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(57) ABSTRACT
Filed: Aug. 26, 2022 The present invention provides novel scatfolded HIV-1
o vaccine immunogens. Some of the scaffolded immunogens
Related U.S. Application Data contain a soluble gp140 trimer linked to the N-terminus of
Division of application No. 17/021,821, filed on Sep. the nanoparticle subunit and a T-helper epitope that 1s fused
15 2020 now Pat. No. 11.452.771. which is a divi- via a short peptide spacer to the C-terminus of the nanopar-
sic:n of aijplication No. 16/j17’7 j165 jﬁled on Oct. 31 ticle subunit. Some other immunogens of the nvention
7018, now Pat. No. 10 780 17é‘ j ! contain a soluble gpl140 trimer protein that 1s linked to a
o o stable nanoparticle via a short peptide spacer that 1s a
Provisional application No. 62/580,038, filed on Nov. T-helper epitope. Some of the scatfolded immunogens con-
1, 2017. tain a gp140 trimer immunogen presented on a nanoparticle
plattorm formed with I3-01 protein, E2p, or variants of
Publication Classification protein 1VLW. Also provided in the invention are nucleic
Int. Cl. acids that encode the various vaccine immunogens described
A61K 39/12 (2006.01) herein, and expression vectors and host cells harboring the
AGIK 47/64 (2006.0:h) nucleic acids. The invention further provides methods of
A61P 31/18 (2006.0:h) using the scatfiolded HIV-1 vaccine immunogens for pre-
AGIK 391 (2006.05:) venting or treating HIV infections.
A6IK 9/51 (2006.01) Specification includes a Sequence Listing.
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SCAFFOLDED HIV-1 VACCINE
IMMUNOGENS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The subject patent application 1s a divisional of

U.S. patent application Ser. No. 17/021,821 (filed Sep. 15,
2020; now pending), which 1s a divisional of U.S. patent

application Ser. No. 16/177,165 (filed Oct. 31, 2018; now
U.S. Pat. No. 10,780,178), which claims the benefit of
priority to U.S. Provisional Patent Application No. 62/580,

038 (filed Nov. 1, 2017; now expired). The full disclosure of
the priority applications 1s incorporated herein by reference

in its entirety and for all purposes.

STATEMENT OF GOVERNMENT SUPPORT

[0002] This invention was made with government support
under grant numbers AI100663, AI08481°7, GM094586 and
AI1106577 awarded by The National Institutes of Health. The

government has certain rights 1n the invention.

SEQUENCE LISTING

[0003] This application incorporates by reference a
Sequence Listing 1n the form of a ST.26 XML f{ile labeled
1839_1D2_Sequence Listing.xml. The file 1s of 28 KB and
was created on Oct. 10, 2022.

BACKGROUND OF THE INVENTION

[0004] Human immunodeficiency virus type-1 (HIV-1) 1s
the primary cause of the acquired immune deficiency syn-
drome (AIDS). It can be divided into several different
clades, for example A, B, C, D, E, F, G, H, J and K, which
vary 1n prevalence throughout the world. Each clade com-
prises different strains of HIV-1 which have been grouped
together on the basis of their genetic similarity. The enve-
lope glycoprotein (Env) of HIV-1 harbors the epitopes of
broadly neutralizing antibodies (bNAbs) and i1s the sole
target of vaccine design. The cleaved, mature Env 1s pre-
sented on the HIV-1 virion surface as a metastable trimer of
heterodimers each containing a (co-) receptor-binding pro-
tein, gpl20, and a transmembrane protein, gp41l, which
anchors the trimeric spike 1n viral membrane and drives the
fusion process during cell. Due to the labile nature and a
dense layer of surface glycans, Env has long resisted struc-
ture determination and hampered trimer-based vaccine
ellorts.

[0005] Native-like Env trimers have recently been consid-
ered a desirable vaccine platform due to the promising
successes achieved with the BG505 SOSIP.664 trimer. In
addition to SOSIP, other trimer design platforms such as the
single-chain gp140 (sc-gp140) trimer, native flexibly linked
(NFL) trimer, and uncleaved prefusion-optimized (UFO)
trimer were also proposed that produced native-like Env
trimers. However, gp140 trimer may not be the optimal form
of an HIV-1 vaccine because subunit vaccines are often less
immunogenic than virus-like particles (VLPs), which pres-
ent a dense array of antigens on the particle surface and
induce potent, long-lasting immune responses upon vacci-
nation.

[0006] Despite the increasing appreciation for the advan-
tages of VLP vaccines in bNAb elicitation, the utility of
nanoparticles as carriers to display native-like trimers has
not been rigorously explored in HIV-1 vaccine development.
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There remains to be an unmet medical need for sate and
ellicacious HIV-1 vaccines. The present invention addresses
this and other needs i1n the art.

SUMMARY OF THE INVENTION

[0007] In one aspect, the invention provides HIV-1 vac-
cine immunogens. The novel HIV-1 vaccine immunogens of
the invention contain an HIV-1 Env-derived trimer protein
presented on a self-assembling nanoparticle and also a
T-helper epitope sequence. In some embodiments, the
T-helper epitope links C-terminus of the HIV-1 trimer pro-
tein subunit to the N-terminus of the nanoparticle subunit. In
some other embodiments, the T-helper epitope sequence 1s
fused to the C-terminus of the nanoparticle subumt while
C-terminus of the HIV-1 trimer protein i1s fused to the
N-terminus of the nanoparticle subunit. In some of the latter
embodiments, a short peptide spacer i1s used to fuse the
T-helper epitope to the nanoparticle subunit. This allows
formation of a hydrophobic core inside the nanoparticle,
which functions to stabilize the nanoparticle structure and to
promote T cell recognition of the fusion immunogen. In
some ol these embodiments, the employed short peptide

spacer can be, e.g., 1-5 tandem repeats of GGGGS (SEQ 1D
NO: 4) or GSGSG (SEQ ID NO: 19), or any other peptide
sequence that 1s structurally flexible by nature. In some of
these embodiments, an additional short peptide segment or
spacer can be used to fuse the HIV-1 protein to the N-ter-
minus of the nanoparticle subunit, e.g., a 1G linker or any of
the other short peptide spacers described herein. In some
embodiments, the T-helper epitope sequence contains an
amino acid sequence as shown 1n any one of SEQ ID NOs:
1-3, a conservatively modified variant or a substantially
identical sequence thereof.

[0008] Typically, the self-assembling nanoparticle 1n the
HIV-1 vaccine immunogens 1s generated with a trimeric
protein sequence. In some embodiments, the subunit of the
self-assembling nanoparticle 1s (1) the polypeptide as shown
in SEQ ID NO: 18, a conservatively modified variant or a
substantially identical sequence thereof, (2) the polypeptide
as shown 1n any one of SEQ ID NOs: 5-17, a conservatively
modified vanant or a substantially 1dentical sequence
thereof, (3) E2p or (4) ferntin.

[0009] In various embodiments, the HIV-1 Env-derived
trimer protein 1n the vaccine immunogens of the invention 1s
a gp140 trimer. In some embodiments, the employed HIV-1
Env-derived trimer protein 1s an uncleaved prefusion-opti-
mized (UFO) gp140 trimer. In some of these embodiments,
the UFO gpl40 trimer 1s a chimeric trimer comprising a
modified gp41 . -, domain from HIV-1 strain BG305. Some
HIV-1 vaccine immunogens of the invention contain a
HIV-1 Env-derived trimer that 1s an UFO gp140 trimer, a
self-assembling nanoparticle that 1s generated with a subunit
sequence as shown 1n any one of SEQ ID NOs: 5-18, and a
T-helper epitope that contains the sequence as shown 1n SEQ
ID NO: 1.

[0010] In another aspect, the mvention provides HIV-1
vaccine immunogens that contain an HIV-1 Env-derived
trimer protein presented on a self-assembling nanoparticle
that 1s formed with a subunit polypeptide as shown 1n any
one of SEQ ID NOs: 5-18, a conservatively modified variant
or a substantially identical sequence thereof. In some
embodiments, the employed HIV-1 Env-derived trimer pro-
temn 1s an uncleaved prefusion-optimized (UFO) gpl40
trimer. In some of these embodiments, the UFO gpl140
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trimer 1s a chimeric trimer that contains a modified
opdl .-, domain from HIV-1 strain BG305. In some
embodiments, the HIV-1 trimer protein in the HIV-1 vaccine
immunogen 1s linked at its C-terminus to the N-terminus of
the nanoparticle via a linker sequence. In some other
embodiments, the linker sequence 1s fused to the C-terminus
of the nanoparticle subunit via a short peptide spacer to form
a hydrophobic core inside the nanoparticle while the UFO
opl40 trimer subunit 1s fused to the N-terminus of the
nanoparticle subunit. This functions to stabilize the nanopar-
ticle structure and to promote T cell recognition of the trimer

immunogen. In some of these embodiments, the employed
short peptide spacer can be, e.g., GGGGS (SEQ ID NO: 4),

GSGSG (SEQ ID NO: 19), or any other peptide that is
structurally flexible by nature. In various embodiments, the
employed linker sequence contains a T-helper epitope
sequence or a glycine-serine linker. In some embodiments,
the linker sequence contains the peptide sequence as shown
in any one of SEQ ID NOs: 1-3, a conservatively modified
variant or a substantially identical sequence thereof. In some
embodiments, the linker sequence contains 1 to 5 tandem
repeats (e.g., 1 or 2 repeats) of GGGGS (SEQ ID NO: 4) or
GSGSG (SEQ ID NO: 19). In some embodiments, an
additional short peptide spacer or segment can be used to
tuse the HIV-1 protein to the N-terminus of the nanoparticle
subunit as exemplified herein.

[0011] In a related aspect, the invention provides pharma-
ceutical compositions that contain one of the novel scat-
folded HIV-1 vaccine immunogens described herein. The
pharmaceutical compositions typically also contain a phar-
maceutically acceptable carrier. In some embodiments, the
pharmaceutical compositions additionally contain an adju-
vant. In another related aspect, the mvention provides 1so-
lated or recombinant polynucleotides that encode the HIV-1
vaccine immunogens described herein, cloning and expres-
sion vectors harboring such polynucleotide sequences, as
well as host cells mto which the nucleic acids or vectors
have been introduced or integrated.

[0012] In another aspect, the invention provides methods
for preventing HIV-1 infection or eliciting an immune
response against HIV-1 in a subject. These methods entail
administering to the subject a therapeutically eflective
amount of one of the novel scaflolded HIV-1 vaccine
immunogens described herein. Typically, the HIV-1 vaccine
immunogen 1s administered to the subject via a pharmaceu-
tical composition. In some embodiments, the administered
HIV-1 vaccine immunogen contains an UFO gp140 trimer,
a self-assembling nanoparticle generated with a subunit
sequence as shown i SEQ ID NO: 18, and a T-helper
epitope sequence as shown m SEQ ID NO: 1. In these
embodiments, the T-helper epitope sequence functions to
covalently link the UFO gp140 trimer at its C-terminus to
the N-terminus of the nanoparticle subunit. Alternatively, the
T-helper epitope sequence 1s fused to the C-terminus of the
nanoparticle subunit via a short peptide spacer while the
UFO gpl140 trimer subumnit 1s fused to the N-terminus of the
nanoparticle subunit.

[0013] In another aspect, the invention provides methods
for treating HIV-1 infection or eliciting an immune response
against HIV-1 1n a subject. The methods mvolve adminis-
tering to the subject a pharmaceutical composition that
contains a therapeutically eflective amount of a HIV-1
vaccine immunogen described herein. In some embodi-
ments, the administered HIV-1 vaccine immunogen contains
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an UFO gpl140 trimer, a self-assembling nanoparticle gen-
erated with a subumit sequence as shown in SEQ ID NO: 18,
and a T-helper epitope sequence as shown i SEQ ID NO:
1. In these methods, the T-helper epitope sequence functions
to covalently link the UFO gp140 trimer at 1its C-terminus to
the N-terminus of the nanoparticle subunit. Alternatively, the
T-helper epitope sequence 1s fused to the C-terminus of the
nanoparticle subunit via a short peptide spacer while the
UFO gp140 trimer subunit 1s fused to the N-terminus of the
nanoparticle subunit.

[0014] A further understanding of the nature and advan-
tages of the present invention may be realized by reference
to the remaining portions of the specification and claims.

DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 shows ferritin nanoparticles presenting
diverse UFO*-BG trimers and 13-01-based gp140 nanopar-
ticles with embedded T-help signal. (A) Surface model of
UFO*-BG gpl40-ferritin (FR) nanoparticle, with gp120,
BG505 gp41,. ., of the UFO design, and ferritin circled by
dotted lines on the gpl40-FR images and labeled with
arrows. (B) BN-PAGE of eight UFO*-BG-FR nanoparticles
alter a single-step 2G12 antibody athnity purification. (C)
Reference-free 2D class averages derived from negative-
stain EM of five representative UFO*-BG-FR nanoparticles.
(D) Antigenic profiles of five representative UFO*-BG-FR
nanoparticles against a small panel of six bNAbs and four
non-NAbs. Sensorgrams were obtammed from an Octet
RED96 using an antigen titration series ol s1x concentrations
(starting at 35 nM by two-fold dilution). The peak values at
the highest concentration are summarized 1n the matrix, in
which six bNAbs and four non-NAbs are shown 1n upper
and lower panels, respectively. Higher intensity of gray
shade indicates greater binding signal measured by Octet.
(E) Surface model of the 13-01 nanoparticle (light gray) 1s
shown on the lett, with the subunits surrounding a front-
facing 5-fold axis highlighted 1n dark gray and three sub-
units forming a 3-fold axis marked with a black dotted-line
triangle. The spacing between N-termimi of three I13-01
subunits surrounding a 3-fold axis (top view) and the
anchoring of a gpl40 trimer onto three 13-01 subunits by
flexible linkers (indicated by black dotted lines) are shown
in the middle. Schematic representation of 13-01 nanopar-
ticle constructs containing both gpl40 and a T-helper
epitope 1s shown on the right, with sequences listed for three
such T-helper epitopes, PADRE, D, and TpD (SEQ ID NOs:
1-3, respectively). (F) SEC profiles of three 13-01 nanopar-
ticles presenting an HR1-redesigned BG305 gpl140 trimer
with different T-helper epitopes as linkers. (G) BN-PAGE of
three abovementioned 13-01 nanoparticles after a single-step
2(G12 afhnity antibody purification. (H) Reference-free 2D
class averages derived from negative-stain EM of an 13-01
nanoparticle presenting an HR1-redesigned BG305 gpl140
trimer with PADRE used as a linker. (I) Antigenic profiles of
opl140-PADRE-I3-01 nanoparticle against a small panel of
s1X bNAbs and four non-NAbs. Sensorgrams were obtained
from an Octet RED96 using an antigen titration series of six
concentrations (starting at 14 nM by two-fold dilution). The
s1X antigen concentrations, respectively corresponding to the
s1X lines from top to bottom i1n each of the 10 antibody
profiles, are indicated next to the PGT1351 binding profile on
the right.

[0016] FIG. 2 shows ellective B cell activation by trimer-
presenting nanoparticles. Ca®* mobilization in B cell trans-
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fectants carrying (A) PGT145, (B) PGT121, and (C) VRCO1
receptors. WEHI231 cells expressing a doxycyclin-induc-
ible form of bNAb B cell receptor (BCR) were stimulated
with anti-BCR antibodies or the indicated antigens at a
concentration of 10 ug ml™": anti-human Ig k-chain F(ab'),;
anti-mouse IgM; an UFO*-BG-FR nanoparticle derived
from a clade-A, B, C, B/C, or A/E strain, or BGS3505
op140-PADRE-I3-01 nanoparticle containing a redesigned
HR1 bend within gp41.. ...

[0017] FIG. 3 shows early neutralizing antibody responses
to trimers and nanoparticles 1n mouse immunization. (A)
Schematic view of mouse immunization protocol 1s shown
on the left, with the key parameters of formulation and
immunization listed 1in the middle, and serum IgG purifica-
tion protocol on the right. (B) Testing BGS305 trimer-based
immunogens and ELISA binding of purified mouse serum
IgGs to three HIV-1 antigens, including BG505 UFO trimer,
a ferritin nanoparticle presenting an N332 scaflold (1GUT_
A_ES-FR) or an I13-01 nanoparticle presenting another N332
scaflold (1KIG_I_ES-2-13-01), and a clade-C V1V2-ferritin
nanoparticle (V1V2-FR). EC., values are labeled for all
ELISA plots except for instances in which the highest OD .,
value 1s below 0.1 or 1n the cases of ambiguous data {itting.
(C) HIV-1 neutralization by purified mouse serum IgG, with
IC,, values shown 1n gray shade. Higher intensity of gray
shade indicates more potent neutralization. (D) Neutraliza-
tion profile of group-combined mouse serum IgG from the
scaflolded trimer group (S1G3J). (E) Neutralization profile of
group-combined mouse serum IgG and mouse-A serum IgG
from the ferritin nanoparticle group (S2G1). (F) Neutraliza-
tion profile of group-combined mouse serum IgG, mouse-A
and mouse-D serum IgG from the 13-01 nanoparticle group

(S2G5). Two HIV-1 pseudoviruses, clade-A tier-2 BG505
and clade-B tier-1 SF162, were tested with MLV 1ncluded
for comparison. The Structural models of scatlolded gp140
trimer, ferritin nanoparticle, and I3-01 nanoparticle are
shown next to the neutralization profile of group-combined
mouse serum IgG.

[0018] FIG. 4 shows the design concept, SEC profile, and
negative-stain EM image of HIV-1 gp140 trimer-presenting,
nanoparticle with a T-helper epitope fused to the C-terminus
of the nanoparticle subunit. (A) Schematic drawing of E2p
and I13-01 nanoparticle design with a pan-reactive T-helper
epitope fused to the C-terminus of the nanoparticle subunit.
(B) SEC profiles of BG505 gp140 trimer-presenting E2p and
[3-01 nanoparticles obtained from a Superose 6 10/300 GL
column after purification using a 2G12 antibody aflinity
column. (C) Raw micrographs of BG305 gpl40 trimer-
presenting E2p and 13-01 nanoparticles obtained from nega-
tive-stain EM.

DETAILED DESCRIPTION

[. Overview

[0019] The present invention 1s predicated in part on the
present inventors” development of novel HIV-1 gp140 nan-
oparticle immunogens. As detailed in the Examples herein,
the inventors utilized a T-helper epitope that acts not only as
the linker between gpl140 and displaying nanoparticle scai-
fold, but also as an embedded T-help signal to induce robust
T-cell responses and to steer B cell development towards
bNAbs. The mventors additionally explored a previously
unutilized protein (1VLW) to provide stable nanoparticle
scaflold 1n presenting HIV-1 gp140 trimers. Upon purifica-

Jun. 22, 2023

tion with athnity column and size-exclusion chromatogra-
phy, the various scaflolded HIV-1 gpl140 immunogens dis-
play excellent purity and homogeneity. When evaluated with
bNAbs and non-NAbs, the novel HIV-1 gp140 nanoparticles
described herein exhibit an outstanding antigenic profile
with a strong PG16 binding that has not been observed with
other known HIV-1 gp140 nanoparticles. Further as exem-
plification, immunogenicity of the nanoparticles displaying
a BGS505 gpl140 trimer was examined by immunizing mice
and assessing HIV-1 neutralization activities of 1gG 1solated
from the mice. Neutralization of autologous tier-2 BG305.
N332 HIV-1 virus was observed for two HIV-1 gpl140
nanoparticles disclosed herein (S2G35 and S2G6), as well as
control HIV-1 immunogens (a scaflolded gp140.681 trimer
(S1G5) and a ferritin nanoparticle (S2G1)). Importantly, the
novel HIV-1 gpl40 nanoparticle immunogens described
herein yielded an IC50 value indicative of rapid develop-
ment of tier-2 NAbs after only 8 weeks of immunization,
presenting the best HIV-1 vaccine candidate identified thus
tar, with balanced T- and B-cell responses.

[0020] The mmvention accordingly provides novel scai-
folded HIV-1 vaccine immunogens harboring a T-helper
epitope as exemplified herein. Also provided 1n the mmven-
tion are scatlolded HIV-1 vaccine immunogens containing
stable nanoparticle formed with 1VLW variants. The mven-
tion additionally provides therapeutic and preventive appli-
cations of these novel scatli

olded HIV-1 immunogens in the
treatment or prevention of HIV-1 infections.

[0021] Unless otherwise specified herein, the vaccine
immunogens of the invention, the encoding polynucleotides,
expression vectors and host cells, as well as the related
therapeutic applications, can all be generated or performed
in accordance with the procedures exemplified herein or
routinely practiced methods well known 1n the art. See, e.g.,
Methods 1n Enzymology, Volume 289: Solid-Phase Peptide
Synthesis, J. N. Abelson, M. 1. Stmon, G. B. Fields (Editors),
Academic Press; 1st edition (1997) (ISBN-13: 978-
0121821906); U.S. Pat. Nos. 4,965,343, and 5,849,954;

Sambrook et al., Molecular Cloming: A Laboratory Manual,
Cold Spring Harbor Press, N.Y., (3" ed., 2000); Brent et al.,

Current Protocols in Molecular Biology, John Wiley & Sons,
Inc. (ringbou ed., 2003); Davis et al., Basic Methods 1n
Molecular Biology, Elsevier Science Publishing, Inc., New
York, USA (1986); or Methods 1n Enzymology: Guide to
Molecular Cloning Techniques Vol. 152, S. L. Berger and A.
R. Kimmerl Eds., Academic Press Inc., San Diego, USA
(1987); Current Protocols 1n Protein Science (CPPS) (John
E. Coligan, et. al., ed., John Wiley and Sons, Inc.), Current
Protocols 1 Cell Biology (CPCB) (Juan S. Bonifacino et. al.
ed., John Wiley and Sons, Inc.), and Culture of Animal
Cells: A Manual of Basic Technique by R. Ian Freshney,
Publisher: Wiley-Liss; 3th edition (2005), Animal Cell Cul-
ture Methods (Methods 1 Cell Biology, Vol. 37, Jennie P.
Mather and David Barnes editors, Academic Press, 1st
edition, 1998). The following sections provide additional
guidance for practicing the compositions and methods of the
present invention.

II. Definitions

[0022] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by those of ordinary skill 1n the art to which this
invention pertains. The following references provide one of
skill with a general definition of many of the terms used 1n
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this nvention: Academic Press Dictionary of Science and
lechnology, Morris (Ed.), Academic Press (1% ed., 1992);
Oxford Dictionary of Biochemistry and Molecular Biology,
Smith et al. (Eds.), Oxtord Umiversity Press (revised ed.,
2000); Encyclopaedic Dictionary of Chemistry, Kumar
(Ed.), Anmol Publications Pvt. Ltd. (2002); Dictiornary of
Microbiology and Molecular Biology, Singleton et al. (Eds.),
John Wiley & Sons (3™ ed., 2002); Dictionary of Chemistry,
Hunt (Ed.), Routledge (1% ed., 1999); Dictionary of Phar-
maceutical Medicine, Nahler (Ed.), Springer-Verlag Telos
(1994); Dictionary of Organic Chemistry, Kumar and Anan-
dand (Eds.), Anmol Publications Pvt. Ltd. (2002); and A
Dictionary of Biology (Oxford Paperback Reference), Mar-
tin and Hine (Eds.), Oxford University Press (4™ ed., 2000).
Further clanfications of some of these terms as they apply
specifically to this mnvention are provided herein.

[0023] As used herein, the singular forms “a,” “an,” and
“the,” refer to both the singular as well as plural, unless the
context clearly indicates otherwise. For example, “an Env-
derived trimer” can refer to both single or plural Env-
derived trimer molecules, and can be considered equivalent
to the phrase “at least one Env-dertved trimer.”

[0024] Unless otherwise noted, the terms “antigen” and
“immunogen’ are used interchangeably to refer to a sub-
stance, typically a protein, which 1s capable of inducing an
immune response in a subject. The terms also refer to
proteins that are immunologically active in the sense that
once administered to a subject (either directly or by admin-
1stering to the subject a nucleotide sequence or vector that
encodes the protein) 1s able to evoke an immune response of
the humoral and/or cellular type directed against that pro-
tein. Thus, 1n some embodiments, the term “immunogen”
can broadly encompass polynucleotides that encode poly-
peptide or protein antigens described herein.

[0025] The term “conservatively modified variant™ applies
to both amino acid and nucleic acid sequences. With respect
to particular nucleic acid sequences, conservatively modi-
fied variants refer to those nucleic acids which encode
identical or essentially identical amino acid sequences, or
where the nucleic acid does not encode an amino acid
sequence, to essentially identical sequences. Because of the
degeneracy of the genetic code, a large number of function-
ally 1dentical nucleic acids encode any given protein. For
polypeptide sequences, “conservatively modified varnants™
refer to a variant which has conservative amino acid sub-
stitutions, amino acid residues replaced with other amino
acid residue having a side chain with a similar charge.
Families of amino acid residues having side chains with
similar charges have been defined in the art. These families
include amino acids with basic side chains (e.g., lysine,
arginine, histidine), acidic side chains (e.g., aspartic acid,
glutamic acid), uncharged polar side chains (e.g., glycine,
asparagine, glutamine, serine, threonine, tyrosine, cysteine),
nonpolar side chains (e.g., alanine, valine, leucine, 1soleu-
cine, proline, phenylalanine, methionine, tryptophan), beta-
branched side chains (e.g., threonine, valine, 1soleucine) and
aromatic side chains (e.g., tyrosine, phenylalanine, trypto-
phan, histidine).

[0026] Epitope refers to an antigenic determinant. These
are particular chemical groups or peptide sequences on a
molecule that are antigenic, such that they elicit a specific
immune response, for example, an epitope 1s the region of an
antigen to which B and/or T cells respond. Epitopes can be
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formed both from contiguous amino acids or noncontiguous
amino acids juxtaposed by tertiary folding of a protein.

[0027] Eflective amount of a vaccine or other agent that 1s
suflicient to generate a desired response, such as reduce or
climinate a sign or symptom of a condition or disease, such
as AIDS. For instance, this can be the amount necessary to
inhibit viral replication or to measurably alter outward
symptoms of the viral infection, such as increase of T cell
counts 1n the case of an HIV-1 infection. In general, this
amount will be suflicient to measurably inhibit virus (for
example, HIV) replication or infectivity. When administered
to a subject, a dosage will generally be used that will achieve
target tissue concentrations (for example, 1n lymphocytes)
that has been shown to achieve in vitro inhibition of viral
replication. In some examples, an “eflective amount™ 1s one
that treats (including prophylaxis) one or more symptoms
and/or underlying causes of any of a disorder or disease, for
example to treat HIV. In one example, an effective amount
1s a therapeutically eflective amount. In one example, an
ellective amount 1s an amount that prevents one or more
signs or symptoms of a particular disease or condition from

developing, such as one or more signs or symptoms asso-
ciated with AIDS.

[0028] Ferntin 1s a globular protein found 1n all animals,
bacteria, and plants. It acts primarily to control the rate and
location of polynuclear Fe(Ill),O, formation through the
transportation of hydrated iron 1ons and protons to and from
a mineralized core. The globular form of ferritin 1s made up
of monomeric subunit proteins (also referred to as mono-
meric ferritin subunits), which are polypeptides having a
molecule weight of approximately 17-20 kDa.

[0029] As used herein, a fusion protein 1s a recombinant
protein containing amino acid sequence from at least two
unrelated proteins that have been jomned together, via a
peptide bond, to make a single protein. The unrelated amino
acid sequences can be joined directly to each other or they
can be joined using a linker sequence. As used herein,
proteins are unrelated, if theirr amino acid sequences are not
normally found joined together via a peptide bond 1n their
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 gpl120 or
op41 glycoproteins are not normally found joined together
via a peptide bond.

[0030] HIV-1 envelope protein (Env) 1s imitially synthe-
s1ized as a longer precursor protein of 845-870 amino acids
in size, designated gpl60. gpl160 forms a homotrimer and
undergoes glycosylation within the Golgi apparatus. In vivo,
opl160 glycoprotein 1s endo-proteolytically processed to the
mature envelope glycoproteins gpl120 and gp41, which are
noncovalently associated with each other 1n a complex on
the surface of the virus. The gp120 surface protein contains
the high aflinity binding site for human CD4, the primary
receptor for HIV, as well as domains that interact with fusion
coreceptors, such as the chemokine receptors CCRS and
CXCR4. The gp41 protein spans the viral membrane and
contains at 1ts amino-terminus a sequence ol amino acids
important for the fusion of viral and cellular membranes.
The native, fusion-competent form of the HIV-1 envelope
glycoprotein complex 1s a trimeric structure composed of
three gpl20 and three gp41 subunits. The receptor-binding
(CD4 and co-receptor) sites are located in the gpl120 moi-
cties, whereas the fusion peptides are located in the gp41
components. Exemplary sequence of wildtype gpl160 poly-
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peptides are shown 1n GenBank, e.g., under accession num-
bers AAB05604 and AAD12142.

[0031] gpl140 refers to an oligomeric form of HIV enve-
lope protein, which contains all of gp120 and the entire gp41
ectodomain. As used heremn, a HIV-1 gpl140 trimer immu-
nogen typically contains a gp140 domain and a modified or
redesigned ectodomain of gpl40 (gpdl.-,).

[0032] gpl120 1s an envelope protein of the Human Immu-
nodeficiency Virus (HIV). gp120 contains most of the exter-
nal, surface-exposed, domains of the HIV envelope glyco-
protein complex, and 1t 1s gp120 which binds both to cellular
CD4 receptors and to cellular chemokine receptors (such as
CCRS). The mature gpl20 wildtype polypeptides have
about 500 amino acids in the primary sequence. Gpl120 1s
heavily N-glycosylated giving rise to an apparent molecular
weight of 120 kD. The polypeptide 1s comprised of five
conserved regions (C1-035) and five regions of high variabil-
ity (V1-V5). In 1ts tertiary structure, the gpl20 glycoprotein
1s comprised of three major structural domains (the outer
domain, the inner domain, and the bridging sheet) plus the
variable loops. See, e.g., Wyatt et al., Nature 393, 705-711,
1998; and Kwong et al., Nature 393, 649-59, 1998. The inner
domain 1s believed to interact with the gp4l envelope
glycoprotein, while the outer domain 1s exposed on the
assembled envelope glycoprotein trimer.

[0033] Vanable region 1 and Vaniable Region 2 (V1/V2
domain) of gpl20 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 1n ten residues of the
V1/V2 domain are N-glycosylated.

[0034] gp4l 15 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 links the fusion peptide and a transmembrane domain.
opd4] remains 1 a trimeric configuration and interacts with
opl120 1n a non-covalent manner. The amino acid sequence

of an exemplary gp4l 1s set forth in GenBank, under
Accession No. CAD20973.

[0035] BGS305 SOSIP.664 gpl40 1s a HIV-1 Env immu-
nogen developed with the gp140 trimer from clade-A strain
BG503. It contains a covalent linkage between the cleaved
opl20 and gp4l..-, with an engineered disulfide bond
(termed SOS). In addition, 1t has an I359P mutation (termed
IP) to destabilize the gp41 post-fusion conformation and
also a truncation of the membrane-proximal external region
(MPER) at residue 664 to improve solubility. This HIV-1
immunogen has an outstanding antigenic profile and excel-
lent structural mimicry of the native spike. Using the SOSIP
trimer as a sorting probe, new bINAbs have been 1dentified
and characterized. The SOSIP design has also been extended
to other HIV-1 strains and permitted the incorporation of
additional stabilizing mutations. Recently, immunogenicity
of SOSIP trimers 1n rabbits and nonhuman primates was
reported, paving the way for human vaccine trials.

[0036] Immune response refers to a response of a cell of
the immune system, such as a B cell, T cell, or monocyte, to
a stimulus. In some embodiment, the response 1s specific for
a particular antigen (an “antigen-specific response™). In
some embodiments, an immune response 1s a 1 cell
response, such as a CD4+ response or a CD8+ response. In
some other embodiments, the response 1s a B cell response,
and results in the production of specific antibodies.

[0037] Immunogenic composition refers to a composition
comprising an immunogenic polypeptide that induces a
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measurable CTL response against virus expressing the
immunogenic polypeptide, or induces a measurable B cell
response (such as production of antibodies) against the
immunogenic polypeptide.

[0038] Sequence identity or similarity between two or
more nucleic acid sequences, or two or more amino acid
sequences, 1s expressed 1n terms of the 1dentity or sumilarity
between the sequences. Sequence 1dentity can be measured
in terms ol percentage identity; the higher the percentage,
the more i1dentical the sequences are. Two sequences are
“substantially identical” 1f two sequences have a specified
percentage of amino acid residues or nucleotides that are the
same (1.e., 60% 1dentity, optionally 63%, 70%, 75%, 80%,
85%, 90%, 95%, or 99% 1dentity over a specified region, or,
when not specified, over the entire sequence), when com-
pared and aligned for maximum correspondence over a
comparison window, or designated region as measured using
one of the following sequence comparison algorithms or by
manual alignment and visual inspection. Optionally, the
identity exists over a region that 1s at least about 50
nucleotides (or 10 amino acids) in length, or more preferably
over a region that 1s 100 to 500 or 1000 or more nucleotides
(or 20, 50, 200 or more amino acids) in length.

[0039] Homologs or orthologs of nucleic acid or amino
acid sequences possess a relatively high degree of sequence
identity/similarity when aligned using standard methods.
Methods of alignment of sequences for comparison are well
known 1n the art.

[0040] Various programs and alignment algorithms are
described in: Smith & Waterman, Adv. Appl. Math. 2:482,
1981; Needleman & Wunsch, J. Mol. Biol. 48:443, 1970:;
Pearson & Lipman, Proc. Natl. Acad. Sci. USA 85:2444,
1988; Higgins & Sharp, Gene, 73:237-44, 1988; Higgins &
Sharp, CABIOS 3:151-3, 1989; Corpet et al., Nuc. Acids
Res. 16:10881-90, 1988; Huang et al. Computer Appls. 1n
the Biosciences 8, 155-65, 1992: and Pearson et al., Meth.
Mol. Bio. 24:307-31, 1994. Altschul et al., J. Mol. Biol.
215:403-10, 1990, presents a detailed consideration of
sequence alignment methods and homology calculations.

[0041] The term “subject” refers to any animal classified
as a mammal, e.g., human and non-human mammals.
Examples of non-human animals include dogs, cats, cattle,
horses, sheep, pigs, goats, rabbits, and etc. Unless otherwise
noted, the terms “patient” or “subject” are used herein
interchangeably. Preferably, the subject 1s human.

[0042] The term “treating” or “alleviating” includes the
administration of compounds or agents to a subject to
prevent or delay the onset of the symptoms, complications,
or biochemical indicia of a 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 suflering from the
disease or disorder as well as those being at risk of devel-
oping the disorder. Treatment may be prophylactic (to pre-
vent 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 atter the
manifestation of the disease.

[0043] Uncleaved pre-fusion-optimized (UFO) trimers
refer to HIV-1 gp140 trimeric proteins that are formed with
opl20 protemn and a redesigned gp41..,, domain, which
results 1n more stabilized HIV-1 gp140 trimers. The rede-
signed gp41 .-, domain 1s based on the prototype HIV-1
strain BG505 (and the prototype gpl40 trimer BG505
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SOSIP.664 gp140) and contains one or more modifications
relative to the wildtype BG505 gp4l .-+, sequence. These
modifications include (1) replacement of the 21 residue
N-terminus of HR1 (residues 548-568) with a shorter loop
sequence to stabilize the pre-fusion gp140 structure and (2)
replacement of the furin cleavage site between gpl20 and
opd] (residues 508-511) with a tlexible linker sequence such
a tandem repeat of a GGGGS (SEQ ID NO: 4) motif. In
some embodiments, the UFO trimer can additionally contain
an engineered disulfide bond between gpl20 and gp4l
and/or a stabilizing mutation in gp41. For example, UFO
trimers based on HIV-1 strain BG505 can contain an engi-
neered disulfide bond 1s between residues AS501C and
T605C, and/or a stabilizing mutation I359P. Detailed
description of UFO trimers 1s provided 1n, e.g., Kong et al.,
Nat. Comm. 7:12040, 2016. In addition to UFO trimers
based on the BG505 stramn sequence, the engineered
gp4l ..., domain can be used to pair with a gpl120 poly-
peptide from many different HIV-1 strains or subtypes to
form “chimeric” gp140 trimers. Such chimeric trimers are
termed “UFO-BG” or “UFO*-BG” as exemplified herein.

[0044] Vaccine refers to a pharmaceutical composition
that elicits a prophylactic or therapeutic immune response in
a subject. In some cases, the immune response 1s a protective
immune response. Typically, a vaccine elicits an antigen-
specific immune response to an antigen of a pathogen, for
example a viral pathogen, or to a cellular constituent cor-
related with a pathological condition. A vaccine may include
a polynucleotide (such as a nucleic acid encoding a dis-
closed antigen), a peptide or polypeptide (such as a disclosed
antigen), a virus, a cell or one or more cellular constituents.
[0045] Virus-like particle (VLP) refers to a non-replicat-
ing, viral shell, derived from any of several viruses. VLPs
are generally composed of one or more viral proteins, such
as, but not limited to, those proteins referred to as capsid,
coat, shell, surface and/or envelope proteins, or particle-
forming polypeptides derived from these proteins. VLPs can
form spontaneously upon recombinant expression of the
protein 1n an appropriate expression system. Methods for
producing particular VLPs are known 1n the art. The pres-
ence of VLPs following recombinant expression ol viral
proteins can be detected using conventional techniques
known 1n the art, such as by electron microscopy, biophysi-
cal characterization, and the like. See, for example, Baker et

al. (1991) Biophys. J. 60:1445-1456; and Hagensee et al.
(1994) J. Virol. 68:4503-4505. For example, VLPs can be
1solated by density gradient centrifugation and/or identified
by characteristic density banding. Alternatively, cryoelec-
tron microscopy can be performed on vitrified aqueous
samples of the VLP preparation 1n question, and images
recorded under appropriate exposure conditions.

III. Novel Scaflolded HIV-1 Trimer Immunogens

[0046] The invention provides HIV-1 immunogens that
contain a heterologous scatiold that presents or incorporates
a trimeric HIV-1 Env-derived protein (e.g., gpl140 trimer)
and also a T-helper or linker sequence. In some embodi-
ments, the heterologous presenting scatlold 1s a self-assem-
bling nanoparticle. In some other embodiments, the heter-
ologous presenting scaflold i1s a virus-like particle (VLP)
such as bacteriophage Qg VLP. In some embodiments (as
exemplified in Example 1 herein), subunit of the trimeric
HIV-1 protein 1s linked to the N-terminus of the subunit of
the displaying scaflold (e.g., nanoparticle) via a linker

Jun. 22, 2023

sequence described herein, e.g., a T-helper epitope polypep-
tide that also functions to promote T cell recognition of the
fusion immunogen. In some other embodiments (as exem-
plified in Example 7 herein), subunit of the HIV-1 trimer
protein 1s connected (e.g., covalently linked) to the N-ter-
minus of subunit of the displaying scaflold, and a T-helper
or linker epitope 1s fused to the C-terminus of subunit of the
displaying scatlold (e.g., nanoparticle). In the latter embodi-
ments, the T-helper epitope can be fused to the nanoparticle
subunit via a short peptide spacer. This allows the formation
of a hydrophobic core inside the nanoparticle that functions
to stabilize the nanoparticle structure and to promote T cell
recognition of the fusion immunogen. In various embodi-
ments, the short peptide spacer can be, e.g., 1-5 repeats of
GGGGS (SEQ ID NO: 4), GSGSG (SEQ ID NO: 19), or any
peptide that 1s structurally flexible by nature. As exempli-
fication, T-helper epitope PADRE can be fused to the C-ter-
minus of the subunit of E2p and 13-01 with a 5-aa GGGGS
(SEQ ID NO: 4) spacer (Example 7). In addition to using a
short peptide spacer to fuse the T-helper epitope to the
C-terminus of the nanoparticle subunit, a second peptide
spacer or segment can be used to fuse the HIV-1 trimer to the
N-terminus of the nanoparticle subunit. For example, the
HIV-1 protein can be fused to the N-terminus of the dis-
playing nanoparticle subunit via, e.g., a single glycine
residue (“1G linker”) or 10-aa GGGGSGGGGS (SEQ ID
NO: 20) spacer exemplified herein (Example 7).

[0047] Any Env-derived HIV-1 trimer proteins can be
used 1n the nanoparticle-presented vaccine compositions.
The Env-derived trimer protein can be obtained from vari-
ous HIV-1 strains. In some embodiments, the nanoparticles
present a native trimeric form of HIV-1 Env based glyco-
proteins or domains, e.g., gp140, gpl120 or V1V2 domains.
In some embodiments, the Env-derived trimer 1s from HIV-1
strain BG503, e.g., the BG505. SOSIP.664 gpl140 trimer. In
some embodiments, the nanoparticles present a modified
opl40 trimer immunogen, ¢.g., a HRI1-modified gpl140
trimer (“UFO trimer”) described in Kong et al., Nat. Comm.
7, 12040, 2016. In some embodiments, the HIV-1 trimeric
immunogen used in the invention is a UFO*-BG trimer as
exemplified herein. UFO*-BG trimers are chimeric gp140
trimers containing (1) the BG505 gp4]l domain with a
redesigned HR1 N-terminal bend and a cleavage-site linker
(as described in Kong et al., Nat. Comm. 7, 12040, 2016)
and (2) the gp120 protein from one of other diverse HIV-1
strains or subtypes. In addition to the redesigned gp41 .-,
domain from the BG505 strain, the gp4l domain in the
chimeric gpl140 trimers suitable for the invention can also be
a consensus gp4l..r, domain derived from the HIV-1
sequence database.

[0048] In various embodiments, nanparticle displaying
any of these HIV-1 Env-derived immunogens can be con-
structed by fusing the trimer immunogen to the subunit of
the nanoparticle (e.g., 13-01, 1VLW derived polypeptide
sequences or ferritin subunit). The antigeniciy and structural
integrity of these nanoparticle based HIV-1 immunogens can
be readily analyzed wvia standard assays, e.g., antibody
binding assays and negative-stain electron microscopy
(EM). As exemplified herein, the various fusion molecules
can all self-assemble 1into nanoparticles that display immu-
nogenic epitopes of the Env-dertved trimer (e.g., gp140). By
cliciting a robust trimer-specific bnAbs, these nanoparticles
are useful for vaccinating individuals against a broad range

of HIV-1 viruses.
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[0049] In some embodiments, the scaflolded gp140 trimer
immunogens ol the invention contain a T-helper epitope that
functions as a linker to connect the gpl40 trimer to the
nanoparticle scaffold. In some other embodiments, the
T-helper epitope 1s fused to the C-terminus of the nanopar-
ticle subunit via a short peptide spacer and 1s encapsulated
inside the nanoparticle scaflold. The short peptide spacer
that can be employed 1n these embodiments can be, e.g.,
GGGGS (SEQ ID NO: 4), GSGSG (SEQ ID NO: 19), or any
other peptide that 1s structurally flexible by nature. In
addition to 1its role as a structural element of the scaffolded
immunogen, the T-helper epitope also provides an embed-
ded T-help signal to induce robust T-cell responses and to
stecer B cell development towards bNAbs. Any T-helper
epitope sequences or peptides known in the art may be
employed in the practice of the present invention. They
include any polypeptide sequence that contain MHC class-11
epitopes and can eflectively activate helper T cells upon
immunization. See, e.g., Alexander et al., Immunity 1,
751-761, 1994; Ahlers et al., J. Clin. Invest. 108:1677-16835,
2001 ; Fraser et al., Vaccine 32, 2896-2903, 2014; De Groot
et al., Immunol. Cell Biol. 8:255-269, 2002; and Gene Ther.
21: 225-232, 2014. In some preferred embodiments, the
employed T-helper epitope 1s a universal pan DR epitope
peptide (PADRE). In some of these embodiments, the linker
contains a sequence AKFVAAWTLKAAA (SEQ ID NO: 1),
a conservatively modified variant or substantially 1dentical
(e.g., at least 90%, 95% or 99% 1dentical) sequence thereof.
In some other embodiments, the employed T-helper epitope
1s the D T-helper epitope QSIALSSLMVAQAIP (SEQ ID
NO: 2) or the TpD epitope ILMQYIKANSKFIGIPMGLPQ-
SIALSSLMVAQ (SEQ ID NO: 3). In various embodiments,
the linker can contain a sequence as shown 1 SEQ ID NO:
2 or SEQ ID NO: 3, a substantially 1dentical (e.g., at least
90%, 95% or 99% i1dentical) sequence or a conservatively
substituted sequence thereof.

[0050] As noted above, the heterologous scaflold for pre-
senting or displaying the trimeric HIV-1 protein 1s preferably
a nanoparticle. Various nanoparticle platforms can be
employed in generating the vaccine compositions of the
invention. In general, the nanoparticles employed in the
invention need to be formed by multiple copies of a single
subunit. Additionally or alternatively, the amino-terminus of
the particle subunit has to be exposed and 1n close proximity
to the 3-fold axis, and the spacing of three amino-termini has
to closely match the spacing of the carboxyol-termini of
vartous HIV-1 trimeric components. In some preferred
embodiments, the immunogens comprise self-assembling
naoparticles with a diameter of about 20 nm or less (usually
assembled from 12, 24, or 60 sububits) and 3-fold axes on
the particle surface. Such nanoparticles provide suitable
particle platforms to produce multivalent HIV-1 trimer vac-
cines.

[0051] In some embodiments, the scaffolded gpl140 trimer
immunogens of the imvention are constructed with a hyper-
stable nanoparticle scaflold. For example, the self-assembly
nanoparticle can be generated with the I13-01 protein
described in Hsia et al., Nature 535, 136-139, 2016. The
amino acid sequence of this protein 1s shown 1n SEQ ID NO:
18. In some other embodiments, the hyperstable nanopar-
ticle scatlold may be based on a variant 01 13-01 as described
in Hsia et al. (supra), including a conservatively modified
variant or one with a substantially i1dentical (e.g., at least
90%, 95% or 99% i1dentical) sequence. In some embodi-
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ments, the linker sequence for connecting the gpl140 trimer
to the I3-01 derived nanoparticle platform contains a
T-helper epitope as described above. In some other embodi-
ments, a glycine-serine polypeptide 1s used as a second
peptide spacer for connecting the gpl140 trimer to the 13-01
derived nanoparticle platform, and a T-helper epitope 1is
fused to the C-terminus of the nanoparticle subunit via a
short peptide spacer. Such a structural design leads to the
creation ol a hydrophobic core inside the nanoparticle,
which enhances T-cell recognition of the gpl40 trimer
displayed on the nanoparticle surface. In various embodi-
ments, the short peptide spacer for linking the T-helper
epitope to the C-terminus of the nanoparticle subunit can be,
e.g., GGGGS (SEQ ID NO: 4), GSGSG (SEQ ID NO: 19),
or any other peptide that 1s structurally flexible by nature.

13-01 sequence (SEQ ID NO: 18} :
MHHHHHHGGS GGSGGSGGSMEKMEELFKKHKIVAVLRANSVEEAKKKALA

VELGGVHLIEITEFTVPDADTVIKELSFLKEMGATI IGAGTVTSVEQCRKA
VESGAEFIVSPHLDEEISQFCKEKGVEYMPGVMT PTELVKAMKLGHT I L
KLEPGEVVGPOQFVKAMKGPEFPNVKEVPTGGVNLDNYVCEWEFKAGVLAVGY

GSALVKGTPVEVAEKAKAFVEKIRGCTE

[0052] In some embodiments, the hyperstable nanopar-
ticles 1n the scaflfolded gpl40 trimer immunogens of the
invention are constructed with ferritin, a natural nanoparticle
from Helicobacter pyvlori. For example, the scaflolded
gpl40 trimer immunogens can contain a UFO*-BG trimer
that 1s linked to and presented on ferritin. In some of these
embodiments, the UFO2-BG trimer 1s directly connected to
the ferritin subunit without a linker sequence, as exemplified
herein. In some other embodiments, a linker sequence such
as a T-helper epitope or a simple glycine-serine linker may
be used. In some of these embodiments, a T-helper epitope
can be fused to the C-terminus of a nanoparticle subunit via
a short peptide spacer, which results 1n the formation of a
hydrophobic core within the nanoparticle scafiold. As
described herein, the short peptide spacer used in these
embodiments can be, e.g., GGGGS (SEQ ID NO: 4),
GSGSG (SEQ ID NO: 19), or any other peptide that i1s
structurally flexible by nature. Ferritin 1s a globular protein
found 1n all animals, bacteria, and plants. The globular form
of ferritin 1s made up of monomeric subunit proteins (also
referred to as monomeric ferritin subunits), which are poly-
peptides having a molecule weight of approximately 17-20
kDa. A monomeric ferritin subunit used 1n the mvention 1s
a full length, single polypeptide of a ferritin protein, or any
portion thereof, which i1s capable of directing self-assembly
of monomeric ferritin subunits into the globular form of the
protein. Amino 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 1s capable of selt-assembling
into a nanoparticle displaying HIV-1 epitopes on 1ts surface.
In addition to ferritin, the invention can also employ many
other seli-assembling nanoparticles with similar molecular
traits. These include, e.g., molecules with the following PDB
IDs: 111G (12-mer Dlp-2 from Bacillus anthracis), 1UVH
(12-mer DPS from Mycrobacterium smegmatis), 2YGD
(24-mer eye lens chaperone aB-crystallin), 3CS0 (24-mer
DegP24), 3MH6 and 3MH7 (24-mer HtrA proteases), 3PV2
(12-mer HtrA homolog Deg(QQ WT), 4A8C (12-mer Deg()
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from FE. coil.), 4A9G (24-mer DegQ from FE. coli.), 4EVE
(12-mer HP-NAP from Helicobacter pylori strain YS29),
and 4GQU (24-mer HisB from Mycobacterium tuberculo-
Sis).

[0053] In some embodiments, the scatfolded gpl140 trimer
immunogens of the mvention can be constructed with a
nanoparticle scaflold that 1s derived from protein 1VLW
(SEQ ID NO: 5) or 1ts variants as exemplified herein (SEQ
ID NOs: 6-17). In various embodiments, the nanoparticle
platiorm for constructing the scafiolded gp140 immunogens
of the mvention can be produced with a polypeptide
sequence that 1s a conservatively modified variant or a
substantially identical sequence of any one of SEQ ID NOs:
5-18. In some embodiments, the linker sequence for con-
necting the gp140 trimer to the 1VLW derived nanoparticle
platform contains a T-helper epitope as described above. In
some other embodiments, the linker for connecting the
opl140 trimer to the 1VLW dernived nanoparticle platform
contains a simple peptide sequence. For example, the scat-
tolded immunogens can be constructed with a glycine-serine
linker, e.g., a linker that contains 1 to 5 repeats (e.g., 1 or 2
repeats) ol GGGGS (SEQ ID NO: 4) or GSGSG (SEQ 1D
NO: 19). In some other embodiments, a T-helper epitope can
be fused to the C-terminus of the nanoparticle subunit via a
short peptide spacer to form a hydrophobic core inside the
nanoparticle. In various embodiments, the employed short
peptide spacer can be, e.g., GGGGS (SEQ ID NO: 4),
GSGSG (SEQ ID NO: 19), or any other peptide that is
structurally flexible by nature.

[0054] In some other embodiments, the nanoparticle scat-
fold for presenting HIV-1 trimer immunogens are rede-
signed variants of dihydrolipoyl acyltransierase (E2p) from
Bacillus stearothermophilus. E2p 1s a thermostable 60-meric
nanoparticle with a diameter of 23.2 nm and 12 large
openings separating the threefold vertices on the particle
surface. Nanoparticles formed with the redesigned E2p
variants for constructing the scafiolded HIV-1 trimer immu-
nogens of the imnvention have enhanced stability relative to
the wildtype E2p nanoparticles. In some embodiments, the
HIV-1 gp140 trimer can be connected to E2p nanoparticle
with a linker that contains a T-helper epitope described
above. In some other embodiments, a T-helper epitope can
be fused to the C-terminus of the E2p subunit via a short
peptide spacer so that the fully assembled E2p nanoparticle
encapsulate a hydrophobic core formed by the T-helper
epitope. The hydrophobic core also functions to enhance the
T-cell recognition of the gpl140 trimer on the E2p nanopar-
ticle surface. The short peptide spacer suitable for use in
these embodiments for linking E2p and the T-helper epitope
can be, e.g., GGGGS (SEQ ID NO: 4), GSGSG (SEQ ID
NO: 19), or any other peptide that 1s structurally flexible by
nature.

[0055] The scaflolded HIV-1 trimer immunogens of the
invention can be constructed 1n accordance with the proto-
cols described herein (e.g., Examples 1-7) and/or other
methods that have been described 1n the art, e.g., He et al.,
Nat. Comm. 7, 12041, 2016; and Kong et al., Nat. Comm.
7, 12040, 2016.

IV. Vectors and Host Cells for Expressing HIV-1 Vaccine
Immunogens

[0056] The invention provides polynucleotide sequences
that encode the HIV-1 vaccine immunogens and related
polypeptides as described herein, expression vectors that
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harbor the polynucleotide sequences, as well as host cells
that harbor the polynucleotides or expression constructs.
The cell can be, for example, a eukaryotic cell, or a
prokaryotic cell, such as an animal cell, a plant cell, a
bacterium, or a yeast. A variety ol expression vector/host
systems are suitable for expressing the fusion polypeptides
of the mmvention. Examples include, e.g., microorganisms
such as bacteria transformed with recombinant bacterio-
phage, plasmid or cosmid DNA expression vectors; yeast
transformed with yeast expression vectors; msect cell sys-
tems 1nfected with virus expression vectors (e.g., baculovi-
rus); plant cell systems transfected with virus expression
vector (e.g., cauliflower mosaic virus, CaMV; tobacco
mosaic virus, TMV) or transformed with bacterial expres-
sion vectors (e.g., T1 or pBR322 plasmid); or ammal cell
systems.

[0057] Vectors useful for the mnvention preferably contain
sequences operably linked to the fusion polypeptide coding
sequences that permit the transcription and translation of the
encoding polynucleotide sequences. Sequences that permait
the transcription of the linked fusion polypeptide encoding
sequences 1nclude a promoter and optionally also include an
enhancer element or elements permitting the strong expres-
sion of the linked sequences. The term “transcriptional
regulatory sequences” refers to the combination of a pro-
moter and any additional sequences conferring desired
expression characteristics (e.g., high level expression,
inducible expression, tissue- or cell-type-specific expres-
sion) on an operably linked nucleic acid sequence. The
promoter sequence can be constitutive or inducible.
Examples of constitutive viral promoters include the HSV,
TK, RSV, §V40 and CMYV promoters. Examples of suitable
inducible promoters include promoters from genes such as
cytochrome P4350 genes, heat shock protein genes, metallo-
thionein genes, hormone-inducible genes, such as the estro-
gen gene promoter, and the like.

[0058] In addition to promoter/enhancer elements, expres-
s1on vectors of the invention may further comprise a suitable
terminator. Such terminators include, for example, the
human growth hormone terminator, or, for yeast or fungal

hosts, the TPI1 (Alber & Kawasaki, ] Mol Appl Genet.
1:419-34, 1982) or ADH3 termunator (McKnight et al.,
1985, EMBO . 4: 2093-2099). Vectors useful for the
invention may also comprise polyadenylation sequences
(e.g., the SV40 or Ad5E1b poly(A) sequence), and transla-
tional enhancer sequences (e.g., those from Adenovirus VA
RNAs). Further, a vector useful for the invention may
encode a signal sequence directing the fusion polypeptide to
a particular cellular compartment or, alternatively, may
encode a signal directing secretion of the fusion polypeptide.

[0059] In some preferred embodiments, vectors express-
ing the vaccine immunogens of the invention are viral
vectors for mammalian expression. In general, any viral
vector that permits the introduction and expression of
sequences encoding the fusion HIV-immunogens of the
invention 1s acceptable for the imnvention. In various embodi-
ments, mammalian expression vectors can be used in the
practice of the mvention, including the adenoviral vectors,
the pSV and the pCMYV series of plasmid vectors, vaccinia
and retroviral vectors, as well as baculovirus. For example,
the HIV-1 vaccine immunogens of the invention can be
expressed from viral vector phCMV3.

[0060] Depending on the specific vector used for express-
ing the fusion polypeptide, various known cells or cell lines
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can be employed 1n the practice of the invention. The host
cell can be any cell into which recombinant vectors carrying
a fusion HIV-immunogen of the mmvention may be intro-
duced and wherein the vectors are permitted to drive the
expression of the fusion polypeptide 1s usetul for the mnven-
tion. It may be prokaryotic, such as any of a number of
bacterial strains, or may be eukaryotic, such as yeast or other
fungal cells, msect or amphibian cells, or mammalian cells
including, for example, rodent, simian or human cells. Cells
expressing the fusion polypeptides of the mvention may be
primary cultured cells, for example, primary human {ibro-
blasts or keratinocytes, or may be an established cell line,
such as NIH3T3, HEK293, HEK293T HelLa, MDCK, WI38,
or CHO cells. In some embodiments, the host cells for
expressing the HIV-1 vaccine immunogens of the mnvention
can be ExpiCHO cells or HEK293F cells as exemplified
herein. The skilled artisans can readily establish and main-
tain a chosen host cell type i culture that expresses the
fusion vaccine immunogens of the invention. Many other
specific examples of suitable cell lines that can be used 1n
expressing the fusion polypeptides are described in the art.
See, e.g., Smith et al., 1983, 1. Virol 46:584; Engelhard, et
al., 1994, Proc Nat Acad Sci1 91:3224; Logan and Shenk,
1984, Proc Natl Acad Sci, 81:3655; Schart, et al., 1994,
Results Probl Cell Differ, 20:125; Bittner et al., 1987,
Methods 1n Enzymol, 153:516; Van Heeke & Schuster,
1989, J Biol Chem 264:5503; Grant et al., 1987, Methods 1n
Enzymology 153:516; Brisson et al., 1984, Nature 310:311;
Takamatsu et al., 1987, EMBO J 6:307; Coruzzi et al., 1984,
EMBO J 3:1671; Broglie et al., 1984, Science, 224:838;
Winter J and Slmbaldl R M, 1991 Results Probl Cell Dafler.,
17:85; Hobbs S or Murry L E 1n McGraw Hill Yearbook of
Science and Technology (1992) McGraw Hill New York
N.Y., pp 191-196 or Weissbach and Weissbach (1988) Meth-
ods for Plant Molecular Biology, Academic Press, New
York, pp 421-463.

[0061] The fusion polypeptide-expressing vectors may be
introduced to selected host cells by any of a number of
suitable methods known to those skilled 1n the art. For the
introduction of fusion polypeptide-encoding vectors to
mammalian cells, the method used will depend upon the
form of the vector. For plasmid vectors, DNA encoding the
fusion polypeptide sequences may be introduced by any of
a number of transfection methods, including, for example,
lipid-mediated transtection (“lipofection”), DEAE-dextran-
mediated transfection, electroporation or calcium phosphate
precipitation. These methods are detailed, for example, in
Brent et al., supra. Lipofection reagents and methods suit-
able for transient transiection of a wide variety of trans-
formed and non-transformed or primary cells are widely
available, making lipofection an attractive method of intro-
ducing constructs to eukaryotic, and particularly mammalian
cells 1in culture. For example, Lipotect AMINE™ (Life Tech-
nologies) or LipoTaxi™ (Stratagene) kits are available.
Other companies oflering reagents and methods for lipofec-
tion 1include Bio-Rad Laboratories, CLONTECH, Glen
Research, InVitrogen, JBL Scientific, MBI Fermentas, Pan-

Vera, Promega, Quantum Biotechnologies, Sigma-Aldrich,
and Wako Chemicals USA.

[0062] For long-term, high-yield production of recombi-
nant fusion polypeptides, stable expression i1s preferred.
Rather than using expression vectors which contain viral
origins of replication, host cells can be transformed with the
tusion polypeptide-encoding sequences controlled by appro-
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priate expression control elements (e.g., promoter, enhancer,
sequences, transcription terminators, polyadenylation sites,
etc.), and selectable markers. The selectable marker in the
recombinant vector confers resistance to the selection and
allows cells to stably itegrate the vector mnto their chromo-
somes. Commonly used selectable markers include neo,
which confers resistance to the aminoglycoside G-418 (Col-
berre-Garapin, et al., J. Mol. Biol., 150:1, 1981); and hygro,
which confers resistance to hygromycin (Santerre, et al.,
Gene, 30: 147, 1984). Through appropnate selections, the
transiected cells can contain integrated copies of the fusion
polypeptide encoding sequence.

V. Pharmaceutical Compositions and Therapeutic
Applications
[0063] The invention provides pharmaceutical composi-

tions and related methods of using the scatiolded HIV-1
immunogen polypeptides or polynucleotides encoding the
vaccine polypeptides described herein for preventing and
treating HIV-1 infections. In some embodiments, the immu-
nogens disclosed herein are included 1n 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, other
therapeutic ingredients (for example, antibiotics or antiviral
drugs). Various pharmaceutically acceptable additives can
also be used 1n the compositions.

[0064] Some of the pharmaceutical compositions of the
invention are vaccines. For vaccine compositions, appropri-
ate adjuvants can be additionally included. Examples of
suitable adjuvants include, e.g., aluminum hydroxide, leci-
thin, Freund’s adjuvant MPL™ and IL-12. In some embodi-
ments, the scafiolded HIV-1 immunogens disclosed herein
can be formulated as a controlled-release or time-release
formulation. This can be achieved 1n a composition that
contains a slow release polymer or via a microencapsulated
delivery system or bioadhesive gel. The various pharmaceu-
tical compositions can be prepared in accordance with
standard procedures well known 1n the art. See, e.g., Rem-
ington’s Pharmaceutical Sciences, 19.sup.th Ed., Mack Pub-
lishing Company, Easton, Pa., 1995; Sustained and Con-

trolled Release Drug Delivery Systems, J. R. Robinson, ed.,
Marcel Dekker, Inc., New York, 1978); U.S. Pat. Nos.

4,652,441 and 4,917,893; 4,677,191 and 4,728,721; and
4,675,189.

[0065] Pharmaceutical compositions of the invention can
be readily employed 1n a variety of therapeutic or prophy-
lactic applications for treating HIV-1 infection or eliciting an
immune response to HIV-1 1 a subject. For example, the
composition can be administered to a subject to induce an
immune response to HIV-1, e.g., to induce production of
broadly neutralizing antibodies to HIV-1. For subjects at risk
of developing an HIV infection, a vaccine composition of
the mnvention can be administered to provide prophylactic
protection against viral infection. Depending on the specific
subject and conditions, 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, mntramuscular, subcutaneous, intra-
venous, intra-arterial, intra-articular, intraperitoneal, or par-
enteral routes. In general, the pharmaceutical composition 1s
administered to a subject 1n need of such treatment for a time
and under conditions suflicient to prevent, inhibit, and/or
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ameliorate a selected disease or condition or one or more
symptom(s) thereof. The immunogenic composition 1s
administered 1n an amount suilicient to induce an 1mmune
response against HIV-1. For therapeutic applications, the
compositions should contain a therapeutically eflective
amount of the scaflolded HIV-1 immunogen described
herein. For prophylactic applications, the compositions
should contain a prophylactically eflective amount of the
scaflolded HIV-1 immunogen described herein. The appro-
priate amount of the immunogen can be determined based
on the specific disease or condition to be treated or pre-
vented, severity, age of the subject, and other personal
attributes of the specific subject (e.g., the general state of the
subject’s health and the robustness of the subject’s immune
system). Determination of effective dosages 1s additionally
guided with animal model studies followed up by human
climical trials and 1s guided by administration protocols that
significantly reduce the occurrence or severity of targeted
disease symptoms or conditions in the subject.

[0066] For prophylactic applications, the immunogenic
composition 1s provided in advance of any symptom, for
example 1n advance of infection. The prophylactic admin-
istration of the immunogenic compositions serves to prevent
or ameliorate any subsequent infection. Thus, in some
embodiments, a subject to be treated 1s one who has, or 1s at
risk for developing, an HIV infection, for example because
of exposure or the possibility of exposure to HIV. Following
administration of a therapeutically eflective amount of the
disclosed therapeutic compositions, the subject can be moni-
tored for HIV-1 mfection, symptoms associated with HIV-1
infection, or both.

[0067] For therapeutic applications, the 1mmunogenic
composition 1s provided at or after the onset of a symptom
of disease or infection, for example after development of a
symptom ol HIV-1 infection, or after diagnosis of HIV-1
infection. The immunogenic composition can thus be pro-
vided prior to the anticipated exposure to HIV virus so as to
attenuate the anticipated severity, duration or extent of an
infection and/or associated disease symptoms, alter expo-
sure or suspected exposure to the virus, or after the actual
initiation of an infection.

[0068] The pharmaceutical composition of the ivention
can be combined with other agents known in the art for
treating or preventing HIV infections. These include, e.g.,
antibodies or other antiviral agents such as nucleoside
reverse transcriptase inhibitors, such as abacavir, AZT,
didanosine, emtricitabine, lamivudine, stavudine, tenofovir,
zalcitabine, zidovudine, and the like, non-nucleoside reverse
transcriptase inhibitors, such as delavirdine, efavirenz, nevi-
rapine, protease inhibitors such as amprenavir, atazanavir,
indinavir, lopinavir, nelfinavir, osamprenavir, ritonavir,
saquinavir, tipranavir, and the like, and fusion protein inhibi-
tors such as entuvirtide and the like. Administration of the
pharmaceutical composition and the known anti-HIV agents
can be either concurrently or sequentially.

[0069] The HIV-1 vaccine immunogens or pharmaceutical
compositions ol the mvention can be provided as compo-
nents of a kit. Optionally, such a kit includes additional
components including packaging, nstructions and various
other reagents, such as buflers, substrates, antibodies or
ligands, such as control antibodies or ligands, and detection
reagents. An optional instruction sheet can be additionally
provided in the kaits.
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EXAMPLES

[0070] The following examples are offered to illustrate,
but not to limit the present invention.

Example 1

Design and Characterization of UFO*-BG Trimers

[0071] A major obstacle faced by current trimer designs 1s
the deterioration of yield, purity, and stability once they are
extended from BG5035 to other strains. The solutions pro-
posed thus far include (1) punfication methods aimed to
separate native-like trimers from misfolded Env proteins,
such as bNAb athnity columns, negative selection, multi-
cycle SEC, and a combined chromatographic approach; and
(2) auxiliary mutations informed by atomic structures or
derived from library screening. However, these solutions are
empirical by nature and often result 1n suboptimal outcomes
such as reduced trimer yield and unexpected change 1n Env
properties. We previously identified an HR1 bend (residues
54'7-569) as the primary cause of Env metastability (Kong et
al., Nat. Comm. 7, 12040, 2016). Rational redesign of this
structurally stramned region in gp4l. .-, significantly
improved trimer yvield and purity for multiple HIV-1 strains,
yet still produced varying amounts of misfolded Env, sug-
gesting that other regions besides HR1 also contribute to
Env metastability. Thus, uncovering the source of these
‘secondary factors of metastability’ may prove crucial to
trimer design.

[0072] We hypothesized that all factors of Env metasta-
bility are encoded within gp4l..,,, and that BG505
op4l,. .., of the UFO design (termed UFO*-BG) can be

used to stabilize diverse HIV-1 Envs. To examine this
hypothesis, we selected ten Envs of five clade ornigins (A, B,
C, B/C, and A/E) from either a large panel of HIV-1
pseudoviruses or the available database, and also included
three Envs tested in our previous study (Kong et al., Nat.
Comm. 7, 12040, 2016). Of note, seven of the ten Envs
tested here were derived from tier-2/3 i1solates, posing a
significant challenge to trimer stabilization. For each Env,
the gp140 constructs of SOSIP, UFQ, and UFO*-BG designs
were expressed transiently in ExpiCHO cells, with furin
co-transtected for the SOSIP construct. Following GNL
purification, the SEC profiles of thirty gp140s were gener-
ated from a Superdex 200 16/600 column for comparison.
With the exception of BG305, all SOSIPs showed a signifi-
cant proportion of aggregates (40-50 ml), which was accom-
panied by extremely low yield and sometimes absence of the
trimer peak. UFOs notably improved the trimer yield and
purity except for clade A/E, with the most visible improve-
ment observed for clade C. UFO*-BG demonstrated out-
standing trimer purity and yield for eight of ten strains with
no or slight hints of dimers and monomers, covering all
seven tier-2/3 1solates. All thirty gp140 constructs were then
characterized by BN-PAGE. Overall, UFO*-BG dramati-
cally reduced the dimer and monomer contents with respect
to SOSIP and UFO, showing a trimer band across SEC
fractions, but occasionally with a faint band of lower
molecular weight. Based on this finding, we compared the
total Env protein obtained from a GNL column against the
trimer portion after subsequent SEC and fraction analysis by
BN-PAGE. Surprisingly, a simple step of GNL purification
yielded comparable purity for all but two UFO*-BG trimers
derived from a tier-2 clade-B strain and a tier-3 clade-B/C
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strain. Next, thermal stability was assessed for eight purified
UFO*-BG trimers by differential scanning calorimetry
(DSC). Notably, the DSC profiles exhibited a clade/strain-
specific pattern, with the thermal denaturation midpoint (T, )

ranging from 60.9 to 68.4° C. Among the eight trimers
tested, BG505—for which UFO*-BG is equivalent to

UFO—yvielded the highest T (68.4° C.), which was fol-
lowed by two clade-C trimers (65.2-66.2° C.). In the absence
of additional cavity-filling mutations and disulfide bonds,
the DSC data reflected, 1n large part, the thermal stability of
WT Envs. Of note, the CN54 UFO and UFO*-BG constructs
tested here contains 14 mutations (CN54M14), which
reduce aggregates for 293 F-produced trimers. In addition,
four UFO*-BG trimers of clades B, C, and B/C were selected
for expression 1 293 F cells and SEC purification. The
results indicate that UFO*-BG can improve trimer properties
irrespective of the cell lines used but only reach the highest
purity when used 1n conjunction with the ExpiCHO system,
consistent with our finding for BG305.

[0073] The results thus confirm our hypothesis that
op4dl .- 15 the sole source of Env metastability and BG305
opdl .-, of the UFO design can stabilize diverse HIV-1
Envs. The nearly identical trimer purity prior to and follow-
ing the SEC purification suggests a simple, robust, and
cost-effective manufacturing process for the UFO*-BG trim-
ers. The inherent timer purity will also accelerate the devel-

opment and clinical testing of nucleic acid vaccines express-
ing the UFO*-BG trimers.

Example 2

Nanoparticle Presentation of UFO*-BG Trimers
From Diverse Subtypes

[0074] Following our previously reported design strategy
(He et al., Nat. Comm. 7, 12041, 2016), we 1nvestigated

whether the UFO*-BG trimers derived from diverse HIV-1
strains can be displayed on the 24-meric ferritin (FR)
nanoparticle. We hypothesize that BG305 gp41 .., of the
UFO design can facilitate both gpl40 trimerization and
nanoparticle assembly (FIG. 1A). To test this hypothesis, we
designed eight UFO*-BG-FR constructs with the C terminus
of gp41 ., (residue 664) fused to the N terminus (Asp5) of
a ferritin subunit. The resulting fusion constructs were
expressed transiently in ExpiCHO cells followed by a
simple purification using the 2G12 afhnity column. BN-
PAGE displayed a distinctive band of high molecular weight
corresponding to well-formed UFO*-BG-FR nanoparticles
for all eight strains studied. Consistently, nanoparticle
assembly was confirmed by negative-stain EM, showing a
visible particle core decorated with a regular array of gp140
trimers protruding from the surface. The DSC analysis
indicated high thermal stability for UFO*-BG-FR nanopar-
ticles derived from all five subtypes, with T ranging from
68 to 70° C. The antigenicity of UFQ?-BG-FR nanoparticles
was assessed for five representative designs using a panel of
s1X bNAbs and four non-NAbs. Overall, multivalent display
has retained, and 1n some cases enhanced, the native-like
trimer antigenicity, showing patterns specific to the epitopes
as well as subtypes. For the V2 apex, all five nanoparticles
bound to PGDM1400 with comparable or notably higher
aflinity than imdividual trimers, confirming that trimers dis-
played on nanoparticle surface adopt native-like, closed
conformations. For HO78.14, the restored bNAb binding

could be explained by a shift of conformational equilibrium
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influenced by neighboring trimers on the nanoparticle sur-
face, whereas for Dul72.17 and 93JP _NHI1 the increased
allinity was likely a result of avidity eflect. By contrast, little
improvement was observed for nanoparticle binding to
another apex bNAb, PG16. For the N332 supersite and
CD4bs, multivalent display exhibited a more favorable
effect on the H078.14 UFO”-BG trimer. For the gp120-gp41
interface, while all UFO’*-BG-FR nanoparticles retained
their trimer binding to PGT151, which recruits elements of
two adjacent gpl40 protomers, a cross-clade reduction of
binding signal was observed for 35022, which interacts with
only one protomer. For non-NAbs, nanoparticles exhibited
binding profiles resembling those of trimers.

[0075] We next examined the utility of a 60-unit hyper-
stable nanoparticle, I3-01 (Hsia et al., Nature 535, 136-139,
2016), for multivalent display of native-like Env trimers. In
terms of symmetry (dodecahedron) and size (25 nm), 13-01
closely resembles the 60-meric E2p nanoparticle tested 1n
our previous study, but with greater stability (FIG. 1E, left).
However, the large spacing between the N termini of 13-01
subunits, ~50.5 A, requires a long linker to connect with the
C termim of the gpl40 trimer (FIG. 1E, middle). We
hypothesize that a T-helper epitope may be used not only as
a linker between gp140 and an I13-01 subunit but also as an
embedded T-help signal to induce robust T-cell responses
and to steer B cell development towards bNAbs. To test this
hypothesis, a Pan DR epitope peptide (PADRE),
AKFVAAWTLKAAA (SEQ ID NO: 1) (Alexander et al.,
Immunity 1, 751-761,1994) and two recently reported
T-helper epitopes, D and TpD (Fraser et al., Vaccine 32,
2896-2903, 2014), were selected for evaluation (FIG. 1FE,
right). Three fusion constructs were designed that contain
the HR1-redesigned BG505 gp140 (Kong et al., Nat. Comm.
7, 12040, 2016), a T-helper epitope, and the 13-01 subunait.
Following furin co-expression in ExpiCHO cells, the 2G12-
purified material was characterized by SEC (FIG. 1F).
Remarkably, the 13-01 construct that contains PADRE pro-
duced high-purity nanoparticles, as further confirmed by
BN-PAGE (FIG. 1G) and negative-stamn EM (FIG. 14).
When evaluated using the same panel of bNAbs and non-
NAbs, this nanoparticle exhibited an outstanding antigenic
profille with a strong PG16 binding that has not been
observed for any nanoparticles tested thus far (FIG. 11).
[0076] In summary, our results demonstrate that the
UFO*-BG trimers of diverse HIV-1 strains can be displayed
on ferritin nanoparticle. In addition, the use of a hyperstable
nanoparticle such as 13-01 and a T-helper epitope provide a
novel platform for developing multivalent HIV-1 vaccines
with more balanced T and B cell responses.

Example 3

Nanoparticles Potently Activate B Cells Expressing
bNAbs

[0077] Previously, we demonstrated that various BG305
opl20 and gpl40 nanoparticles could engage B cells
expressing cognate VRCO1 receptors (He et al., 2016). In
this study, we assessed the B cell activation by five UFO?-
BG-FR nanoparticles and a BG505 gpl140-PADRE-13-01
nanoparticle with respect to individual trimers (FIG. 2). B
cells expressing bNAbs PGT145, VRCO1, and PGT121 (Ota
et al., J. Immunol. 189, 4816-4824, 2012) were used 1n the
assay. Overall, trimer-presenting nanoparticles could stimu-
late bNAb-expressing B cells more eflectively than indi-
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vidual trimers, with peak signals approaching the maximal
activation by 1onomycin. However, the results also revealed
a pattern pertinent to the epitope examined: when tested 1n
B cells expressing PGT121, which recognize the N332
supersite, some trimers and all nanoparticles rendered
detectable Ca** flux signals; by contrast, none and few
trimers activated B cells expressing PGT145 and VRCOI,
which target the V2 apex and the CD4bs, respectively. Of
note, the stimulation of PGT145-expressing B cells by the
H078.14 UFO*-BG-FR nanoparticle provides further evi-
dence that the apex can be restored by multivalent display
without V2 mutation, consistent with the BLI data (FIG.
1D). A similar effect was also observed for the clade-A/E
03JP_NH1 UFO*-BG-FR nanoparticle, which bound to
PGT121 only weakly by BLI but induced a visible, long-
lasting Ca** flux signal in PGT121-expressing B cells,
suggesting that cross-linking of B cell receptors (BCRs) on
cell surface may ofler additional help to overcome the
inherent low aflinity. Together, by combining biochemical,
structural, and antigenic approaches with B cell activation
assays, we established a panel of gp140 nanoparticles that
should permit mvestigation of their vaccine potential 1n
VIVO.

Example 4

Induction of Autologous Neutralizing Antibodies in
Wildtype Mice

[0078] Immunogenicity has been assessed for various
forms of native-like Env trimers. When wild-type mice were
immunized with SOSIP trimers, no autologous tier-2 NAb
response to BG505.N332 was observed over a period of
eighteen weeks (Hu et al., J. Virol. 89, 10383-10398, 2015).
It was concluded that the glycan shield of well-formed Env
trimers 1s 1mpenetrable for murine antibodies due to their
short heavy-chain complementarity-determining region 3
(HCDR3) loops. Nonetheless, tier-2 NAbs were reported to
be elicited by modified BG305 SOSIP trimers 1n mice with
knock-in bNAb precursors. Using vaccination regimens
spanning six months to one year, native-like trimers were
also reported to induce an autologous tier-2 NAb response 1n
rabbits and a weaker such response in macaques (de Taeye

et al., 2015; Klasse et al., 2016; Martinez-Murillo et al.,
2017; Pauthner et al., 2017; Sanders et al., 20135). Therelore,
the induction of tier-2 NAbs remains a significant challenge
to HIV-1 vaccine development, particularly in the WT
mouse model.

[0079] Here, we immunized the WT BALB/c mice with
BG505 gpl140 trimers and nanoparticles containing an HR1
redesign—the core of UFO design (Kong et al., 2016a)—
using a simple six-week regimen and a serum IgG purifi-
cation procedure to eliminate non-specific antiviral activity
(FIG. 3A). PIKA, an human adjuvant that has shown
enhanced T-cell and antibody responses in a phase-I rabies
vaccine trial (Wnaya et al., 2017), was used to provide a
human-compatible vaccine formulation. A total of eight
trimers and four nanoparticles were tested (FIG. 3B, top),
with group-combined serum IgGs assessed for antigen bind-
ing by ELISA (FIG. 3B, bottom). One V1V2 and two N332
nanoparticle probes were utilized to gauge B cell responses
to the apex and the N332 supersite, respectively (Morris et
al., 2017). We first examined mouse I1gGs elicited by 293 F
and ExpiCHO-produced trimers (S1G3 and S1G4), which
exhibited diflerential binding to the 293 F-produced probes,

confirming the cell line-specific patterns ol glycosylation
and B cell response (FIGS. 1D and 1E). Consistent with our

previous report (Morris et al., 2017), three scafiolded gp140.
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681 trimers elicited strong IgG responses 1n mice, as 1ndi-
cated by the lower EC50 values (S1G5, S1G6, and S1G7).
The ferritin nanoparticle (S2G1) appeared to elicit a stronger
antibody response to the N332 supersite, suggesting a posi-
tive effect of multivalent display. All three gp140-T-epitope-
[3-01 nanoparticles (52G3, S2G6, and S2G7) outperformed
their respective trimers containing PADRE, D, and TpD
epitopes at the C terminus (S1G8, S1G9, and S1G10).
Lastly, serum IgGs from twelve immunized groups were
tested for HIV-1 neutralization at an Ig(G concentration of
3-8 mg/ml 1n the imtial screening, with a naive group
included as control (S1G10) (FIG. 3C). In contrast with the
previous negative report (Hu et al., supra), neutralization of
autologous tier-2 BG305.N332 was observed for a scal-
folded gpl140.681 trimer (S1G5), a ferritin nanoparticle
(S2G1), and two I3-01 nanoparticles (S2G35 and S2G6).
When tested at a lower IgG concentration (1 mg/ml), S1G5
showed a borderline neutralization just below the threshold
(FIG. 3D), whereas one subject in S2G1 (FIG. 3E) and two
subjects 1n S2G5 appeared to have developed NAbs to the
autologous tier-2 BG305.N332 (FIG. 3F). In particular, the
opl140-PADRE-I3-01 nanoparticle not only exhibited out-
standing purity, structural homogeneity, and antigenicity
(FIGS. 1, E-I), but also yielded an IC50 value indicative of
rapid development of tier-2 NAbs after merely e1ght weeks.
These data suggest that immunization with the gpl140-
PADRE-I3-01 nanoparticle could induce a more potent
tier-2 NAb response than current trimer vaccines, likely also
with improved breadth, in rabbits, NHPs, and humans.

Example 5

Other Hyperstable Nanoparticles for Presenting
HIV-1 gp140 Trimer

[0080] In addition to the I3-01 nanoparticle, we also
examined other stable nanoparticles for constructing the
opl40-T helper epitope-nanoparticle platform HIV-1 vac-
cine immunogens described herein. Specifically, we tested a
protein “2-Dehydro-3-Deoxyphosphogluconate Aldolase4-
Hydroxy-2-Oxoglutarate Aldolase (Tm0066) From 7hermo-
toga maritima” with a 2.30 A-resolution crystal structure
(PDB ID: 1VLW). The 1VLW-encoding gene sequence was
used as a basis, with the 2.30 A-resolution crystal structure
used as the backbone, to design proteins that may automati-
cally assemble 1nto 60-meric nanoparticles with more desir-
able properties than 13-01. Fleven amino acids within the
I1VLW sequence (SEQ ID NO: 5) were subjected to the
ensemble-based protein design, or visual inspection fol-
lowed by manual design. Twelve designed 1VLW mutants
were synthesized (SEQ ID NOs: 6-17). Construction of
op140 trimer displayed on nanoparticles of these sequences,
expression of the nanoparticle immunogens, and their
immunogenicity are examined via the same protocols as that
described above for the gpl40-PADRE-I3-01 nanoparticle
Immunogen.
[0081] 1VLW wildtype amino acid sequence (SEQ ID
NO: 5) (residues subject to redesign are underscored):
[0082] MKMEELFKKHKIVAVLRANSVEEAKEKA -
LAVFEGGVHLIEITFTVPDADTVIKELSFL KEK-
GAIIGAGTVTSVEQCRKAVESGAEFIVSPHLDEE-
ISQFCKEKGVEFYMPGVMTPTE
LVKAMKLGHTILKLFPGEVVGPQFVKA-
MKGPFPNVKEFVPTGGVNLDNVCEWFKAGVLA
VGVGSALVKGTPDEVREKAKAFVEKIRGCTE
[0083] Redesigned 1VLW variants for displaying gp140
trimer (SEQ ID NOs: 6-17) (modified residues are double

underlined):
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>1VLIW-551
(SEQ ID NO: 6)
MKMEELFKKHKIVAVLRANSVEEAKEKALAVEFLGGVHLIEITFTVPDADTVIKELSEFL

KEMGAI IGAGTVITSVEQCRKAVESGAEFIVSPHLDEEISQFCKEKGVEFYMPGVMTPTE

LVKAMKLGHT ILKLEFPGEVVGPQFVKAMKGPEPNVKEVPTGGVNLDNVCEWEFKAGV LA
VGVGSALVKGTPCEVACKARAFVEKIRGCTE

>1VLW-MUT

(SEQ ID NO: 7)

MKMEELFKKHKIVAVLRANSVEEAKWKALAVF IGGVHLIEITFTVPDADTVIKELSFEFL

KELGAI IGAGTVTSVEQCRKAVESGAERFIVSPHLDEREISQFCKEKGVEFYMPGVMTPTE

LVKAMKLGHT ILKLEFPGEWWGPQEFVKAMKGPEPNVKEVPTGGVNLDNVCEWEFKAGV LA
VGVGSALVKGTPAERVVEKARAFVEKIRGCTE

>1VLW-JZ1

(SEQ ID NO: 8)
MKMEELFKKHKIVAVLRANSVEEAKMKALHVFSGCGVHLIEITFTVPDADTVIKELSFL

KEQGAI IGAGTVTSVEQCRKAVESGAEFIVSPHLDEEI SQFCKEKGVFYMPGVMTPTE
LVKAMKLGHTILKLFPGEVVGPQFVKAMKGPFPNVKFVPTGGVNLDNVCEWFKAGVLA
VGVGESALVKGTWDEVSRKAKAFVEKIRGCTE

>1VLW-JZ2

(SEQ ID NO: 9)

MKMEELFKKHKIVAVLRANSVEEAKWKALHVF TGGVHLIEITFTVPDADTVIKELSFL

KEQGAI IGAGTVTSVEQCRKAVESGAEFIVSPHLDEEI SQFCKEKGVFYMPGVMTPTE
LVKAMKLGHTILKLFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVCEWFKAGVLA
VGVGSALVKGTWHEVAAKAKAFVEKIRGCTE

>1VLW-JZ3

(SEQ ID NO: 10)
MKMEELFKKHKIVAVLRANSVEEAKMKALHVFTGGVHLIEITFTVPDADTVIKELSFL

KEWGAT IGAGTVITSVEQCRKAVESGAEFIVSPHLDEEISQFCKEKGVEFYMPGVMTPTER

LVKAMKLGHT ILKLEFPGEVVGPQFVKAMKGPEPNVKEFVPTGGVNLDNVCEWEFKAGV LA

VGVGSALVKGTWDEVAAKAKAFVEKIRGCTE
>1VLW-JZ4
(SEQ ID NO: 11)

MKMEELFKKHKIVAVLRANSVEEAKKKALAVFLAGVHLIEITFTVPDADTVIKELSFL

KEMGAI IGAGTVTSVEQCRKAVESGAEFIVSPHLDEEI SQFCKEKGVFYMPGVMTPTE
LVKAMKLGHTILKLFPGEWWCPQFVKAMKGPFPNVKFVPTGGVNLDNVCEWFKAGVLA
VGVGSALVKGTVVEVAAKAAAFVEKIRGCTE

>1VLW-JZ5

(SEQ ID NO: 12)
MKMEELFKKHKIVAVLRANSVERAKKKALAVFLGGVHLIEITFTVPDADTVIKELSFEFL

KEMGAI IGAGTVTSVEQCRKAVESGARFIVSPHLDEREISQFCKEKGVEFYMPGVMTPTE
LVKAMKLGHT ILKLEFPGEWWGPQEFVKAMKGPEPNVKEVPTGGVNLDNVCEWEFKAGV LA
VGVGESALVKGTIVEVAAKAAAFVEKIRGCTE

>1VLW-JZ6

(SEQ ID NO: 13)
MKMEELFKKHKIVAVLRANSVEREAKKKALAVFLGGVHLIEITFTVPDADTVIKELSFEFL

KEMGAI IGAGTVTSVEQCRKAVESGAERFIVSPHLDEREISQFCKEKGVEFYMPGVMTPTE
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-continued
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LVKAMKLGHT ILKLEFPGEVVGPQFVKAMKGPEPNVKEFVPTGGVNLDNVCEWEFKAGV LA

VGVGSALVKGTWVEVAAKAAAFVEKIRGCTE

>1VLW-J47

(SEQ ID NO: 14)

MKMEELFKKHKIVAVLRANSVERAKMKALOVEFVGGVHLIEITFTVPDADTVIKELSEFL

KEAGAI IGAGTVTSVEQCRKAVESGAEFIVSPHLDEEI SQFCKEKGVEYMPGVMTPTE

LVKAMKLGHT ILKLEFPGEVVGPQFVKAMKGPEPNVKEVPTGGVNLDNVCEWEFKAGV LA

VGVGSALVKGTLAEVAAKAEAFVEKIRGCTE

>1VLW-JZ8

(SEQ ID NO: 15)

MKMEELFKKHKIVAVLRANSYVEEAKWKALHVFVGGVHLIEITFTVPDADTVIKELSFEFL

KEAGATI IGAGTVISVEQCRKAVESGAEFIVSPHLDEEISQFCKEKGVEFYMPGVMTPTE

LVKAMKLGHT ILKLFPGEVVGPOQEFVKAMKGPFPNVKEFVPTGGVNLDNVCEWFKAGV LA

VGVGESALVKGTWAEVAAKARAFVEKIRGCTE

>1VLW-JZ49

(SEQ ID NO: 16)

MKMEELFKKHKIVAVLRANSVEEAKMKALAVEFVGGVHLIEITFTVPDADTVIKELSEL

KELGAI IGAGTVISVEQCRKAVESGAEFIVSPHLDEEISQFCKEKGVEFYMPGVMTPTER

LVKAMKLGHT ILKLFPGEVVGPOQFVKAMKGPFPNVKEFVPTGGVNLDNVCEWEFKAGV LA

VGVGSALVKGTIAEVAAKAAAFVEKIRGCTE

>1VLW-JZ210

(SEQ ID NO: 17)

MKMEELFKKHKIVAVLRANSVEREAKMKALAVE YGGVHLIEITFTVPDADTVIKELSFEFL

KEAGAI IGAGTVTSVEQCRKAVESGAEFIVSPHLDEEI SQFCKEKGVEYMPGVMTPTE

LVKAMKLGHT ILKLEFPGEVVGPQFVKAMKGPEPNVKEVPTGGVNLDNVCEWEFKAGV LA

VGVGSALVKGTEVEVAAKAAAFVEKIRGCTE

Example 6

Some Exemplified Experimental Procedures

[0084] Antibodies: We utilized a panel of bNAbs and
non-NAbs to characterize the antigenicity of various native-
like trimers and gpl40 nanoparticles. Antibodies were
requested from the NIH AIDS Reagent Program except for
bNAbs PGDM1400, PGT145, PGT121 and PGT151, and
non-NAb 19b, which were obtained internally 1n the Scripps
Research Institute.

[0085] Expression and purification of HIV-1 Env trimers
and nanoparticles: Trimers were transiently expressed in
HEK?293 F or ExpiCHO cells (Thermo Fisher) except for
maternals used for crystallographic analysis. The protocol
used for trimer production in HEK293 F cells has been
described previously (Kong et al., supra; Morris et al., mBio
8, €00036-00017, 2017). For cleaved HR1-redesigned trim-
ers, the furin plasmid was added during transfection. The
protocol used for trimer and nanoparticle production in
ExpiCHO cells 1s described as follows. Brietly, ExpiCHO
cells were thawed and incubated with ExpitCHO™ Expres-
sion Medium (Thermo Fisher) 1in a shaker incubator at 37°
C., with 135 rpm and 8% CO,. When the cells reached a
density of 10x10° ml™", ExpiCHO™ Expression Medium

was added to reduce cell density to 6x10° ml™" for trans-
fection. The ExpiFectamine™ CHO/plasmid DNA com-
plexes were prepared for 200 ml transfection 1n ExpiCHO
cells following the manufacturer’s instruction. For SOSIP
and HR1-redesigned trimers as well as the 13-01 nanopar-
ticles presenting a BG505 HR1-redesigned trimer, 160 ug of
antigen plasmid, 60 ug of furin plasmid, and 640 ul of
ExpiFectamine™ CHO reagent were mixed i 15.4 ml of
cold OptiPRO™ medium (Thermo Fisher), whereas for
UFO and UFO” trimers as well as UFO*-BG-FR nanopar-
ticles, 200 ug of antigen plasmid was used without furin.

After the first feed on day 1, ExpiCHO cells were cultured
in a shaker incubator at 32° C with 120 rpm and 8% CO,

following the Max Titer protocol with an additional feed on
day 5 (Thermo Fisher). Culture supernatants were harvested
13 to14 days after transiection, clarified by centrifugation at
4000 rpm for 20 min, and filtered using a 0.45 um filter
(Thermo Fisher). For timers, Env protein was extracted from
the supernatants using a Galanthus nivalis lectin (GNL)
column (Vector Labs), whereas for nanoparticles, Env-
fusion protein was purified using a 2G12 aflinity column.

Trimers might be further purified by size exclusion chro-
matography (SEC) on a Superdex 200 Increase 10/300 GL
column or a HilLoad 16/600 Superdex 200 PG column (GE

Healthcare). The punity of 13-03 nanoparticles was charac-
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terized by SEC on a Superose 6 10/300 GL column. For both
trimers and nanoparticles, protein concentration was deter-
mined using UV,., absorbance with theoretical extinction
coellicients.

[0086] Analysis of total and site-specific glycosylation
profiles: The total glycan profiles of ExpiCHO and 293
F-produced trimers were generated by HILIC-UPLC.
N-linked glycans were enzymatically released from enve-
lope glycoproteins via im-gel digestion with Peptide-N-
Glycosidase F (PNGase F), subsequently fluorescently
labelled with 2-aminobenzoic acid (2-AA) and analyzed by
HILIC-UPLC. Digestion of released glycans with Endo H
enabled the quantitation of oligomannose-type glycans. The
compositions of the glycans were determined by analyzing
released glycans from trimers by PNGase F digestion using,
ion mobility MS. Negative ion mass, collision-induced
dissociation (CID) and 1on mobility spectra were recorded
with a Waters Synapt G251 mass spectrometer (Waters
Corp.) fitted with a nano-electrospray 1on source. Waters
Driftscope (version 2.8) software and MassLynx™ (version
4.1) was used for data acquisition and processing. Spectra
were 1nterpreted as described previously (Harvey et al.,
Anal. Biochem. 376, 44-60, 2008). The results obtained
served as the basis for the creation of sample-specific glycan
libraries, which were used for subsequent site-specific
N-glycosylation analyses. For site-specific N-glycosylation
analysis, before digestion, trimers were denatured and alky-
lated by incubation for 1 h at room temperature (RT) 1n a 50
mM Trs/HCI, pH 8.0 bufler containing 6 M urea and 5 mM
dithiothreitol (DTT), followed by the addition of 20 mM
iodacetamide (IAA) for a further 1 h at RT 1n the dark, and
then additional DTT (20 mM) for another 1 h, to eliminate
any residual IAA. The alkylated trimers were buller-ex-
changed mto 50 mM 'Tris/HCI, pH 8.0 using Vivaspin
columns and digested separately with trypsin and chy-
motrypsin (Mass Spectrometry Grade, Promega) at a ratio of
1:30 (w/w). Glycopeptides were selected from the protease-
digested samples using the ProteoExtract Glycopeptide
Enrichment Kit (Merck Millipore). Enriched glycopeptides
were analyzed by LC-ESI MS on an Orbitrap fusion mass
spectrometer (Thermo Fisher Scientific), using higher
energy collisional dissociation (HCD) fragmentation. Data
analysis and glycopeptide identification were performed
using Byonic™ (Version 2.7) and Byologic™ software
(Version 2.3; Protein Metrics Inc.).

[0087] BN-PAGE: Env proteins and nanoparticles were
analyzed by blue native polyacrylamide gel electrophoresis
(BN-PAGE) and stained with Coomassie blue. The protein
samples were mixed with G250 loading dye and added to a
4-12% Bis-Tris NuPAGE gel (Life Technologies). BN-
PAGE gels were run for 2.5 hours at 150 V using the
NativePAGE™ running builer (Life Technologies) accord-

ing to the manufacturer’s instructions.

[0088] Daifierential scanning calorimetry (DSC): Thermal
stability of UFOQ*-BG trimers, UFO~-U trimers, and trimer-
presenting nanoparticles was measured using a MicroCal
VP-Capillary calorimeter (Malvern) in PBS bufler at a
scanning rate of 90° C.h™' from 20° C. to 120° C. Data were

analyzed using the VP-Capillary DSC automated data analy-
s1s soltware.

[0089] Protein production and purification for crystalliza-
tion: The clade-B tier-3 H078.14 UFO*-BG trimer was
expressed 1n FreeStyle 293 S cells and purified from culture
supernatant using a 2G12-coupled athnity matrix followed
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by size exclusion chromatography (SEC). Fabs PGT124 and
35022 were transiently transiected into mammalian Free-
Style 293F cells (Invitrogen) and purified using a LC-A
capture select column, prior to further purification by 1on
exchange chromatography and SEC on a Superdex 200
16/60 column. The trimer complexes were prepared by
mixing H078.14 UFO*-BG trimer protein with PGT124 and
35022 at a molar ratio of 1:3:2 for 30 min at room
temperature. To decrease heterogeneity on trimer com-
plexes, deglycosylation was carried out on H078.14 UFO*-
BG.664 produced in 293S cells with Endoglycosidase H
(New England Biolabs) overnight at 4° C. The trimer
complexes were subjected to crystal trials after further
purification of the complexes by SEC.

[0090] Protein crystallization and data collection: The
SEC-purified H078.14 UFO*-BG trimer complexes was
concentrated to ~5 mg/ml before subjected to extensive
crystallization trials at both 4° C. and 20° C. Crystals for
protein complex containing Fab PGT124 and 35022 bound
to UFO*-BG trimer were obtained from 0.1 M calcium
acetate, 0.1 M MES (pH 6.0), 15% (v/v) PEG400, and
harvested and cryo-protected with 25% glycerol, followed
by immediate flash cooling 1n liquid nitrogen. In current
condition, the best crystal was diffracted to 6.20 A resolution
and the data was collected at beamline 12-2 at the Stanford
Synchtron Radiation Lightsource, processed with HKI -
2000, and indexed 1n space group P65 with 99.7% complete-
ness with unit cell parameters a=b=129.3 A, c=314.5 A.

[0091] Structure determination and refinement: The HO7S8.
14 UFO*-BGtrimer structure bound to PGT124 and 35022
were solved by molecular replacement (MR) using Phaser
with the one protomer of 35022:BG505 SOSIP.664 struc-
ture (PDB: 5CEZ), and PGT124 Fab structure (PDB: 4R26).
The structures were refined using Phenix, with Coot used for
model building and MolProbity for structure validation. Due
to the limited resolution of the datasets, two B-Tactor groups
per residue refinement were used. Furthermore, positional
coordinate refinement was enforced using a reference model
set of restraints. The final R ., and R, values for complex
structure are 25.0% and 31.4%. Figures were generated with
PyMol and Chimera. In the crystal structure, the residues
were numbered according to the Kabat definition for FAbs

and according to the HXBc2 system for gp140.

[0092] Negative-stain electron microscopy: UFO*-BG
trimers and trimer-presenting nanoparticles were analyzed
by negative-stain EM. A 3 uL. aliquot containing ~0.01 mg
ml~" of the trimers or nanoparticles was applied for 15 s onto
a carbon-coated 400 Cu mesh grid that had been glow
discharged at 20 mA for 30 s, then negatively stained with
2% (w/v) uranyl formate for 30 s. Data were collected using
a FEI Tecna1 Spirit electron microscope operating at 120 KV,
with an electron dose of ~25 e A~ and a magnification of
52,000 that resulted in a pixel size of 2.05 A at the
specimen plane. Images were acquired with a Tietz 4 kx4 k
TemCam-F416 CMOS camera using a nominal defocus of
1500 nm and the Leginon package. UFO*-BG trimer patr-
ticles were selected automatically from the raw micrographs
using DoG Picker, while trimer-presenting nanoparticles
were selected manually using the Appion Manual Picker.
Both were put 1nto particle stack using the Appion software
package. Reference-Iree, two-dimensional (2D) class aver-
ages were calculated using particles binned by two wvia
iterative multivariate statistical analysis (MSA)/multirefer-
ence alignment (MRA) and sorted into classes. To analyze
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the quality of the trimers (native-like and non-native), the
reference free 2D class averages were examined by eye as

previously described (de Taeye et al., Cell 163, 1702-1715,
2015).

[0093] Bio-Layer Interferometry (BLI): The kinetics of
trimer and nanoparticle binding to bNAbs and non-NAbs
was measured using an Octet Red96 instrument (forteBio,
Pall Life Sciences). All assays were performed with agita-
tion set to 1000 rpm 1n forteBio 1x kinetic buffer. The final
volume for all the solutions was 200 ul per well. Assays were
performed at 30° C. 1n solid black 96-well plates (Geiger
Bio-One). 5 ug ml™ of antibody in 1x kinetic buffer was
loaded onto the surface of anti-human Fc Capture Biosen-
sors (AHC) for 300 s. A 60 s biosensor baseline step was
applied prior to the analysis of the association of the
antibody on the biosensor to the antigen in solution for 200
s. A two-fold concentration gradient of antigen, starting at
200 nM for trimers and 14-35 nM for nanoparticles depend-
ing on the size, was used 1n a titration series of six. The
dissociation of the interaction was followed for 300 s.
Correction of baseline drift was performed by subtracting
the mean value of shifts recorded for a sensor loaded with
antibody but not incubated with antigen and for a sensor
without antibody but incubated with antigen. Octet data
were processed by forteBio’s data acquisition software
v.8.1. Of note, for apex-directed bNAbs, experimental data
were fitted with the binding equations describing a 2:1
interaction to achieve the optimal fitting results.

[0094] B cell activation assay: Generation of K46 B-cell
lines expressing PGT121, PGT145 or VRCO]1 has been
previously described (Ota et al., J. Immunol. 189, 4816-
48242012). In bnief, K46 cells expressing a doxycyclin-
inducible form of bNAb B cell receptors (BCRs) were
maintained 1n advanced DMEM (Gibco), supplemented with
10% FCS, Pen/Strep antibiotics, and 2 pg ml™' Puromycin
(Gibco). Cells were treated overnight in 1 pg ml™" doxycy-
clin (Clontech) to induce human BCR expression. After
loading with Indo-1 (Molecular Probes) at 1 uM for one hour
at 37° C., washed cells were stimulated with the indicated
agents at a concentration of 10 pg ml™': anti-mouse IgM
(Jackson ImmunoResearch); UFO*-BG or an HR1-rede-
signed gpl140 trimer with a T-helper epitope (PADRE) fused
to the C-terminus; UFO*-BG-FR or 13-01 nanoparticle pre-
senting an HR1-redesigned gpl140 trimer. Calcium mobili-
zation was assessed on a LSR 1II flow cytometer (BD). In
each run, the unstimulated B cells were first recorded for 60
s, with the testing immunogen added, mixed thoroughly, and
recorded for 180 s, followed by addition of 1 ul of 1 ug ml™*
ionomycin (Sigma) and recording for another 60 s to verily
indo loading.

[0095] Mouse immunization and serum IgG purification:
Seven-week-old BALB/c mice were purchased from The
Jackson Laboratory. The mice were housed in ventilated
cages 1n environmentally controlled rooms at TSRI, 1n
compliance with an approved IACUC protocol and
AAALAC guidelines. At week 0, each mouse was 1mmu-
nized with 200 ul of antigen/adjuvant mix containing 50 ug
of antigen and 100 ul AddaVax adjuvant (Invivogen) or 50

ul PIKA adjuvant (Yisheng Biopharma) per manufacturer’s
instruction via the intraperitoneal (1.p.) route. At week 3 and

week 6, the amimals were boosted with 50 ug of antigen
formulated 1n AddaVax or PIKA adjuvant. At week 8, the
amimals were terminally bled through the retro orbital mem-
brane using heparinized capillary tubes. Samples were
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diluted with an equal volume of PBS and then overlayed on
4.5 ml of Ficoll/Histopaque in a 15 ml SepMate tube
(StemCell) and spun at 1200 RPM for 10 min at 20° C. to

separate plasma and cells. The plasma was heat 1mnactivated
at 56° C. for 1 hour, spun at 1200 RPM for 10 min and sterile
filtered. The cells were washed once mn PBS and then
resuspended 1 1 ml of ACK Red Blood Cell lysis bufler
(Lonza). After 2 rounds of washing with PBS, PBMCs were

resuspended 1 2 ml of Bambanker Freezing Media (Lym-
photec Inc.). Spleens were also harvested and grounded
against a 40-um cell stramner (BD Falcon) to release the

splenocytes into a cell suspension. The cells were centri-
fuged, washed i PBS and then treated with 10 ml of RBC
lysis buller as per manufacturer specifications, and resus-
pended 1n Bambanker Freezing Media for cell freezing.
One-third of the total serum per mouse, or 600 ul of serum,
was purified using a 0.2-ml protein G spin kit (Thermo
Scientific) following the manufacturer’s instructions. Puri-
fied serum IgGs obtained from four mice within each group
were combined for characterization by ELISA and HIV-1
neutralization assays.

[0096] FEnzyme-linked immunosorbent assay (ELISA):
Each well of a Costar™ 96-well assay plate (Corning) was
first coated with 50 ul PBS contamning 0.2 ug of the
appropriate antigens. The plates were incubated overnight at
4° C., and then washed five times with wash bufler contain-
ing PBS and 0.05% (v/v) Tween 20. Each well was then
coated with 150 ul of a blocking bufler consisting of PBS,
20 mg ml™" blotting-grade blocker (Bio-Rad), and 5% (v/v)
FBS. The plates were incubated with the blocking bufler for
1 hour at room temperature, and then washed 5 times with
wash butler. Purified mouse 1gGs were diluted 1n the block-
ing buffer to a maximum concentration of 100 pug ml™,
followed by a 10-fold dilution series. For each antibody
dilution, a total of 50 ul volume was added to the appropnate
wells. Each plate was incubated for 1 h at room temperature,
and then washed 5 times with wash builer. A 1:2000 dilution
of horseradish peroxidase (HRP)-labeled goat anti-mouse
IgG antibody (Jackson ImmunoResearch Laboratories) was
then made 1n the wash bufler, with 50 ul of this diluted
secondary antibody added to each well. The plates were
incubated with the secondary antibody for 1 hr at room
temperature, and then washed 5 times with wash buliler.
Finally, the wells were developed with 50 ul of TMB (Life
Sciences) for 3-5 min before stopping the reaction with 50
ul of 2 N sulfuric acid. The resulting plate readouts were
measured at a wavelength of 450 nm.

[0097] Pseudovirus production and neutralization assays:
Pseudoviruses were generated by transfection of 293 T cells
with an HIV-1 Env expressing plasmid and an Env-deficient
genomic backbone plasmid (pSG3AEnv), as described pre-
viously. Pseudoviruses were harvested 72 hours post-trans-
fection for use in neutralization assays. Neutralizing activity
of purified mouse serum IgGs was assessed using a single
round of replication pseudovirus assay and TZM-bl target
cells, as described previously. Brietly, TZM-bl cells were
seeded 1n a 96-well flat bottom plate. To this plate was added
pseudovirus, which was preincubated with serial dilutions of
mouse serum IgG for 1 hour at 37° C. Luciferase reporter
gene expression was quantified 72 hours after infection upon
lysis and addition of Bright-Glo™ Luciferase substrate
(Promega). To determine IC50 values, dose-response curves
were fit by nonlinear regression.
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[0098] Mouse repertoire sequencing and bioinformatics
analysis: A 5'-RACE protocol has been developed for unbi-
ased sequencing ol mouse B-cell repertoires, as previously
described. Brietly, RNA (including mRNA) was extracted
from total PBMCs of each mouse 1mnto 30 ul of water with
RNeasy Min1 Kit (Qiagen). 5'-RACE was performed with
SMARTer RACE cDNA Amplification Kit (ClonTech). The
immunoglobulin PCRs were set up with Platinum Taq
High-Fidelity DNA Polymerase (Life Technologies) in a
total volume of 50 ul with 5 ul of cDNA as template, 1 ul of
S'-RACE primer, and 1 ul of 10 uM reverse primer. The
S'-RACE primer contained a PGM/S5 P1 adaptor, while the
reverse primer contained a PGM/S5 A adaptor. We adapted
the mouse 3'-C,1-3 and 3'-C, mner primers as reverse
primers for 3'-RACE PCR processing of the heavy chains. A
total of 25 cycles of PCR was performed and the expected
PCR products (500-600 bp) were gel purified (Qiagen).
NGS was performed on the Ion S5 system. Briefly, heavy
chain libraries from the same group were quantitated using
Qubit® 2.0 Fluorometer with Qubit® dsDNA HS Assay Kit,
and then mixed using a ratio of 1:1:1:1 for sequencing.
Template preparation and (Ion 520) chip loading were
performed on Ion Chef using the Ion 520/530 Ext Kit,
followed by sequencing on the Ion S35 system with default
settings. The mouse antibodyomics pipeline was used to
process the raw data and to determine the distributions of
heavy chain germline gene usage.

Example 7

T-Helper Epitope-Encapsulated Nanoparticles

[0099] Although the use of a T-helper epitope as a linker
to connect HIV-1 gpl40 and nanoparticle backbone pro-
duced HIV-1 trimer-presenting nanoparticles with desirable
antigenic and immmunogenic properties (FIGS. 1-3), the
assembly of such nanoparticles appeared to be aflected by
the hydrophobic T-helper epitopes exposed on the nanopar-
ticle surface. To improve nanoparticle assembly and purity,
an alternative strategy for incorporating T-cell helper epitope
into nanoparticle vaccine design was examined. Instead of
iserting a T-helper epitope between antigen and nanopar-
ticle backbone on the outside surface, this T-helper epitope
was genetically fused to the C-terminus of the nanoparticle
subunit via a short, flexible peptide spacer. The expected
outcome would be a nanoparticle vaccine with twenty HIV-1
opl140 trimers displayed on the outside surface and sixty
hydrophobic T-helper epitopes encapsulated 1nside the nan-
oparticle shell (FIG. 4A). This design was devised based on
the observations that both E2p and 13-01 are large 60-meric
nanocages with hollow interiors and that almost all proteins
prefer a hydrophobic core and a charged/hydrophilic surface
to achieve stability 1n solution.

SEQUENCE LISTING

Sequence total quantity: 20

SEQ ID NO: 1 moltype = AA length = 13

FEATURE Location/Qualifiers
REGION 1..13

note = Synthetic sequence
source 1..13

mol type = proteiln

organism = synthetic construct

SEQUENCE: 1
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[0100] We tested this strategy with a pan-reactive T-helper
epitope, PADRE. In the construct design, the C-terminus of
HIV-1 BG505 gpl140 was fused to the N-terminus of the
nanoparticle subunit with a 1G spacer (for E2p) or with a
10aa GGGGSGGGGS (SEQ ID NO: 20) spacer (for 13-01),

both of which contained an enzymatic site (AS) preceding
the spacer, and then the N-terminus of PADRE was fused to
the C-terminus of the nanoparticle subunit with a 5aa
GGGGS (SEQ ID NO: 4) spacer. The two resulting fusion
constructs were expressed transiently 1 25 ml of ExpiCHO
cells and purified using a 2G12 antibody aflinity column.
The obtained protein was analyzed by size-exclusion chro-
matography (SEC) on a Superose 6 10/300 GL column. For
both constructs, we observed peaks at 6-7 mL corresponding
to well-formed nanoparticles (FIG. 4B). Considering the
smaller-scale transfection (25 ml vs 100 ml 1n FIG. 1F), the
actual nanoparticle yield was notably improved compared to
the design 1n which the T-helper epitope 1s used as a linker
outside the nanoparticle. The 2G12-purified nanoparticles
were lurther analyzed by negative-stain EM. Fully
assembled nanoparticles with spikes on the surface can be
recognized from the raw micrographs derived from nega-
tive-stain EM (FIG. 4C). Taken together, SEC and EM data
confirmed that T-helper epitope encapsulation might pres-
ents an effective strategy for designing HIV-1 nanoparticle
vaccines with embedded T-cell help.

[0101] A T-helper epitope can be fused to the C-terminus
of the subunit of a self-assembling nanoparticle via a short
peptide spacer. The C-terminus of HIV-1 gp140 can be fused
to the N-terminus of the subunit of the abovementioned
nanoparticle. When these fusion subunits assemble into a
nanoparticle, 1t will present 8 or 24 HIV-1 gp140 trimers on
the outside surface of the nanoparticle while encapsulating
24 or 60 T-helper epitopes mside the nanoparticle shell. The
HIV-1 gp140 trimers on the outside surface of the nanopar-
ticle will induce an anti-HIV-1 B-cell response, while the
dense cluster of T-helper epitopes inside the nanoparticle
will induce a broadly reactive T-cell response upon the
digestion of the nanoparticle protein.

[0102] The invention thus has been disclosed broadly and
illustrated 1n reference to representative embodiments
described above. It 1s understood that various modifications
can be made to the present invention without departing from
the spirit and scope thereof.

[0103] It 1s further noted that all publications, sequence
accession numbers, patents and patent applications cited
herein are hereby expressly incorporated by reference in
their entirety and for all purposes as 1f each 1s individually
so denoted. Definitions that are contained in text incorpo-
rated by reference are excluded to the extent that they
contradict definitions in this disclosure.
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-continued

AKFVAAWTLK AAA 13
SEQ ID NO: 2 moltype = AA length = 15
FEATURE Location/Qualifiers
REGION 1..15

note = Synthetic sequence
source 1..15

mol type = protein

organism = synthetic construct
SEQUENCE: 2
QSIALSSLMYV AQAIP 15

SEQ ID NO: 3 moltype = AA length = 32

FEATURE Location/Qualifiers
REGION 1..32

note = Synthetic sequence
source 1. .32

mol type = proteiln

organism = synthetic construct
SEQUENCE : 3
ILMOQYIKANS KFIGIPMGLP QSIALSSLMV AQ 32
SEQ ID NO: 4 moltype = AA length = 5
FEATURE Location/Qualifiers
REGION 1..5

note = Synthetic sequence
source 1..5

mol type = proteiln

organism = synthetic construct

SEQUENCE: 4
GGGEGES 5

SEQ ID NO: b5 moltype = AA length = 205

FEATURE Location/Qualifiers
source 1..205
mol type = proteiln
organism = Thermotoga maritima

SEQUENCE: b

MKMEELFKKH KIVAVLRANS VEEAKEKALA VFEGGVHLIE ITFTVPDADT VIKELSFLKE 60
KGAIIGAGTV TSVEQCRKAV ESGAEFIVSP HLDEEISQEFC KEKGVEYMPG VMTPTELVKA 120
MKLGHTILKL FPGEVVGPQF VKAMKGPFPN VKFVPTGGVN LDNVCEWFKA GVLAVGVGSA 180

LVKGTPDEVR EKAKAFVEKI RGCTE 205
SEQ ID NO: 6 moltype = AA length = 205
FEATURE Location/Qualifiers
REGION 1..205
note = Synthetic sequence
source 1..205
mol type = proteiln
organism = synthetic construct

SEQUENCE: 6

MKMEELFKKH KIVAVLRANS
MGALI IGAGTV TSVEQCRKAV
MKLGHTILKL FPGEVVGPQF
LVKGTPCEVA CKAKAFVEKI

SEQ ID NO: 7
FEATURE
REGION

SOuUrce

SEQUENCE : 7

MKMEELFKKH KIVAVLRANS
LGATI IGAGTV TSVEQCRKAV
MKLGHTILKL FPGEVVGPQF
LVKGTPAEVYV EKAKAFVEKI

SEQ ID NO: 8
FEATURE
REGION

SOuUurce

VEEAKKKALA VFLGGVHLIE
ESGAEFIVSP HLDEEISQEC
VKAMKGPFPN VEKFVPTGGVN
RGCTE

ITEFTVPDADT VIKELSFLKE
KEKGVEFYMPG VMTPTELVKA
LDNVCEWFKA GVLAVGVGSA

moltype = AA length = 205
Location/Qualifiers

1..205

note = Synthetic sequence
1..205

mol type = proteiln

organism = synthetic construct

VEEAKWKALA VFIGGVHLIE
ESGAEFIVSP HLDEEISQFEC
VKAMKGPFPN VEKFVPTGGVN
RGCTE

ITEFTVPDADT VIKELSFLKE
KEKGVEFYMPG VMTPTELVKA
LDNVCEWFKA GVLAVGVGSA

moltype = AA length = 205
Location/Qualifiers

1..205

note = Synthetic sequence
1..205

mol type = proteiln

organism = synthetic construct

60

120
180
205

60

120
180
205
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SEQUENCE: 8

MKMEELFKKH KIVAVLRANS
QGAIIGAGTV TSVEQCRKAV
MKLGHTILKL FPGEVVGPQF
LVKGTWDEVS RKAKAFVEKI

SEQ ID NO: 9
FEATURE
REGION

SOUrce

SEQUENCE: ©

MKMEELFKKH KIVAVLRANS
QGAIIGAGTV TSVEQCRKAV
MKLGHTILKL FPGEVVGPQF
LVKGTWHEVA AKAKAFVEKI

SEQ ID NO: 10
FEATURE
REGION

SOuUrce

SEQUENCE: 10

MKMEELFKKH KIVAVLRANS
WGAILIGAGTYV TSVEQCRKAV
MKLGHTILKL FPGEVVGPQF
LVKGTWDEVA AKAKAFVEKI

SEQ ID NO: 11
FEATURE
REGION

SOuUrce

SEQUENCE: 11

MKMEELFKKH KIVAVLRANS
MGALI IGAGTV TSVEQCRKAV
MKLGHTILKL FPGEVVGPQF
LVKGTVVEVA AKAAAFVEKI

SEQ ID NO: 12
FEATURE
REGION

SOuUrce

SEQUENCE: 12

MKMEELFKKH KIVAVLRANS
MGAI IGAGTV TSVEQCRKAV
MKLGHTILKL FPGEVVGPQF
LVKGTIVEVA AKAAAFVEKI

SEQ ID NO: 13
FEATURE
REGION

sOource

SEQUENCE: 13

MKMEELFKKH KIVAVLRANS
MGAI IGAGTV TSVEQCRKAV
MKLGHTILKL FPGEVVGPQF
LVKGTWVEVA AKAAAFVEKI

SEQ ID NO: 14
FEATURE
REGION

SOuUrce

19

-continued

VEEAKMKALH VFSGGVHLIE ITFTVPDADT VIKELSEFLKE
ESGAEFIVSP HLDEEISQFC KEKGVEFYMPG VMTPTELVEKA
VKAMKGPFPN VKEFVPTGGVN LDNVCEWFKA GVLAVGVGSA

RGCTE

moltype = AA length = 205
Location/Qualifiers

1..205

note = Synthetic sequence
1..205

mol type = proteiln

organism = synthetic construct

VEEAKWKALH VFTGGVHLIE ITFTVPDADT VIKELSFLKE
ESGAEFIVSP HLDEEISQFC KEKGVEFYMPG VMTPTELVEKA
VKAMKGPFPN VKEFVPTGGVN LDNVCEWFKA GVLAVGVGSA
RGCTE

moltype = AA length = 205
Location/Qualifiers

1..205

note = Synthetic sequence
1..205

mol type = proteiln

organism = synthetic construct

VEEAKMKALH VFTGGVHLIE
ESGAEFIVSP HLDEEISQEFC
VKAMKGPFPN VEKFVPTGGVN
RGCTE

ITEFTVPDADT VIKELSFLKE
KEKGVEFYMPG VMTPTELVKA
LDNVCEWFKA GVLAVGVGSA

moltype = AA length = 205
Location/Qualifiers

1..205

note = Synthetic sequence
1..205

mol type = proteiln

organism = synthetic construct

VEEAKKKALA VFLAGVHLIE
ESGAEFIVSP HLDEEISQEC
VKAMKGPFPN VEKFVPTGGVN
RGCTE

ITEFTVPDADT VIKELSFLKE
KEKGVEFYMPG VMTPTELVKA
LDNVCEWFKA GVLAVGVGSA

moltype = AA length = 205
Location/Qualifiers

1..205

note = Synthetic sequence
1..205

mol type = proteiln

organism = synthetic construct

VEEAKKKALA VFLGGVHLIE ITFTVPDADT VIKELSEFLKE

ESGAEFIVSP HLDEEISQFC KEKGVEFYMPG VMTPTELVEKA
VKAMKGPFPN VKFVPTGGVN LDNVCEWFKA GVLAVGVGSA
RGCTE

moltype = AA length = 205
Location/Qualifiers

1..205

note = Synthetic sequence
1..205

mol type = protein

organism = synthetic construct

VEEAKKKALA VFLGGVHLIE
ESGAEFIVSP HLDEEISQEFC
VKAMKGPFPN VEKFVPTGGVN
RGCTE

ITEFTVPDADT VIKELSFLKE
KEKGVEFYMPG VMTPTELVKA
LDNVCEWFKA GVLAVGVGSA

moltype = AA length = 205
Location/Qualifiers

1..205

note = Synthetic sequence

1..205

60

120
180
205

60

120
180
205

60

120
180
205

60

120
180
205

60

120
180
205

60

120
180
205
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SEQUENCE: 14

MKMEELFKKH KIVAVLRANS
AGATIGAGTYV TSVEQCRKAV
MKLGHTILKL FPGEVVGPQF
LVKGTLAEVA AKAEAFVEKI

SEQ ID NO: 15
FEATURE
REGION

SOuUrce

SEQUENCE: 15

MKMEELFKKH KIVAVLRANS
AGATIGAGTYV TSVEQCRKAV
MKLGHTILKL FPGEVVGPQF
LVKGTWAEVA AKAKAFVEKI

SEQ ID NO: 16
FEATURE
REGION

SOuUrce

SEQUENCE: 16

MKMEELFKKH KIVAVLRANS
LGATI IGAGTV TSVEQCRKAV
MKLGHTILKL FPGEVVGPQF
LVKGTIAEVA AKAAAFVEKI

SEQ ID NO: 17
FEATURE
REGION

SOuUrce

SEQUENCE: 17
MKMEELFKKH KIVAVLRANS

AGATIGAGTV TSVEQCRKAV
MKLGHTILKL FPGEVVGPQF
LVKGTFVEVA AKAAAFVEKI

SEQ ID NO: 18
FEATURE
REGION

SOuUurce

SEQUENCE: 18

MHHHHHHGGS GGSGGSGGSM
TETVPDADTYV IKELSEFLKEM
EKGVFYMPGV MTPTELVEKAM
DNVCEWFKAG VLAVGVGSAL

SEQ ID NO: 19
FEATURE

REGION

SOoOurce
SEQUENCE: 19
GSGSG

SEQ ID NO: 20
FEATURE

REGION

SOuUurce

mol type protein
organism = gynthetic

VEEAKMKALQ VEVGGVHLIE
ESGAEFIVSP HLDEEISQEFC
VKAMKGPFPN VEKFVPTGGVN
RGCTE

20

-continued

construct

ITEFTVPDADT VIKELSFLKE
KEKGVEFYMPG VMTPTELVKA
LDNVCEWFKA GVLAVGVGSA

moltype = AA length = 205
Location/Qualifiers

1..205

note = Synthetic sequence
1..205

mol type = proteiln

organism = synthetic construct

VEEAKWKALH VEVGGVHLIE
ESGAEFIVSP HLDEEISQEC
VKAMKGPFPN VEKFVPTGGVN
RGCTE

ITEFTVPDADT VIKELSFLKE
KEKGVEFYMPG VMTPTELVKA
LDNVCEWFKA GVLAVGVGSA

moltype = AA length = 205
Location/Qualifiers

1..205

note = Synthetic sequence
1..205

mol type = proteiln

organism = synthetic construct

VEEAKMKALA VEVGGVHLIE
ESGAEFIVSP HLDEEISQEC
VKAMKGPFPN VEKFVPTGGVN
RGCTE

ITEFTVPDADT VIKELSFLKE
KEKGVEFYMPG VMTPTELVKA
LDNVCEWFKA GVLAVGVGSA

moltype = AA length = 205
Location/Qualifiers

1..205

note = Synthetic sequence
1..205

mol type = proteiln

organism = synthetic construct

VEEAKMKALA VEFYGGVHLIE
ESGAEFIVSP HLDEEISQEFC
VKAMKGPFPN VEKFVPTGGVN
RGCTE

ITEFTVPDADT VIKELSFLKE
KEKGVEFYMPG VMTPTELVKA
LDNVCEWFKA GVLAVGVGSA

moltype = AA length = 224
Location/Qualifiers

1..224

note = Synthetic sequence
1..224

mol type = proteiln

organism = synthetic construct

KMEELFKKHK IVAVLRANSVY
GAIIGAGTVT SVEQCRKAVE
KLGHTILKLE PGEVVGPQFEV
VKGTPVEVAE KAKAFVEKIR

EEAKKKALAV FLGGVHLIEIL
SGAEFIVSPH LDEEISQFCK
KAMKGPEPNYV KEVPTGGVNL
GCTE

moltype = AA length = 5
Location/Qualifiers

1..5

note = Synthetic sequence
1..5

mol type = proteiln
organism = synthetic construct
moltype = AA length = 10
Location/Qualifiers

1..10

note = synthetic sequence

1..10
mol type = proteiln

60

120
180
205

60

120
180
205

60

120
180
205

60

120
180
205

60

120
180
224
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-continued

organism
SEQUENCE: 20
GGGGESGEEES

1. A HIV-1 vaccine immunogen, comprising an HIV-1
Env-dertved trimer protein presented on a self-assembling
nanoparticle, wherein a T-helper epitope sequence (a) 1s
tused to the C-terminus of the nanoparticle subunit while the
HIV-1 trimer protein subunit i1s fused to the N-terminus of
the nanoparticle subunit or (b) links the HIV-1 trimer protein
to N-terminus of the nanoparticle subunait.

2. The HIV-1 vaccine immunogen of claim 1, wherein the
T-helper epitope sequence comprises a sequence as shown 1n
any one of SEQ ID NOs: 1-3, a conservatively modified
variant or a substantially identical sequence thereof.

3. The HIV-1 vaccine immunogen of claim 1, wherein the
self-assembling nanoparticle comprises a trimeric sequence.

4. The HIV-1 vaccine immunogen of claim 1, wherein
subunit of the self-assembling nanoparticle 1s E2p, ferritin,
or a conservatively modified variant or a substantially 1den-
tical sequence thereof.

5. The HIV-1 vaccine immunogen of claim 1, wherein the
HIV-1 Env-derived trimer protein 1s gp140.

6. The HIV-1 vaccine immunogen of claim 1, wherein the
HIV-1 Env-derived trimer protein 1s an uncleaved prefusion-
optimized (UFO) gpl140 trimer.

7. The HIV-1 vaccine immunogen of claim 6, wherein the
UFO gp140 trimer 1s a chimeric trimer comprising a modi-

fied gp41 ..+, domain from HIV-1 strain BG503.
8. (canceled)

9. A polynucleotide encoding the HIV-1 vaccine immu-
nogen of claim 1.

10. A vector harboring the polynucleotide of claim 9.

synthetic construct

10

11. A pharmaceutical composition, comprising the HIV-1
vaccine immunogen of claim 1, and a pharmaceutically
acceptable carrier.

12. The pharmaceutical composition of claim 11, further
comprising an adjuvant.

13. A method of preventing HIV-1 infection 1n a subject,
comprising adminmistering to the subject a therapeutically
ellective amount of the HIV-1 vaccine immunogen of claim
1, thereby preventing HIV-1 infection 1n the subject.

14. (canceled)

15. A method of treating HIV-1 infection or eliciting an
immune response against HIV-1 in a subject, comprising
administering to the subject a pharmaceutical composition
comprising a therapeutically effective amount of the HIV-1
vaccine immunogen of claim 1, thereby treating HIV-1
infection or eliciting an immune response against HIV-1 1n
the subject.

16. (canceled)

17. The HIV-1 vaccine immunogen of claim Error! Ref-
erence source not found, wherein the C-terminus of the
nanoparticle subunit is fused to the N-terminus of the
T-helper epitope via a short peptide spacer.

18. The HIV-1 vaccine immunogen of claim 17, wherein
the HIV-1 trimer protein subunit i1s fused to the N-terminus
of the nanoparticle subunit via a second peptide spacer.

19. The HIV-1 vaccine immunogen of claim 17, wherein
the T-helper epitope sequence 1s encapsulated within the
nanoparticle.
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