Acad Sci
US4 111, 176234-17628, 2014, In this study, we hypothesized that the threefold axes on
ferritin nanoparticle can be utilized 1o present VIV2 in 3 native-like trimeric
conformation found in the cryo-EM and crystal structures of BOSIP trimer. To test this
possibility, we designed two constructs based on the VIV2 of clade C ZMI09: one
containing all three disulfide bonds (lermed VIV2EXY) and a shortened version
containing two {termed VIV2Sht), with both VIV2 sequences fused to the N-terminus
{135} of ferritin subunit (FR} (Table 2a} {See, e.g., Kanskivo et al., Nature 499, 102-
106, 2013; and He et al, Sei. Rep. §, 12541, 2015}, After fitting the Cotermini of
trimeric VIVZ o the N-termint of ferritin subunits around each threefold axis on the
particle surface, structural modeling vielded Co root-mean-square deviations (RMSDs)
of 3.7 and 0.8 A for VIV2Ext-FR and VIV3Sht-FR, respectively. Further analysis
revealed a dense glyvcan surface for both nanoparticles with diameters of 16.6 and 143
nw for VIVZEx-FR and VIVISht-FR, respectively.
[B0IE3]  The two VIV2-forritin constructs and the monomeric V1V2 were expressed
transiently in N-scetylgiucosaminyltransferase I-negative (GnTI™) HEX293 8 cells and
purified using a Gadanrhus nivalis lectin (GNL) column followed by SEC ona
Superdex 200 14/360 GL column. For both VIVI-FR designs, the 3EC profilss
displayed a single peak indicative of well-formed nanoparticles, which were confirmed
by due native polyacrylamide gel slestrophoresis (BN-P4AGE). We then utilized
negative stain EM to visnalize the purified nanoparticles. Indeed, Imaging by EM
showed homogencous VIVZExt-FR particles, which enabled the calculation of two-
dimension (213 class averages. Similar results were observed for VIVIS-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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comiained. However, the frimeric V1V2 apikes appeared diffuse in the 2D class
averages, indicative of some mobility. To probe the antigenicity of the VIV2 apex, we
measured particle binding to PGY, which recognizes VIV2 in both monomeric and
trimeric forms, and PGDM 1400, which targets the apex of the SOSIP-like trimer
conformation. Analysis of both nanoparticles by enzyme-linked immunosorbent assgy
{ELISA) showed enhanced BNAb binding relative 1o the monomeric VIV2, with
PGEMI400 demonstrating preferential binding to VIV2ExI-FR. Using bio-layer
interferometry (BLI) and bomunoglobulin G ({gG), we characterized the kinetics of
V1iV2 binding to bBNAbs PGY and PGDMI1400 in monomeric and particulate forms, Asg
expected, monameric YVIVE bound to PGY with low sffinily and showed no binding to
POGDMI400, By contrast, VIV2Ext-FR bound to both bNAbs with high affinity, but
different kinetics. For PGDM1400, VIVIExt-FR showed an extremely fast on-rate,
indicaling a stable apex that can be readily recognized by this spex-directed bNAD.
YV1VISht-FR exhibited similar binding kinetics with respect to VIVIExL-FR, but with a
reduced affinity for PGDM 1400 that suggests an adversary effect of the shortened
Y1IV2 on the apex structure and antigenicity consistent with ELISA,

[96114]  Ouwr results demonstrate that the VIV2 region of HIV-1 Env can be
presented in a native-like trimeric conformation on forritin 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-84). Overall, particulate
display of trimeric VIV2 substantially improved its recognition by apex-directed
BNAbs, suggesting that VIV2 nanoparticles may provide promising alternatives to

gp 140 trimers and foous B eell respouses to this quaternary epiiope.

Example 10 Forriting

[G0115] A 60-meric LS nanoparticle presenting an engineered gp120 core lacking
variable loops (VIV2 and V3) and inner domain has been used to target germline
precursors of VRCO, a CD4-binding site (CD4bs)-directed bBNAD, However, structures
of BGS0S SOSIP trimer in complex with the VRU01-class bNAb PGV04 revealed that
glycans on the neighboring gpl40 protomer are alse involved in CDi4bs recognition,
suggesting an angle of approach consirained by the trimeric context. The importance of
trimer constraints for HIV-1 nevtralization was fiwther demonstrated in human Ig
knock-in mice, in which only BGS0S SOSIP trimer, but not e0D-LS nanoparticle,
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elivited MAD responses. Based on these previoss studies and the resulis of VIV2
nanoparticles, we hypothesized that ferritin nanoparticle can be used to present full-
length gp120 and expose all its encoded bNAD epitopes in their native-like
conformations as does the SOSIF gpl140 trimer. This design strategy may generate
altemstive immunogens lacking the complications intrinsic to the gpl4Q trimers
containing metasiable gpd 1. To test this possibility, we designed three fervitin fusion
constructs based on clade A BGSGS gpl128: gpl20Ex-FR and gp1208hi-FR contained
different Jengths of gpi20, while gp12088-FR incorporated an additional disulfide
bond simed 1o stabilize the gpl20 termind (Table 2b). In the case of gpl20Ext+-FR,
structural modeling revealed a nearly perfect superposition of gp120 CHerminus (G495}
and ferritin N-terminus {135} around cach threefold axis on the particle surface, witha
Cer RMSD of 1.9 A and a dismeter of 26.2 nin for the resulting nanoparticle,
{00116] Allthvee gpl20-ferritin constructs and the monomeric gpld were
expressed transiently in HEK293 F cells. The secreted proteins were purified using a
GNL column followed by SEC on a Superose 6 104300 GL cohumn. Among the three
chimeric constructs, gpl205ht-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 gpl 20, BN-PAGE revealed high molecular weight (m.w.}
bands for both gp120Ext-FR and gp120Sht-FR, corresponding to fully assembled
nanoparticles. We then employed negative stain EM to visualize the purified gpl20-FR
nanoparticles. Homogeneous particles were observed for both gpl20Ext-FR and
ep 1208ht-FR, with 2D class averages caloulated for the latter. Since gpl208ht-FR
displayed more efficient particle assembly, oryo-EM was wiilized to further characterize
the nanoparticles, showing a particle surface decorated with gpl120 spikes.
[88117]  To assess the antigenicity of gpl20 nanoparticles, we measured the kinetics
of particle binding to a panel of representative bNAbs and non-NAbs. We first tested
apex~directed BNAbs PG16 and PGDMI1400. As expected, gpl 20 monomer exhibited
only minbmal binding to PG5 and almost undetectable binding to PGRMI400. By
comfrast, gpl 20 nanoparticles showed substantially enhanced binding to both BNAbs
with sub-nanomolar affinitics, with gpl20Shi-FR slightly ouiperforming gp120Exi-FR.
This confirmed that three gpl20s around cach threefold axis on a forritin nanoparticle
can indeed form SOSIP-like trimer conformations. For CD4bs-directed VROG, both
nanoparticles displayed an increased on-rate with flat dissociation curves. A similar
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trend was observed for MAR b2, which tergets the same site. The avidity effoct
resulting from multivalent display was most proncunced for BNAD PGT121, which
targets the V3 base and surrounding glycans: while monomeric gpl20 bound to
PGTI21 at 3 lower level with a fast off-rate, both gpl20 nanoparticles showed
enhanced binding with faster on-rates and flat dissociation curves. We then measured
particle binding to non-neutralizing MAbs. For F105, which prefers an open gpl20
conformation, monomeric gpl20 displayed rapid on- and off-rates, whereas
nanoparticles showed slower on- and off-rates that may result from the steric hindrance
caused by the dense display of gpl20 trimers. However, gpl2{ nanoparticles did show
enhanced recognition by the Vi-specific 19b in comparison to monomeric gpl24,
which may be minimized by conformational fixation as recently demonstrated for the
SOSIP trimer. Lastly, gp120-FR nanoparticies showed almost negligible binding to the
CD4i MAD 17h in contrast o a notable recognition of monomeric gpi28 by this MAb.

Examnple 11 60-meric nanoparticles presenting rimerie gpl20

{80118  We also investigated whether 60-meric nanoparticles could be utilized to
present frimeric gpl20. We selected two thermostable 60-mers with distingt structural
features — L8 (Zhang et al., J Mol Biel 306, 1099-1114, 2001) and E2p (Izard et al,,
Proc. Natl Acad Sci. US4 86, 1243-1248, 1999} — to examine this possibility.
Compared to the 12. 2w dismeter of ferritin, LS is only slightly larger in size, witha
diameter of 14,8 nm. Structural modeling of the gp1208ht-LS nanopariicle indicated
that the LS surface would be covered entirely by 20 trimeric gpl20 spikes with an
estimated diameter of 28.7 nm, Following transient expression in HEK293 F cells and
GNL purification, the secreted protein was analyzed by SEC. However, no particle
peak was observed in the SEC profile of this LS construct, Consistently, BN-PAGE
showed a predominant pentamer band, which was confirmed by the negative stain EM
amsalysis. In brief, our resulls indicste that the relatively small LS nanoparticle may not
be optimal for displaying full-length gpi20 trimeric spikes.
{80119 We next sxamined Elp, which is a hollow dodecahedron with a diamster of
23.2 nm and 12 large openings separating the threefold vertices on the particle surface.
Structural modeling vielded a gpl1208ht-E2p nanoparticle with g diameter of 37.6 nm
{Table 2¢), which is close to the optimal size for direct uptake by DXCs, The HERK283 F-
expressed, GNL-purified gpi208hi-E2p prolein was analyzed by SEC on a Superose 6
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10/300 GL column, 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 mow. suggestive of dissociated gpi20-E2p
trimer. We then atilized negative stain EM to characterize the agssembly of this 6(-mer
and ohserved large, homogenaons nanoparticles, The 2D class averages revesled
hollow profein cages resembling the crystal structure. However, while the EM analysis
validated the robustness of E2p as a nanoparticle platform for larpe and complex
antigens such as irimeric gpl120, ¥ also showed unexpected 2D class averages lacking
the gpi20 spikes. It was unclear from the EM analysis alone whether the trimeric gpl28
spikes formed but remained mobile due to the large spacing, or if the three gpi20s
around each threefold axis failed to assemble into a siable frimer. To address this issue,
we measured Fip particle binding to a small panel of BNAbs and non-NAbs by BLE.
Remarkably, gpI208hi-E2p bound to the apex-divecied bNAbDs PG16 and PGDM 1400
with sub-picomolar affinitics. 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 nanoparticles, we observed increased
recognition of the CDdbs and V3 base by bNAbs VRCO1 and PGTI21, as well as NADb
bi2. For non-neuivalizing MAbs, gpi208he-E2p boond to the CD4bs-specific Mab
F103 and V3i-specific 19b at 2 level similar to gp1208ht-FR, suggesting & common
feature shared by gpl20 nanoparticles irrespective of the size, Lastly, only minimal
binding was chserved for the CD4i MAD, 17hb.

{08138]  Asthe recepior-binding protein of HIV-1 Env, gpi20 has been extensively
studied as 8 vagccing immunogen, byt is now considered suboptimal due to the exposure
of a non-neutralizing face that is burled within the native spike. Our results indicate that
display of full-length gp120 with ferritin snd E2p nanoparticles can resiore the native-
like trimer conformation in the absence of gpd 1. With SORIP-like antigenicity and
varigtions in particle size and surface spacing, these nanoparticies provide versatile

platforms to investigate gp120-based HIV-1 vaccines,

Fxample 12

{00123}  The design and immunogenicity of a ferritin nanoparticle presenting the

BGA0S SOSIP gpl40 rimer were recently reported (Slispen ef al., Retrovirol, 12:82,

2015y, The gnalysis of this gpl40 nanoparticle by ELISA showed notably reduced
48
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binding to the apex-directed bNAbs PGP and PGT145, and to a BNAb directed to the
gpi2i-gpdl interface, PGT151. This i3 somewhat surprising given the antigenic
profiles we sbsarved for gp 120 nanoparticles using BLYL In this study, we soughito
approach the ferritin display of gp140 trimer with a new stabilization desigs containing
2 modified HR1 bend {residucs 548-368, tormed HR1 rodesign 1), and a detailed
analysiz of linker length and gpdl truncation. The pp 4 constrocts tested hers
included: & gp 140 runcated at position 664 {(gpl140.664), gp140.664 with 8 [{-residue
linker {gp140.664-10as}, and a gpl4d truncated at position 681 o inchude MPER with
the same Hoker (gpl140.681-10aa} (Table 24). Structural modeling of the HR1-
redesigned gpl40-ferritin particles indicated well-separated wimer spikes with
diameters of 30.1, 35.7, and 40,1 nm for gp140.664-FR, gpi140.664-10aa-FR, and
epi40.681-10aa-FR, respectively.

{B0133]  Since contaminant Env species cannot be eliminated during particle
assembly, the purity of gpl48 trimer will have a significant impact on the quality of

gp 140 nanoparticles. To illustrate this problem, we compared the SEC profiles of the
BGSOS5 SOSIP trimer and an HR I-redesigned gpl40 trimer, which showed substantial
differences in aggregate and dimer/monomer peaks, as indicated by the UV absorbance
at 280 nm. All gpl40-ferritin nanoparticles, including a SOSIP-based design, wore
fransiently co-expressed with furin in HEK293 F cells and purified using GNL followed
by SEC on a Superese & 10/300 GL column. Using negative stain EM, we first
confirmed the assembly of SOSIP-ferritin nanoparticles. The GNL-~purified gpldg-
ferritin proteins containing the HR1 redesign 1 exhibited similar SBC profiles with high
irimer and dimer/monoroer pesks relative to the particle-containing peak at 8.5-10.3
mL. For gp140.664-10aa-FR, which contained more nanoparticies, EM revealed an
unknown protein species with a hexagonal structure mixed with aggregates and well-
assembed particles. To improve the particle purity, we investigated the utility of Capto
Core 700 column, which has been used for VLP purification. After purification using
Capto Core 700 and GNL colomns, gpl40.664-1(2a-FR showed reduced non-particle
peaks in the SEC profile. Consistently, higher-quality EM bmages were oblained with
the hexagonal structures still prosent, indicating that an HIV-1 Env-specific purification
method is required. To this end, we sxamined the combined use of Caplo Core 700 and
2G12 affinity columns, the latter of which has been widely used to purify 308IP
trimers. Gverall, gpl40.664-1033-FR remained the best performer, showing a more
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visible pariicle peak in the SEC profile with 2 reduced trimer peak and no
dimer/monomer peak. For all throo constructs, the particlo-containing fractions were
analyzed by BN-PAGE, which showed high m.w. bands corresponding to filly
assembled gpldd nanoparticles relative w the individual wimer. Of note, these bands
are consistent with the SEC profile and the estimaled shift from the gpl20-forritin
particls bands, in conirast to the Shepen of al. report. For gpld0.884-10aa-FR,
homogeneous nanoparticles with visible spikes on the surface were observed in
negative stain EM. The stability of gp140.664-10a3-FR nanoparticles was confirmed by
EM analysis of a sample that had been frozen and thawed. We also observed well-
formed nanoparticles for gpld40.664-FR and gp146.681-10aa-FR In negalive stain EM.
Taken together, our results validated the sssernbly of gp140-ferritin nanoparticles, and
highlighted the importance of proper purification and characterization in the
development of gp 140-based nanoparticles.

{88123]  We characterized the antigenic profiles of gpl40 nanoparticles using BLI
and a panel of representative bNAbs with the HR1-redesigned trimer included asa
control. We first utilized VIV2 apex-directed bNAbs PGDM1400, PGT1435, and FG16
to probe the apex of gpi40 trimers displaved on the particle surface. Remarkably, all
gp 140 nanoparticles showed sub-picomolar affindties compared {o the individual trimer,
with flat dissociation curves doe to avidity, For bNADb PGTI21, which targets the V3
gpitope centered at N33%, gpl40 nanoparticles showed similar binding profiles to that
of the HR 1 -redesigned trimer with gn increased on-rate. For CIMbs-directed bBNAD
YRCOL, gpidd-ferritin particles displayed slow association similar to gpl20-ferritin
particles. For bNAbs PGTIST and 35027 that target the gpi2-gpd! imterface, we
found enhanced recognition, but with difforent kinetics. For PGT151, a faster on-rate
was observed with an unchanged dissociation pattern. By contrast, an increased on-rate
was observed for 35022 that was accompanied by a rapid dissociation. In brief] all
three gpl40 nanoparticies showed improved recognition by BNAbs except for YRCU,
suggesting that the crowded surface display of gpl40 trimers may have the most
significant impact on the VRCB1-class bNADs that bind the CD4bs with a restricted
angle of approach,.

B6134] We next measured the binding kinetics of gp 140 nanoparticles to non-
NAbs, Notably, reduced binding was observed for the CDdbs-specific MAbs F108 and
b6, with a more significant reduction seen for b6, In the case of Vi-apecific MAb 19h,
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a stower association was observed for gpi40 nanoparticles compared fo trirer and
20 nenoparticles, suggesting a minimized V3 exposure due to the dense display of
g 148 rimers. For MAD F2490, which fargets the immunodominant epifopes in cluster I
of gpdl, gr140 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 C134i MAbs 17b and A332 was not detected. Lastly, we
utilized MPER-directed bNAbs 4E10 and 10EE to probe this gpd! epitope in the
context of gpl40.681-18aa-FR. Surprisingly, although this nanoparticle bound to 4E10
with a rapid on-rate and flat dissociation curve, it showed only minimal binding to
10ER, which recognizes a conformational epitope spanning bevond the 4E10 binding
site. As revealed by structoral modeling, since MPER is proximal to the ferritin surface
with a distance of > 10 nun from the outer surisce, sieric hindrance may have 3 more
significant impact on bNAbs such as 10ES that select for certain epitope conformations.
[B0128]  Our analyses revealed critical characteristics of the designed gpl4{-ferritin
nancparticles. In contrast to the Shicpen et al. report, the antigenic profiling by BLI
clearly demonsirated enbanced recognition by bNAbDs and reduced binding to non-
NADs, The resulis suggest that these gpl40 nanoparticles may be superior immnogens
to individual gpldd trimers in chiclting robust B cell responses towards the bNAb
opitopes. Of nots, the intrinsic purity of HR1-redesigned trimor has played an
indispensable role in the production of nanoparticles with native-like gpl40 trimers that

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

Example 13 A 60-merie Blp nanoparticle prasenting stabilized gpl40 trimer

{68126]  Based on the promising results of gpldG-ferritin nanoparticles, we
investigated the particulate display of gpi40 trimer on two §0-mers, LS and E2p. Given
the small size of LS, we first designed & constuct containing 3 0-residue linker
betwsen the Cotermings of LS subunit and N-terminus of gpl4@ (Table Ze}. Structursl
modeling of L3-10as-gp 148,664 viclded an estimated diameter of 38.2 nm. Following
furin co-expression s HEK293 F cells and GNL purification, the chimeric protein was
analyzed by SEC and negative stain FM, in which well-formed nanoparticies wers not
identified. We then examined the utility of 68-meric E2p nanoparticle by fusing the
BG5S gpl40.664 containing a redesigned HR bend to the N-terminus of E2p core
subunit {Table 2e). Structural modeling indicated that the gp140.664-Elp nanoparticle,
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41.5 i in diameter, can oxpose all bNAb epltopes eacept for MPER. The gpl40.664-
E2p construct was co-transfected with furin in HEK293 F cells followed by the GNL
purification and SEC on a Superose 6§ 147300 GL column. Although the overali
expression was low, the highest peak in the SEC profile comresponded 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 assoctation of three gpd1 subunits can facilitate ppl40 trimerization snd E2p
assembly simultancously, BN-PAGE showed a band on the top of the gel characteristic
of high m.w. nanoparticles. Homogeneous gp140.664-Elp nanoparticles with a dense

10 layer of trimer spikes were observed from the EM analysis. Our results thus indicate
that gp140.664-E2p can form homogencus, YLF-size nanoparticles with desired
stractural regularity of gpl40 trivoers poised for immune recognition.
{801371 We then characterized the antigenicity of gp140.664-E2p nanoparticle
using a panel of bNAbs. For apex-directied PG16 and PGDMI400, gp140.664-E2p

15 showed a slow on-rate with flat dissociation curves and less than picomolar affinitics.
For CD4bs-divected VRO, gpl40.664-E2p showed notably reduced binding and flat
dissociation curves reminiscent of the gpl40-ferritin nanoparticles, but weaker. For
bNAb PGTI21, which binds o 8 glycan epitope af the V3 stem, we obssrved trimer-
like kinetics with shightly reduced on-rate. For PGT151 and 35022, gpi48.664-Elp

20 exhibited binding profiles similar to those of the gpl40-ferritin nanoparticles. Overall,
gp140.664-E2p showed reduced recognition by the bNADs tested in this analysis, with
the most visible change observed for VRCO! and the least for PGT1351, This result
raised the possibility that non-native gpl40 trimer conformations were displaved on the
E2p nanoparticle. To address this critical issue, we tested particle binding to a panel of

non-MAbs, For CMdbs-specific MADb F105, we observed weakened binding with &

e
¥4

more rapid dissociation relative to the individual trimer. Furthermore, 10 0ur surprise,
19b binding revealed a notably reduced V3 exposure, as opposed to the enhancement
observed for all other gp120 and gpl40 nanoparticles, The gpl40.664-E2p nanoparticle
bound 1o the CD41 MAD 17b at a minimal level, consisient with the previous

observation for gpldd-fereitin nanoparticles. For gpd -specific MAb F240, however,

Lk
fo~]

gp140.664-E2p showed slightly increased binding relative o the trimer and gpl40-
ferritin nanoparticles, Further analysis revealed an approximately 9A edge that made up
the threefold vertices for E2p oompared to a 204 edge for ferritin, suggesting that 2
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short Jinker sight have cansed some strain in the gp41-E2p conmecting region, and
conseguently a less favorable gpdl conformation.

00828]  The pp140.664-Elp nanoparticle, with an optimal size {(40-30 nm)} for DU
update, may be more advaniageous then gpl40-ferritin nanoparticles in eliciting strong
and sustained B celi responses. Given the efficient assembly of gpi40.664-E2p
nanoparticles, it is possible that the panticulate display of gp140.681 can be achieved
using EZp, and warrants farther investigation, In summary, our characierization of

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

of high-valency, VLF-Hke HIV-1 vaccines.
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g ¥1¥2 trimer-presenting fervitin nanopsrticles

L9 VIVIEx-FR POVELTPLCYTLNOTSPAABNESETRYVEBCSFNITTIVRDRK

(SEQ IDROZH GEYMATFYDLDIVPLSSSDNSSNESLYRLIBONTITITQACPI4S
GOUEKLLNEGYNKEMOGESNLYMEMESWUYTHELDGAGLFLFD
HAAPEYEHAKKLHFLNENNYPYVOLTSISAPEHRFEGLTQIFQK
AYEHEQHISESINNIVDHAIKSKDHATINFLOWY VAEQHEEEY
LRI DRIBELICGNENHGLY LADQY VK GIAKSRES

ZMIGS YVIVIEH-FR TACVTLNCTSPAAHNESETRVEHOSINITTDVEKDREGEKVMATE

{BEQ I N3G YA DEY PLESSIINEENESLYRLISCALASGDHELLNEGVNEEMG
SENLYMEMBSWCYTHELDGAGLPLFDHAAREYEHAKKLIFL
NENNYPYVOLTSISAPERRFEGLTOIFQRAYEHEQHISESINNY
DHAIKSKDHATFNFLOWYVYARQHBEEVLFEDILDBKIBLIGNEN
HOGLYLADMIYVEGIAKSRES

CAPAS VIVZExEFR POCVRKLTPLOVTLROTHNATINGSLTEEVENCEFNITTELRDKED

{SEG I N EAYALFYRPDYYPLNANEPSONSSEYILINCRTSTITQALPI4SG
DK LLNEQVNEEMOBINLYMSMESWOYTHSLDGAGLFLEDH
AAEEYEHARKLIFLNENNYPYQLTSISAPEHKFEGLTOIFOQEA
Y EHEGHISESINMNIVDHAIKSKDHATPFNFLOWY YV AEQHEEEVL
FEDILDEIELIGNERNHOGLYLADQY VKGIAKSRKS

b. gp128 rimer-presenting ferritin nanoparticies

BG0S gpl20Ex-FR IGVPYWEKDAETTLRCASDAKAYDTERHNVWATHACYPTDPN

{BEQ D M32) POEHLENVTEEFNMWENNMYEQMETINISLWROSLEPCVKL
TPLCYTLOUTNYINNITDDMROELENCSFNMTTELRDERDE
VYSLFYRLDYVOINENQONRSNNSNEEYRLINCNTRAITGACP
KYSFEPIPIHYCAPAGFAILKCKDERFNGTOPUPSYSTVOUTHG
IKPYVETQLLLNGSLAVEEVMIRSEMNITNNAKNILVOFNTPVOL
NOTRPNNNTRESIRIGPGOAFY ATGDIGDIRQAHONYSKATYW
NETLOGRVVEQLREKHFONNTHRFANSSGGDEEVTTHSFNCGOR
FEYONTSGLFNSTWISNTSVQUGSNETGENDSITLPCRIKQIINM
WORICQAMY APPIQOVIRCYSNITGLILTRDGGRTNSTTEHIFRP
GOGDMREIDNWRSELYRYRVYRIBPLGI4SCGRIKLLNEQVKKE
MOSSNLY MESMSS WY THRLDGAGLFLFDHAABEYEHAKELY
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BOGSES gp208k-FR

(SR 1D NO:33)

RG50S gpl7086-FR
(SEQ 1D NO:34)

& T
SN LAY

¥ RANLS R,

IGYVWEDAETTLFCASDARAYDTEKHNYWATHACVPTIPNPG
EIHLENVTEEFNMWEKNNMYEOQMETDHSLWDOSLKPCVELTP
LCVTLQUTNYTNNITDDMRGELKNCSFNMTTELRDREQGEYY
SEFYRLDVYQINENQGNRENNENKEYRLINCNTSAITQACPKY
SFEPIPIHY CAPAGFAILKCEDEKEKINGTGPCPRVETVOUTHGIK
PYVETOLLINGSLAEEEYVMIRSENITNNARKNILVQFNTEVOING
TRPNMNTRKSIRIGPGQAFYATOGDHGDIRQAHUONVSEKATWNE
TLOEKVVEKOQLRKHFGNNTHRFANSSGGDLEVTTHSFNCGGEFF
YONTSGLENASTWISNTSVQUSNSTGSNDSITLPURIEQHNMWQ
RIGQAMYAPPIGQGVIRCVSNITGLILTRDGGNTNSTTETFRPGG
GDMRDNWRSELYKYRVVEKIEGISGDIKLLNEQVNEEMOSS
MLYMSMESWCYTHSLDOGAGLFLFDHAAREYEHARKLEFLNE
NNVPFVOLTSISAPEHRFEGLTOQIFQKAYEHEQHISESINNIVEH
AIKSKDEATFNFLOWYVAEQGHEBEVIFKIMLDKIELIGNENRG
LYLARQYVKGIAKSRES

IGWODARTTLFCASDARKAYDTERHNYWATHACYPTDPNFQERE
HLENVTEEFNMWERKNNMVEQMBTDHSLWDOSLEPCYKLTPL
CYTLQUINVINNITDDMROGELENCSFNMITELRDREKORVYS
LEFYRLDVVYQINENQGNESNNSNEKEY RLINCNTSATTQACPEYS
FEPIPIHYCAPAGFAILEKCKDEEFNGTGPCPSVITVQCTHGIKP
YVSTOLLLNGSLABEEVMIRSENITNNAKNILVQENTPVQINCT
RPNNNTRESIRIGPOGQAFYATCGIHGDIRQAHUNVIKATWRET
LOGKVVRQLREHFONNTHRFANSSGGDRLEVTTHSFNCGOEFFY
CNTRGLENSTWISNTSVOQOGENSTOSNDSITLPCRIEQINMWR
HGOAMY APPIQGVIRCYANITGLILTRDGGS INSTTETFRPGGE
DMEDNWRSELYRYRKVVCIGASGDIKLINEQVNKEMQSSNL
YMSMESWCYTHSLDGAGLPLYDHAAREYEHARKKLIIFLNENN
YEVQLTSISAPEHEFEGLTQIFQKAYEHEGHISESINNIVIIHAIK
SEDHATENFLOWYVARGHEFEVEFKDILDKIELIGNENHGLYL
ADQYVEGIAKSRES (8EQ ID NOG4)

c. gplZ{ trimer-presenting LS and E2p nanoparticles

BGSOS gpi 208hi-LS
{SE(Q ID NO3S)

IGYWEKDAETTLFCASDAKAYDTEKHNVWATHACVPTOPNEG
EHLENVTEEFNMWENNMVYEQMHETDIBLWDOSLEPCVELTP
LOVTLGUTNYINNITDDMRGELENCSFNMTTELRDRKKEYY
SLEYRLDVVQINENQONRENNSNEEYRLINCONTSAITQACUPEY
SFEPIFIHYCAPAGFAILKCKDEKFNGTOGPUPSVETYQUTHGIK
PYVSTOLLINGSLAEEEVMIRSEMITNNAKNILVQFNTPVQINC
TRPNNNTRESIRIGPOQAFYATGHHIGDIRQAHCNVEEATWNE
TLGRVVKQLREHFOGNNTHRFANSSGGDLEVTTHSFNCGOGERY
YONTSGLENSTWISNTSVQGENSTGSNDSITLPCRIKGHNMWQ
RIGQAMYAPPIQOVIRCVSNITGLILTRDGGRTNSTTETFRPGG
GRMRDNWRSELYEYKVVRIEGMSGMOQIVEGKLTAEGLRFGI
YVASRFNHALVDRLVEGAIDCIVEHGGREEDITLVRVPGSWEIP
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BG30S gpl208hi-E2p IGYWRDAETTLFCASDAKAYDTEKHNVWATHACVPTDENPQ

{SEQ I NOSE) EIHLENVTEEFNMWENNMVEQMHETDIISLWDOSLEPCVELTP
LOVTLQOTHNVINNITRDMRGELENCSFRMTTELROEKQKVY
SLEYRLDVVOQINENQONRSNNSNKEYRLINCNTSAITQACPKY
SFEPIPHIYCAPAGRFATLKCKDRKFNGTGPCPSVETVOQUTHGIK
PYYSTQLLLNGSLAEEEVMIRSENITNNAKNILVOFNTEVQING
TRPNNNTRESRIGPGOAFY ATGRIGDIRQAHUNVIKATWNE
TLOKYVVREQLRKHFGNNTHRFANSSGGDLEVTTHSFNCGGERF
YOMNTSGLENSTWISNTSVOQOGENSTGENDSITLPCRIKGINMWO
RIGOGAMY APPIQGVIRCVSNITGLILTRDGGSTNSTTETFRPGG
GDMREDNWRSELYKYEVVKIEGIASGAAAKPATTEGEFPETRE
KMSGIRRAIAKAMVHSKHTAPHYTIMDEADVIKLYAHRKEKF
KABAEKGIKLTFLPYVVKAL VSALREYPVENTAIDDETEEIQ
EHYYMNIGIAADTDRGLLVPVIRHADRKPIFALAQEINELAEKA
ROGKLTPGEMEGASUTTINIGRAGOQWEFIPVINHPEVAILGIG
RIAEKPIVRDGEIVAAPMLALSLSFDHRMIDGATAQKALNHIK
RELSDPHLLLIM

d. gp140 trimer-presenting forritin naneparticles”

BGS0S gpl40.664-FR AENLWVTIVYYGVPYWEDAETTLFCASDAKAYETERHNYW

{SEQ IDNG3T ATHACVPTDPNPQEIHLENVIEEFNMWEMNNMVYEQMHETDISL
WDOSLEKPCYELTPLCVTLQUINYTNNITRDMRGELEKNCSFN
MTITELRDEKKOQEKVYSLFYRLDVVQINENQGNRENNSNKEYRLY
NONTSAITQACPEVSFEPIPIHY CAPAGFAILKCEKDEKFNGTGP
CREVSTVOQUTHGIKPYVVSTOQLLINGSLAEEEVMIRSENITRNA
KNILVOFNTRVOINCTRPNNNTRESIRIGPGOAFY ATGDIGDIR
CAHCNVEKATWNETLGKVVEQLREHFGNNTHRFANSSGGDL
EBYTTHSINCOGEFFYONTRGLENSTWISNTSVOGSNSTGENDSE
TLPCRIKQIENMWORIGQAMY APPIQGVIRCVENITGLILTRDG
GSTNSTTETFRPOGGDMRIONWRSELYKYRVVEIEPLGVAPIR
CKRRVVGR i*:. RER] i AVGIGAVFLGFLGA %G%TM{'}&& SMTLT

LGIWGCS(;KLECQTNVPWN SSW &NRNLSEIWDNMTWLQWBK
EISNY TONYGLLEESONQOEXNEQDLLALD4SCDIKLINEQVY
NEKEMQSSNLYMSMSSWOYTHSLDGAGLELFDHAABEY EHAK
KLIFLNENNYPVOLTSISAPEHKFEGL TOIFQK AYEHEQHISES
TNNIVDHATKSKDHATFNFLOWYVAEQUEREEVLFKDILDKIEL]
GNENHGLYLADOYVEGIAKSRKS

BG30S gpld40.664-10as- [AENLWVIVYYGVPVWEDAETTLFCASDAKAYETEKHNYW

FR (SEQ 1D NG38) ATHACYPTDPNPOEIHLENVTEEFNMWENNMYBOMHTRIISL
WROMLEKPCYRLTPLOVTLQUINYINNITDDMRGELENCEFN
MITELRDERKGKYVYSLEYRLDVVOINENQGNRENNSNKEYRLE
NONTSATTQACPKVSFERPIPIHYCAPAGFAILKCKDEKRFNGTGP
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CPSVSTVQUTHGIKPVVSTOLLLNGSLAREEVMIRSENITNNA
KNILVOPNTPVOINCTRENNNTRESIRIGPGOAFY ATODIGDIR
QAHCNVSKATWNETLGEVVROLRKHFONNTIIRFANSSGGDL
EVTTHSFNCGGEFFY ONTSGLENS TWISNTSVOOSNSTGSNDS!
TLPCRIKQINMWORIGOAMY APPIQGYVIRCYSNITGLILTRDG
GETNSTTETFRPGGODMRDONWRSELYK YEVVEIEPLGVAPTR
CERRVVORRERRRAVOIGAVFLOFLOAAGRTMGAASMTLY
VOARNLLSGNEDWLEDMTVWGIKQLOARVLAVERYLRDGOL
LGIWGOSOGRLICCTNVPWNSSWSNRNLSEIWDNMT WLOWDK
BISNYTQHYGLLEESONOOEKNENDLLALDIGSGSGSGSGS4SG
DIKLLNEQVNEEMOSSNLYMSMSSWOYTHSLDGAGLFLEDH
AABEYEHAKKLIFLNENNVPVOLTSISAPEHKFEGLTQIFORA
YEHEQHISESINNIVDHAIK SKDHATFNFLO WY VARGHEEEYL
FEDILDKIBLIGNENHOLYLADOY VEGIAKSRKS

AENLWYIVYYGOVPVWEKDAETTLFCASDAKAVETERKHNYW
ATHACYPTDPNPOQEIHLENVTEEFNMWERNNMVEQMHTDIHSL
WDOSLEPCVELTPLOVTLOCTNYTNNITDDMRGELENCEFN
MTTELRDERQKVY SLEYRLDVVOINENGGNRSNNSNKEYRLY
MONTSAITQACPKYSFEPIPIHYCAPAGFAIL KCKDKEFNGTGP
CPSYETVQUTHCIKPVVETOLLINGSLAREEVMIRSENITNNA
ENILVOFNTPYOINCTRPNNNTRKSIRIGPGOAFY ATGDIGDIR
CAHCNYSKATWNETLGRVVEQLREHFGMNNTIRFANSSGGDL
EVTTHSFNCGOEFFYONTSGLENSTWIBNTSVQGSNETGENDSE
TLPCRIKGHNMWORIGOAMY APPIGQGVIRCVSNITGLILTRDG
GETNSTTETFRPOGGODMRIONWRSELYK YK VVKIEPLGVAPTR
CEERYVYGHRERRRRBAVGIGAVFLGFLGAAGETMGAASMTLY
YOARNLLSGNEDWLPDM IV WOIKGLOQARVEAVERYLRINIQL
LOGIWGUSOKLICCTNVPWNSSWENRNLEEIWDNMTWLOWDK
EBNYTOUYGLLEESQNQOERNEGDLLALDEWASLWNWEDIT
SMESWCYTHSLDOAGLFLFDHAAFEYEHAKKLIFLNENNYE
VOQLTSISAPERKFEGLTQIFQEAYEHEGHISESINNIVDHAIKSEK
DHATFNFLOWY VAEQHEEEVLFEKDILDKIELIGNENHGLYLA
DOYVRGIAKSRES

g, gpldd imer-presenting

L8 and E2p nanoparticles

BGSHS LS-10aa-
gp140.664 (SBQ ID
NO40)

MIHYEGRKUTABGLRFGIVASRFNHALVIRLVEGAIDCIVRHGG
REEDITLVEVYPGSWEIPVAAGELARKEDGIDAVIAIGYLIBGATP
HONKOWEAALSATEMANLFKSLRGIGSGIGIGS4SGIAENLY
YTVYYOVPVWERDAETTLFCASDAK AYETERHNVWATHALY
PTOPNPORIHLENVTEEFNM WK NNMVEGMHETDHSLWDQRLK
POVELTPLOVTILOUINVINNITDDMRGELKNCSFNMTTELRD
REGRVYSLFYRLDVVQINENQGNRENNENKEYRLINONTSAL
TOACPREVRFEPIPHY CAPAGFAN KCKDRKKFNGTOPCPRVETY
QUTHGIKPYVVSTQLLLNGSLAFEEVMIRSENTTNNARNILVGE
NIPVOQINCTRPNNNTREKSIRIGPGQAFYATODIGEMROAHCNY
SEATWNETLORYVEGLREHPOGNNTHRFANSSGOGDLEVTTHS
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FNCGGERT Y UNTRGLENS TWISN TS VOQUISNETGENINTTL R
kQHhMWQREGQAMYAPPIQGVERCV ‘S\IIT(JLILTRDG{}S’INST
TETFRPOGGEDMRDNWREELYEYXVVKIEPLGYVAPTRLKRRY
VORERRRBAVGIGAVFLGFLGAAGSTMGAASMTLTVQARN
LLSGNPRWIPDMIVWOIKGLOARVLAVERYLRDQOQLLGIWG
CSGRLICCTNYPWNESWERNRNLSEIWDNMTWLOWDKEISNY
TOHYQGLLEESONQOEKNEQDLLALDY

BGSO5 gpldd 664-Eop
(SEQ ID NO41

IAENLWVTVYYGVPY WKDAETTLFCASDAKAYETEKHNYY
ATHACVPTDPNPQEIHLENVTEEFNMWENNMVEQMHTIMISL
WDOSLKPCVELTPLCYTLOQUINVINNITDDMRGELENCSFN
MTTELRDKKOQEKVYSLEFYRLDVVQINENQGNRSNMNSNKEYRLE
NCNTSAITQGACPRKYSFEPIMIHY CAPAGFAILKCE DK X FNGTGP
CPeVETYOQUTHGIRPYYSTQLLLNGSLABEEVMIRSENITNKA
KNILVOFNTPYVQINCTRPNMNTRESIRIGPGQAFYATGDIGDIR
QAHCRVEKATWNETLOGKVVREQLRKHFGNNTIRFANSSGGDL
EVITHSPNCGGEFFYCNTSGLENSTWISNTSVQGSNESTGENDST
TLPCRIKQUNMWOQRIGQAMYAPPIQGVIRCVENITGLILTRDG
GETNSTTETFRPGGEDMEDNWREELYKYKVVKIEPLOVAPTR
CRERVVGRRRREBRAVCICGAVFLOGFLGAAGETMGAASMTLT
YOARNLLSGNPDWLEDMTVWOIKQLOARVLAVERYLRDQOL
LOIWGCSCKLICCTNVPWNSS WENRNLSEIWDNMTWLOWDK
EISNYTOIYGLLEESQNQOQEKNEQDLLALDASGAAAKPATIE
GEFPETREEMSGIRRAIAKAMVYHSKHTAPHVTLMDEADVTKL
VAHRKEKFKATAARKGIKLTFLEY VVKALVSALREYPVLNTAID
DETEEBOKHY YNIGIAADTDROGLIVPYIKHADRKPIFALAQEL
NELACKARDGRLTPGEMKGASCTITNIGSAGGOQWEFTPVINEP
EYAILGIGRIAEKPIVRDGEIVAAPMLALSLSFDHRMIDGATAQ
SALNHIKRLLSDPELLLM

* For cach construst, the HIV-1 antigen is shown in brackets with the rntstions shown in underlined font. Mutations
inthe nans)pdrmie seguencs aimed to remove N-linked glycosylation sites are shown in double undertined fore. The
emvmeam site {ASG}) between HIV-1 antigen and parficle subunit is showen in Halic font,

*The gpl4l sequences contain & redesigned hepted repeat 1 (HR1) region that hes been found to significantly
improve trimer yvisld and purity while reinining the SOSIP-Hke struciure and ardigenicity. The modifiad HR 1 region
is shown in Halic/double undertined font, sud the 10 residue GS Huber (SEG D MNO43) is shown in
italic/underlined font. A leader sequence “MDAMKRGLCCVLLLCGAVFVEPSQRIHARFRROGART (SEG ID NG
43} is used for all gpi40 nanoparticle constructs.

Example 14 Sowmggxer

863298y N anopmicie design and modeling. A Perl soript was developed 1o {1}

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

superpose the C-termini of trimeric BIV-1 antigen onto N-termini of three particle

subunits around each three-fold axis on the particle surface, and (3) generate XY2

coordinates of the trimer-presenting particle with the diameter and other strugiyral

parameters calculated at the completion of the process. The particks model obtained was
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visualized using UCUSF Chimers {https:/www cglocsfedu/chimera’) for manual
inspection and selection of proper Hnkers.
BOI30]  Antibodies for antigenic profiling. We utilized a panel of b(NAbs and non-~
NAbs to characterize the antigenicity of designed trimers. The bNAbs 2G12 and b2 a5
well as MAbs F240, 782, 17b, and A32 were roguested from the NIH AIDS Keagent
Program (hitps:/fwww aidsreagent.org’s. Other bNAbs and non-NAbs were obtained
slsewherg,
[BOE31]  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 VIVZ and VIVZ nanoparticles
transiently expressed in HEK293 § cells, Briefly, HEK293 F/S cells were thawed and
incubated with FreeStyle™ 293 Bxpression Mediom (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%mi, expression medium was added to reduce cell density to 1.0%10%m for
transfection with polyethyleneimine (PED (Polysciences, Inc). For gpl40 nanoparticles,
800 g of fusion protein plasmid and 300 pg of furin plasmid in 25 m! of Opti-MEM
transfection medium (Life Technologies, CA) was mixed with 5 ml of PEL-MAX (1.0
mg/ml) in 25 mi of Opti-MEM; whereas for VIV2 and gp120 nanoparticies, 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 supermatants were harvested
five days after transfection, clarified by centrifugation at 1304 rpm for 22 min, and
filtered using (.45 um filters {Thermo Scientific). The proteins were extracted from the
supernatant using a Gadanthus wivalis lectin (GNL} column {Vector Labg), The bound
proteins were eluted with PBS containing 500 mM NaCl and 1 M methyl-g-Dh-
mannopyranoside and purified by size exclusion chromatography (8EC) on a Superdex
200 Increase 10/300 GL column or a Superose 6 187308 GL columm (GE Healtheare),
Protein concentrations were defermined using UV g absorbance with theorotical
extinction cocfficients. For gpl40-ferritin nanoparticles, Capto 760 Core column {(GE
Healtheare) and 2G12 affinity column® were used to improve particle purity.
{BGI32]  Blue Native (BN) PAGE, HIV-1 trimer-presenting nanoparticles were
analvzed by blue native polyacrylamide gel electrophoresis (BN-PAGE) and stained
using Coomassie blue., The protein samples were mixed with loading dve and loaded
oo a 4-12% Bis-Tris MuPAGE gel (Life Technologiss). BN-PAGE gels were run for
57
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2 bours st 150 V using NativeBAGE™ running buffer (Life Technologies) according to
the manufacturer’s instroctions.

{1331 Elechron microscopy sarmple preparation and data proceasing. The purified
nanoparticles were analyzed by negative stain EM. A 3 L aliquot containing ~0.01
mg/mL of the sample was applied for 15 s onto a carbon-coated 400 Cu mesh grid that
had been glow discharged af 20 mA for 30 s, then negatively stained with 2% wranyl
formate for 455, Data were collected using 8 FEI Tecnal Spirit electron microscops
operating at 120 kV, with an electron dose of ~30 ¢ /A7 and a magnification of 52,000 x
that resulied in a pixel size of 2.05 A at the specimen plane. Images were acquired with
& Tietz 4k ¥ 4k TemCam-F416 CMOS camers using 3 nominal defocus of 10060 nm and
the Leginon package. The nanoparticles were picked automatically using DoG Picker
and put into a particle stack using the Appion sofiware package. Reference-free, two-
dimensional (213} class averages were caloulated using particles binned vig the iterative
msafmrg Clustering 2D Alignment and IMAGIC sofiware systems and sorted into
classes.

[66134] Binding Analysis by Enzyvine-Linked Immunosorbend Assay {ELISA).
Costar’™ 86-well assay plates (Corning) were coated with VIV?2 antigens overnight at
4°C. The wells were washed once with PBS + 8.05 %% Tween 20, and then incubated
with 150 nl of blocking buffer (PBS with 5% w/v dry milk} per well for 1 hour at room
temperature (RT) followed by § times of washing in PBS + 0.05% Tween 20. 50 pl of
apex-~directed bNADs in blocking buffer were added, with a maximum concentration of
2 pg/mi and a 3-fold dilution series, and incubated for 1 hour at RT. After washing §
times in PBS + 0.05% Tween 30, the wells were incubsted with 50 ul of Peroxidase-
AffiniPure Goat Anti-Homan IgG antibody (Jackson ImmunoResearch Laboratories,
Inc) at 1:5000 in PBS + 0.05% Tween 20 per well for Th at RT, After washed § times in
PES + §.05% Tween 20, the wells were developed using TMB a1t RT for 5 min and the
reaction stopped with 2 N sulfuric acld. The readout was measured at 8 wavelength of
430 nm.

{#8135] Binding Analysis by Biolayer Light Interforometry. The kinetios of HIV-1
antigen and nancparticle hinding to bNAbs and non-NAbs was measured using an Octet
RedS6 instrument (foriéBio, Pall Life Sciences). All assays were performed with
agitation set to 1000 rpm in fortéBIO 1x kinetic buffer. The final volume for all the

solutions was 200 pl/well. Assays were performed at 30°C in solid black 96-well plates
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{Geiger Bio-One). 8 ugfral of protein in T kinetic buffer was used to load an antibody
oy the surface of anti-human Fe Captlure Biosensors {AHC) for 300s. A 6Us biosensor
baseline step was applied prior to the analysis of the association of the antibody on the
blosensor o the Env trimer in solution for 2080s. A two-fold concentration gradient of
teating 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 trimer,
of a sensor without antibody but incubated with trimer. Octet dala wers processed by
foridBio’s data scquisition software v.8.1. Experimental data were fitted for VIVZ
apex-directed bNAbDs using a global fit 111 model to determine the Kp values and other

kinetic parameters.

AT n v e R o1 W e 5 e A E RN e BN mvased R A SR A% BT TR AN ATINT FaD AN TV SR AT N T e
Example 153 Futhermodification of the spd ] domain 1o improvs st properbies

{88136]  We hypothesize that other regions within gp4l also contribute to the HIV-1
Env metastability, in addition to the N-terminal bend of the heptad region ¥ (HR1),
which is the primary cause of metastability. This is the master hypothesis that can be
reatized in two different implementations.
881377 In the first implementation, we hypothesize that the BG30S gp41 domain
containing s redesigned HR I N-ierminal bend and a cleavage-site linker can be used to
replace the gp4l domain of diverse HIV-1 sirains or subtypes to render “chimeric”
gp 14 trimers (termed “UFQO-BG™) with the same high yield, purity, and stability as the
BGSOS UFD gpl40 trimer. Since the gpl2{ domain encodes most of the Env epitopes
and thus defines the identity of an HIV-1 sirain or sublype, such a “chimeric” gpi4é
{rimer will be antigenically similar to the wild-type (WT) gpldil trimer but with
significantly improved vield, purity, and stability. To validate this hypothesis, we
selected 10 HIV-1 sirains of 3 diverse clades (A, B, C, B°/C, and A/E), covering the
majority of the circulating HIV-1 isolates in different geographic regions arcund the
globe, These 10 HIV-1 strains include BGS0S {clade A, tier 2, O842-d12 {clade A, tler
2}, 6240.08.TAS.4622 {clade B, tier 23, HOTE.14 {clade B, tier 3), Dul?2.17 (clade C,
tier 23, 16055-2.3 {clade C, tier 2), CN34 (clade B’/C, tier unknown), CHI15.12 {clade
BY/C, der 3}, 95TNIHO22 (clade A/E, tier unknown), and $3JP NHI {ciade AJE, tier
unknown), Indeed, the profiles obtained from size-exclusion chromatography (8EC) on
2 Superdex 200 16/600 Hi-Load column demonstrated exceptional purity for the UFO-
58
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BG trimers derived from diverse HIV-1 strains. Using blo-laver interferometry (BLI,
we further measured the antigenic profiles for these 10 UPG-BG trimers against a panel
of 11 broadly neutralizing antibodies (bNAbs) and 8 non-NAbs, showing broadly
sirnilar patterns to the wild-type (WT) gpl40 wrimers without swapping the gpdl
domain. Negative-stain EM analysis of 10 UFG-BG trimers indicated that 80-106% of
the produced Env protein corresponds to native-like gpl40 trimers. Finally, a crystal
structure has been determined for the UPO-BG gpl48 trimer of a clade-B, tier-3 sirain,
HU78.14, confirming the structural infegrity of such chimeric gpl4{ designs,

[98138]  Inthe second implementation, we hypothesize that 8 “universal” {or
Hconsensus™} gpdl domain derived from the HIV-1 sequence database containing a
redesigned HR1 Neterminal bend and a cleavage-site linker can be used {0 replace the
gp41 domain of diverse HIV-1 strains or subtypes to render “chimeric” gpl40 trimers
{termed “UFQ-U) with Improved yield, purity, and antigenicity. Such universal (or
consensus) gpd 1 can be caloulated from the database of all HIV-1 sequence (UFO-
UALL}, or from the database of HIV-1 sequences belonging to & specific HIV-|
subtype {for example, UFG-UA, -UB, -UC, -URC, and -UAE) These databases and
their use for oblaining “consensus” sequences are well known in the art, See, e.g.,
Kothe et al., Vivol, 352:438-449, 2008; and Korber et al., Brit. Med. Bullet, §8:19-42,
2001, To demonstrate the effectivencss of this design strategy, we selected 3
representative HIV-1 sirains, cach from g different clade, to characterize the UF(-
UALL trimers. Similar to the UFO-BG trimers, we observed mproved SEC profiles
and BLI antibody binding profiles for the UFO-UALL trimers compared 1o the wild-
type (W1 gpl4Q trimers withouwt swapping the gpd! domain, Negative-stain EM
analysis of the selected UFO-UALL trimers indicated that 90-1008¢ of the produced

Env protein corresponds to pative-like gp140 trimers.

g - b 3 o WYY YA 4L N 1. > 3 3 EN. wrvsonwes b les o 3
3 X TREY o Y AN fewavacarn o Sabeang vt N e rr e s NINTRNL AT Ry s Vs
Example 16 Displavine UFQ spl4d trimers on bacteriopbsge On vivus-like particle

881397 Bacteriophage Qp Is an ivosahedral vivus with a diameter of 25 nm that can
infect Escherichia coli (. coli}, The vivus-like particle (VLP) derived from (g has been
used as g multivalent carrier to display foreign antigens in vaccine development against
influenza (Phase 1}, aliergic rhinitis and asthma (Phase 11, NCT00890G734), malignant
melanoma (Phase 1, NCTO651703), Alzhelmer's disease (Phase I, NCTOLII97096),

hypertension (NCTOO500786), nicotine addiction (Phase I, NCT01280968}, and type I
60
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diabetes mellitus (Phase 1, NCT{6924105). Clinical trials bave demonstrated its safety
and immunogenicity in humans, The Qp VLP is made of 180 identical subunits and can
in principle display 60 HIV-1 gpd4l trimers. However, structural modeling suggested
that there might not be encugh space on the VLI surface to accommodate 60 gpl 48
iriners. To reduce the surface density, we engineered the Qp VLP by covalently linking
two 3y subunils with a short glycine-serine {G8} linker, We further removed an imward-
facing glycosylation site that may affect the assembly of Qp VLP In mammalian cells. A
trimeric foldon of the T4 phegehead fibritin (PDB Identifiors: ANCV, ANCW, 4ANCU,
IRFO) was then included as 2 “neck” to connect the UFQO gpi40 and engineerad Gy
subunit. The resulting construct, when expressed in manunalian cells, assembled Into
siable VLPs displaying 36 UFO gpl48 trimers on each particle.

wP R
[883140] The invention thus has been disclosed broadly and iHustrated in reference to
representative embodiments described above. It is undersiood that various
mmodifications can be made to the present invention without departing from the spirit
and seope thereof,
[00141] 1 is further noted that all publications, patents and patent applications cited
herein are hereby expressly incorporsted by reference in their entirety and for all
purposes as if each is individually so denoted. Diafinitions that are contained in text
incorporated by reforence are exchuded to the extent that they contradict definitions in

this disclosure,
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1. A maodified HIV-1 envelope gpl40 protein, comprising a gpl20
polypeptide and a gpd1 polypeptide, wherein the N-terminus of heptad 1 region (HR1) of
the gpdl polypeptide is replaced with a loop sequence of about 6 1o sbowt 14 amine acid
residues in fength that siebilizes the pre-fusion gpl40 structure.

2. The modified HIV-1 gp140 protein of clabm 1, wherein the gpd]
polypeptide is gpdlgcro.

3. The modified HIV-1 gpl40 protein of ¢laim 1, which is a trimer,

4. The modified HIV-1 gp140 protein of claim 1, wherein the gpi20 and
gpd!l polypeptides are from different HIV-1 strains.

8. The modified HIV-1 gpl140 protein of claim 1, which is derived from
HIV-1 strain BGS0S.

&, The modified HIV-1 gp 140 protein of claim 1, wherein the loop
sequence comprises (GSin (SEQ D N(:23), wherein n is any integer between 3 and 7,
mciusive.

7. The modified HIV-1 gp140 protein of claim 1, whersin the loop
sequence comprises (G (SEQ ID NG:24).

§. The modified HIV-] gp140 protein of claim 1, wherein the loop

sequence comprises 10 amino acid residues.

%, The modified HIV-1 gpi40 protein of claim 8, wherein the loop
sequence comprises any one of SEG ID NQs: -5,

14, The modified HIV-1 gpl40 protein of claim 1, wherein the loop

sequence comprises & amino acid residues.

11, The modified HIV-1 gpl40 protein of claim 10, wherein the loop

sequence comprises any one of SEQ B NOs:6-10.
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12. The modifisd HIV-1 gpl40 protein of claim 1, further comprising a
flexible linker scquence that substitutes for the clegvags site sequence between gpi20 and
epdl.

13. The modified HiV-1 gp140 protein of claim 12, wherein the lnker
sequonce comprizes (GeBhy (SEQ 1 MNO22) or 8GS and substitutes {0y residues $68-511
st the clesvage site.

14, The modified BIV-1 gp140 protein of claim 12, wherein the linker
sequence comprises § amine acid residues and substitutes for residues 501-518 at the
cleavage site, and whereln numbering of the amino acid residues corresponds to that of

HIV-1 strain BG303. SOSIP.664 gpldl

15, The modified HIV-1 gpl40 protein of claim 14, wherein the lnker
sequence comprises the sequence shown in any one of SEQ 1D NGs: 16-20.

16, The modified HIV-1 gp140 protein of claim 1, further comprising (2}
an engineered disulfide bond between gpl20 and gpdl and/or (b) a stabilizing mutation in
gpdi.

17. The modified HIV-1 gpl40 protein of claim 16, wherein the
engineered disulfide bond is between residues ASG1C and T80SC, and the stabilizing
mutation is I5539P,

18, The modified HIV-1 gpl40 protein of clsim 1, comprising a gpldd
irimer with each monomer comprising 8 gp120 polypeptide and 8 gpd g polypeptide,
wherein the gpdlgoro polypeptide is derived from HIV-1 strain BGS03, and wherein the
N-terminus of heptad 1 region (HR 1} (SEQ ID NG:28) in the gpd luoro polypeptide is
replaced with a loop sequence shown in SEQ 1B NO:S,

19, The modified HIV-1 gp 140 protein of claim 18, further comprising (&)
g Hinkeor sequence (G48), (SEGQ D NO:22) that substitutes for residues 508-511 at the

cleavage site, and (b) an engineered disulfide bond belween residues ASDIC and T6O3C,

28. An HIV-1 vacoine immunogen, comprising a modified trimeric HIV-

1 eavelope gpl4 protein of claim 1.
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21, A HIV-1 vaccine composition, comprising an HIV-1 Env-derived
trimer immunogen presented on a selfassembling nanoparticle or a virus-like particle
{(YLPY,

22, The HIV-1 vaccine composition of claim 21, whersin the HiV-1

Env-derived trimer Immunogen I8 VIV2, gpl2l or gpldl

23. The HIV-1 vaccine composition of ¢latm 21, wherein the HiV.1
Bav-derived trimer immunogen is a modified gpl40 protein comprising a gpl20
polypeptide and a gpdipero polvpeptide, and whereln the N-terminus of heptad 1 region
{HR 1) of the gpdIgoro polypeptide is replaced with a loop sequence of about & to about

14 amino acid residucs that stabilizes the pre-fusion gpl40 structure.

24. The HIV-1 vaccine composition of claim 23, wherein the loop
sequence comprises {2} (GSin (SEQ D N(x:23), wherein n is any integer between 3 and

7, inclusive or {b) a rationally redesigned sequence via ensemble-based protein design.

25, The HIV-1 vaccine composition of claim 23, whereln the modified

gp140 protein is covalently fused to the nanoparticle platform.

26, The HIV-1 vaccine composition of claim 23, wherein the nanoparticle

platform comprises g irimeric sequence.

7. The BIV-1 vaccine composition of claim 23, wherein the
nanoparticle platform comprises dihydrolipoy! acylransferase (E2P), ferritin, or
fomazine synthase (L8}

28. The HIV-1 vaccine composition of ¢laim 23, wherein the nanoparticle
platform has one or more 3-fold axes on the surface with the N-terminus of each

monomer subunit being in close proximity to the 3-fold axis, and the spacing of the thres

N-termini matching the spacing of the C-termini of the modified gp148 protein trimer.

29. The HIV-1 vaccine composition of claim 23, wherein the C-ierminus
of the modified gpl40 protein sequence is fused to the N-terminus of the subunit of the

nanoparticle platform sequence,
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38, The HIV-1 vaccine composition of olaim 23, the nanoparticle
platform comprises a self-assembling nanoparticle with a diameter of about 20nm or less

that is assembled from 12 or 24 subunits.

31, The HIV-1 vaccine composition of claim 23, further comprising an

adjuvant.

32, The HIV-1 vaccine composition of claim 23, wherein the gpl40 trimer
is derived from HIV-1 sirain BGS0S, and the loop seguence has a sequence shown in
SEQ D NO:S,

33, The modified HIV-1 gp140 protein of claim 32, further comprising {a)
a luker sequence {Gs5); (SEQ 11 NO:22) that substitutes for residues 508-511 at the

cleavage site, and (b) an engineered disulfide bond between residues ASGIC and TO03C,

34. A method of preventing HIV-1 infection in a subject, comprising
administering to the subject a therapeutically effective amount of the vaccine immunogen

of claim 20, thereby preventing HIV-1 infection in the subject.

35, A method of treating HIV-1 infection or eliciling an immune response
against HIV-1 in a subject, comprising administering to the subject 8 pharmaceutical
composition comprising a therapeutically effective amount of the vaccine inunonogen of
claim 20, thereby treating HIV-1 infection or eliciting an immune response against HIV-1

in the subject.
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. [:I Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIl1  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. l:l As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1-G, 10, 12-13, 16 17, 19-31, 34-35, limited to SEQ ID NOs: 22, 24

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

[__—I No protest accompanied the payment of additional search fees.
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Continuation of Box No. lll, Observations where unity of invention is lacking:

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |+: Claims 1-35, drawn to a trimeric modified HIV-1 envelope gp140 protein composition, comprising a gp120 polypeptide and a
gp4 | polypeptide, wherein the N-terminus of heptad 1 region (HRI) of the gp41 polypeptide is replaced with a loop sequence of about 6
to about 14 amino acid residues in length; and the cleavage site between gp120 and gp41 is replaced with a linker sequence; a vaccine
composition and a method of use, thereof. The composition will be searched to the extent that gp41 loop encompasses (GS)4 (SEQ ID
NO:24); and the linker sequence encompass (G4S)2 (SEQ ID NO: 22) . Itis believed that claims 1-6, 10, 12-13, 16-17, 19-35,
encompass this first named invention, and thus these claims will be searched without fee to the extent that they encompass SEQ ID
NOs: 22, 24. Additional trimeric modified HIV-1 envelope gp140 proteins will be searched upon the payment of additional fees.
Applicants must specify the claims that encompass any additionally elected trimeric modified HIV-1 envelope gp140 proteins. Applicants
must further indicate, if applicable, the claims which encompass the first named invention, if different than what was indicated above for
this group. Failure to clearly identify how any paid additional invention fees are to be applied to the "+" group(s) will result in only the first
claimed invention to be searched. An exemplary election would be trimeric modified HIV-1 envelope gp140 encompassing the loop of
SEQ ID NO: 1 and the linker of SEQ ID NO: 16 (claims 1-5, 8-9, 12, 14-17, 19-23, 25-31, 34-35).

[Note: Claims 32 and 33 are excluded from the first invention, because they are drawn to a non-elected subject matter, a loop with a
sequence shown in SEQ ID NO: 6]

The inventions listed as Group I+ do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features

The technical feature of each of the inventions listed as Group I+ is specific loop sequences and linker sequences of the modified
trimeric HIV-1 envelope gp140 protein, recited therein. Each invention of Group |+ requires a specific loop sequence and a specific linker
sequence, not required by any of the other inventions.

Common Technical FeaturesThe feature shared by Group I+ is a trimeric modified HIV-1 envelope gp140 protein composition,
comprising a gp120 polypeptide and a gp4 | polypeptide, wherein the N-terminus of heptad 1 region (HRI) of the gp41 polypeptide is
replaced with a loop sequence of about 6 to about 14 amino acid resldues in length that stabilizes the pre-fusion gp 140 structure, the
gp41 polypeptide is gp41sub.ecto., gp120 and gp41 are from different HIV strains, the gp140 protein is derived from HIV-1 strain
BG505, a linker that replaces the cleavage site between gp120 and gp41, and an engineered disulfide bond between residues A501 C
and T605C of gpl20 and gp41.

These shared technical features do not represent a contribution over prior art, because the shared technical features are anticipated by
the article entitled "Single-Chain Soluble BG505.SOSIP gp140 Trimers as Structural and Antigenic Mimics of Mature Closed HIV-1 Env"
by Georgiev et al. (hereinafter 'Georgiev'). Georgiev teaches a trimeric modified HIV-1 envelope gp140 protein composition, comprising
a gp120 polypeptide and a gp4 | polypeptide, comprising a gp120 polypeptide and a gp4 | polypeptide (abstract “the HIV-1 envelope
glycoprotein (Env) requires proteolytic activation; specifically, cleavage of a gp160 precursor into gp120 and gp41 subunits ... we report
the redesign of a current state-of-the-art soluble Env mimic, BG505.SOSIP, to make it cleavage independent.... The trimeric HIV-1
envelope glycoprotein (Env) is the sole target of virus-directed neutralizing antibody responses and a primary focus of vaccine design" ),
wherein the N-terminus of heptad 1 region (HRI) of the gp41 polypeptide is replaced with a loop sequence of about 6 to about 14 amino
acid resldues in length that stabilizes the pre-fusion gp 140 structure (pg 5319, col 2, para 2 "The BG505.SOSIP sc-gp140 construct ...
was modeled using the BG505.SOSIP crystal structure ... Potential loop conformations for the segment encompassing residues 502 to
521 were generated using the default parameters ... with the rest of the trimer structure remaining in a fixed conformation”, abstract "we
replaced the furin cleavage site between gp120 and gp41 with Gly-Ser linkers of various lengths"), gp120 and gp41 are from different
HIV strains (pg 5326 col 2 para 1 - pg5327, col 1, para 1" The eliminated requirement for furin cleavage may make such single-chain
gp140 constructs especially useful for multimerization ... as well as potentially for developing immunogens from diverse viral strains ",
the gp140 protein is derived from HIV-1 strain BG505"), gp140 protein is derived from HIV-1 strain BG505 (pg 5319, col 2, para 2 "The
BGS505.S0SIP sc-gp140 construct ... was modeled using the BG505.SOSIP crystal structure”) , a linker that replaces the cleavage site
between gp120 and gp41 (pg 5322, col 1 para 2 "Screening of linker insertions to replace the gp120-gp41 cleavage site.We next elected
to keep the residues surrounding the gp120-gp41 cleavage site but to replace only the site itself with flexible linkers of various lengths
(Fig. 1 and Table 2)."), and an engineered disulfide bond between residues A501 C and T605C of gpl20 and gp4l (pg 5319, col 1, para
2"Specifically, BG505.SOSIP is truncated at residue 664 in gp41 and includes the trimer-stabilizing gp120-gp41 disulfide bridge between
residues 501 and 605 (termed SOS)").

The feature shared by Group I+ further encompasses a HIV vaccine presented on a self-assembling nanoparticles or a virus-like
particle. These shared technical features do not represent a contribution over prior art, because the shared technical features are
anticipated by US 2015/0313990 A1 to THE USA, AS REPRESENTED BY THE SECRETARY, DEPARTMENT OF HEALTH AND
HUMAN SERVICES (hereinafter '"HHS') (para [0170] Vaccine: Composition that when administered to a subject, induces a decrease of
the severity of the symptoms of a disorder or disease. In one specific, non-limiting embodiment, a vaccine decreases the severity of the
symptoms associated with HIV infection and/or decreases the viral load.", para [0225] "in some examples ... HIV-1 envelope proteins or
immunogenic fragments thereof is linked to the N- or C-terminus, or placed within an internal loop of a ferritin ... protein, for example with
a linker, such as a Ser-Gly linker ...the fusion proteins are secreted from the cells and self-assembled into nanoparticles.”, para [0231] In
some embodiments, a virus-like particle (VLP) is provided that includes HIV-1 neutralizing peptides or sulfated HIV-1 envelope proteins
or immunogenic fragments thereof.).
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Continuation of Box No. lli, Observations where unity of invention is lacking:

The feature shared by Group I+ further includes a method of preventing HIV-1 infection in a subject. These shared technical features do
not represent a contribution over prior art, because the shared technical features are anticipated by HHS (para [0260] The HIV-1 ...
envelope proteins ... protein nanoparticles, polynucleotides encoding the HIV-1 ... HIV-1 envelope proteins and fragments thereof,
vectors and compositions, can be used in methods of preventing, inhibiting and treating an HIV-1 infection, as well as methods of
inducing an immune response to HIV-1").

As the technical feature was known in the art at the time of the invention, this cannot be considered a special technical feature that
would otherwise unify the inventions.

Group I+ therefore lacks unity of invention under PCT Rule 13 because they do not share a same or corresponding special technical
feature.

Form PCT/ISA/210 (extra sheet) (January 2015)
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