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A DIRECTED EVOLUTION SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority from Australian Provisional Application No. 2023904160,

filed on 20 December 2023, which is hereby incorporated by reference in its entirety herein.

SEQUENCE LISTING

The instant application contains a sequence listing which has been submitted
electronically as an XML document in the ST26 format and is hereby incorporated by reference
in its entirety. Said XML copy, created on 15 July 2024, is named “P0063048PCT” and is 66,946

bytes in size.

FIELD

The present invention relates to a system for evolving a target biomolecule, methods of
using such system and composition comprising said system. The invention has been developed
primarily as a directed evolution system and will be described hereinafter with reference to this
application. However, it will be appreciated that the invention is not limited to this particular field

of use.

BACKGROUND

Using iterative rounds of diversification, selection, and amplification, directed evolution
(DE) can produce biomolecules with new or improved functions (FIG. 1, (1, 2, 4-7)). While this
approach has been widely used to evolve molecules in simple prokaryotic and eukaryotic systems
(8, 9), these environments lack the full complement of post-translational modifications, protein-

protein interactions, and signaling networks found in mammalian cells (3).

Ideally, proteins destined for mammalian applications would be evolved directly in
mammalian cells. Historically, this has been achieved using ex mammalia mutagenesis
techniques combined with phenotypic screening in mammalian cells (70). More recently, targeted
mutagenesis has linked protein function to selectable or screenable markers allowing target
diversification and variant selection in the same mammalian cell (77, 72). However, cell-based

approaches that link an integrated target molecule to cellular fitness can be derailed by mutations



10

15

20

25

30

WO 2025/129231 PCT/AU2024/050763

in the host genome (73). Placing the target in a viral genome can mitigate this issue since naive
host cells can be provided for each round of DE. However, existing virus-based mammalian DE
systems are limited by safety concerns (74), low mutational rates (15), are target-specific (16,
17), or lack functionality (18, 79).

SUMMARY OF THE INVENTION

The present invention broadly relates to a novel DE system which overcomes or ameliorates
at least one of the disadvantages of the prior art, or to provide a useful alternative. In one or more
aspects, the present invention drives evolution using a virus-like particle (VLP) based on an RNA

virus.
In a first aspect, the present invention provides a directed evolution system, comprising:

() a first nucleic acid sequence encoding one or more non-structural genes of a virus

and at least one evolution candidate,
(i) a second nucleic acid sequence encoding one or more packaging genes, and

(i) a third nucleic acid sequence encoding a target element for the at least one evolution

candidate and the one or more packaging genes,

wherein the first nucleic acid sequence and the second nucleic acid sequence generates
a first virus-like particle (VLP) after expression in a host cell, and wherein said first VLP and the
third nucleic acid sequence generates a second VLP after transduction of the first VLP and

expression of the third nucleic acid sequence in a host cell,

wherein said evolution is driven by at least one round of error-prone viral genome

replication of the at least one evolution candidate after transduction of the first VLP, and

wherein the generation of the second VLP is dependent on the target element regulated

directly or indirectly by the at least one evolution candidate.

Preferably, the one or more packaging gene is different from the virus. In one embodiment,
the one or more packaging genes is from a different virus. In a particular embodiment, the one

or more packaging genes is a vesicular stomatitis virus (VSV) G DNA encoding a VSV G protein.

The virus preferably is an RNA virus, more preferably an alphavirus. In a particular
embodiment, the RNA virus is Semliki Forest Virus (SFV).

Preferably, the one or more non-structural genes comprises non-structural protein (NSP)
1, NSP2, NSP3 and NSP4 of SFV non-structural genes.
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Preferably, the one or more non-structural genes further comprises a 5 untranslated
region and a 3’ untranslated region of SFV non-structural genes operably linked to NSP1, NSP2,
NSP3 and NSP4.

In one embodiment, the VLP is a virus-like vesicle (VLV).

Preferably, the one or more non-structural genes comprises at least one mutation that

increases virus titer production.

In one embodiment, the at least one mutation is selected from G-4700-A, A-5424-G, G-
5434-A, T-5825-C, T-5930-C, A-6047-G, G-6783-A, G-6963-A, G-7834- A, T-8859-A, T-8864-C,
G-9211-A , A-10427-G, G-11560-A, or any other modifications that improve packaging or
functionality of the system. In one particular embodiment, the at least one mutation comprises G-
4700-A, A-5424-G, G-5434-A, T-5825-C, T-5930-C, A-8047-G, G-6783-A, G-6963-A, G-7834- A,
T-8859-A, T-8864-C, G-9211-A , A-10427-G, and G-11560-A.

In another embodiment, the at least one mutation is selected from G106E, L347L, V351,
L481S, 1516T, D555G, L880L, T860T, A1151T, 14921, M1494T, A1610T, N2015S, E2393K or
any other modifications that improve packaging or functionality of the system. In one particular
embodiment, the at least one mutation comprises G106E, L347L, V351I, L481S, 1516T, D555G,
L880L, T860T, A1151T, 14921, M1494T, A1610T, N2015S, and E2393K.

Preferably, the one or more packaging genes comprises at least one mutation that
increases virus titer production. Preferably, the at least one mutation is selected from A-11871-

G, T-11978-C and other modifications that improve packaging or functionality of the system.

Preferably, the first nucleic acid sequence comprises a DNA sequence comprising a
promoter sequence operably linked to a DNA sequence encoding the one or more non-structural
genes of the RNA virus, operably linked to a DNA sequence encoding the at least one evolution

candidate.

Preferably, the first nucleic acid sequence further comprises an alphavirus subgenomic
RNA promoter (SGP) operably linked between the one or more non-structural genes of the RNA
virus and the at least one evolution candidate. In one embodiment, the alphavirus SGP is an SFV

promoter.

Preferably, the second nucleic acid sequence comprises a DNA sequence comprising a

promoter sequence operably linked to the one or more packaging genes.

In one embodiment, the promoter sequence is a cytomegalovirus immediate early

promoter (CMV promoter) sequence.
Preferably, the host cell is a mammalian cell, such as BHK-21 cell or HEK293T cell.

3
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Preferably, the evolution candidate comprises a sequence of at least one transgene of
interest. The at least one transgene of interest preferably encodes a protein, a protein domain, a
protein-coding region, a non-protein-coding region, a truncated protein, a truncated protein
domain, a truncated protein coding region or a truncated non-protein-coding region. In one
embodiment, the evolution candidate is selected from the group consisting of Tet transactivator

(tTa), reverse Tet transactivator (rtTa), and anti-p53 nanobody.

Preferably, the second VLP and the third nucleic acid sequence generates further VLPs
after transduction of the second VLP and expression of the third nucleic acid sequence in a host
cell, wherein the generation of the further VLPs are dependent on the target element regulated
directly or indirectly by the at least one evolution candidate. Preferably, the system further
generates one or more additional VLPs through expression of the third nucleic acid and
transduction of the further VLPs in a host cell, wherein the generation of the one or more additional
VLPs are dependent on the target element regulated directly or indirectly by the at least one

evolution candidate. In one embodiment, the system is a continuous system.

In a second aspect, the present invention provides a method of performing directed
evolution of at least one evolution candidate, comprising the directed evolution system according

to the first aspect.

In a third aspect, the present invention provides a method of performing directed evolution

of at least one evolution candidate, comprising:
() expressing in a host cell

(a) a first nucleic acid sequence encoding one or more non-structural genes of a

virus and the at least one evolution candidate, , and
(b) asecond nucleic acid sequence encoding one or more packaging genes,
(i) generating a first virus-like particle (VLP) by the host cell, and

(i) transducing a host cell with the first VLP and expressing a third nucleic acid sequence
encoding a target element for the at least one evolution candidate and the one or

more packaging genes to generate a second VLP,

wherein said evolution is driven by at least one round of error-prone viral genome

replication of the at least one evolution candidate in step (iii), and

wherein the generation of the second VLP is dependent on the target element regulated

directly or indirectly by the at least one evolution candidate.
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Preferably, the method further comprises screening the host cells for VLPs comprising a

desirable evolved candidate.

In one embodiment, the method further comprises transducing a host cell with the second
VLP and expressing the third nucleic acid sequence to generate further VLPs, wherein the
generation of the further VLPs are dependent on the target element regulated directly or indirectly
by the at least one evolution candidate. Preferably, the method further comprises transducing a
host cell with the further VLPs and expressing the third nucleic acid sequence to generate one or
more additional VLPs, wherein the generation of the one or more additional VLPs are dependent

on the target element regulated directly or indirectly by the at least one evolution candidate.

In a fourth aspect, the present invention provides a virus-like particle produced by the

method according to the second or the third aspect.

In a fifth aspect, the present invention provides a host cell comprising the virus-like particle

according to the fourth aspect.

In a sixth aspect, the present invention provides a composition comprising the virus-like

particle according to the fourth aspect.

In a seventh aspect, the present invention provides a kit for performing directed evolution,

comprising.

() a first nucleic acid sequence encoding one or more non-structural genes of an virus

and at least one evolution candidate,
(i) a second nucleic acid sequence encoding one or more packaging genes, and

(i) a third nucleic acid sequence encoding a target element for the at least one evolution

candidate and the one or more packaging genes,

wherein the first nucleic acid sequence and the second nucleic acid sequence generates
a first virus-like particle (VLP) after expression in a host cell, and wherein said first VLP and the
third nucleic acid sequence generates a second VLP after transduction of the first VLP and

expression of the third nucleic acid sequence in a host cell,

wherein said evolution is driven by at least one round of error-prone viral genome

replication of the at least one evolution candidate after transduction of the first VLP, and

wherein the generation of the second VLP is dependent on the target element regulated

directly or indirectly by the at least one evolution candidate.
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In one embodiment, the kit comprises the directed evolution system according to the first
aspect. In another embodiment, the kit is for use in the method according to the second or the

third aspect.

BRIEF DESCRIPTION OF THE FIGURES
FIG. 1. Schematic diagram of Directed Evolution

FIG. 2. Host-dependent propagation of VLVs. (a) SFV VLVs are initially packaged using SFV-DE
DNA replicons that encode the DE target transgene in cells that constitutively express VSVG.
Infectious VLVs are propagated for evolution in host cells that express VSVG under the control of
a circuit that is directly or indirectly regulated by the DE target. Titers (b) and amplification factors
(c) of eGFP-LUC VLVs propagated in cells constitutively expressing CMV_VSVG (+VSVG) for all
rounds (R) RP-R5 or control DNA (-VSVG; for R4 and R5 presented within the gray box) (N = 6).
(d) Allele frequency of mutations in a neutral eGFP transgene. Dotted line represents detection
limit for viral variants (0.3%). (€) Mutational spectrum of viral variants from R2 (N = 95). (f) Circuit
design for tTA mediated activation of TRE3G. (g) Dox-dependent repression of a TRE3G-
regulated LUC reporter (N = 4). (h) Titers of serially diluted tTA VLVs propagated on cells
expressing VSVG under the control of TRE3G in the absence of doxycycline (N = 3). Colors are

for illustrative purposes and do not reflect different membrane compositions.

FIG. 3. Benchmarking the SFV-VSVG VLV DE system platform. (a) Schematic representation of
the SFV DNA replicon genome. FP/RP indicate the positions of the primers used for transgene
isolation/sequencing. Propagation (b) and amplification (c¢) of WT and ADA>RLE attenuated
eGFP-LUC VLVs in CMV_VSVG-expressing BHK-21 cells (N = 4). (d) Brightfield and
epifluorescence microscopy of +VSVG BHK-21 cells at RP or following transduction with eGFP-
LUC VLVs at RA-R4 (representative of N = 4). Scale bars, 200 pm. (e) Microscopy of -VSVG
BHK-21 cells transduced at R3 and R4 (representative of N = 4). Scale bars, 200 um. (f) RT-PCR
and DNA gel electrophoresis of SFV-DE eGFP-LUC VLV transgenes (N = 4 pooled).

FIG. 4. RT-PCR and DNA gel electrophoresis of isolated transgenes from serially diluted SFV-DE
tTA : eGFP-LUC VLVs (R1-R3; N = 3 pooled).

FIG. 5. VLV propagation is dependent on host expression of VSVG. (a) Circuit design for SRF-
VP64 mediated activation of SRE. (b) FBS dose-dependent SRE_LUC reporter activation by
endogenous factors (N = 3). (¢) SRF-VP64-mediated induction of an SRE-regulated LUC reporter
(N = 3). Titers (d) and amplification factors (e) of SRF-VP64 and neutral eGFP-LUC VLVs
propagated on cells expressing VSVG under the control of an SRE promoter in 1% FBS-
supplemented growth medium (gray box) (N = 3). (f) Nanopore sequencing of transgene RNA

isolated from pooled co-packaged VLV samples (/N = 6) aligned to reference sequences (>10,000

6
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reads per sample). For E1-E4, VLVs were propagated in 1% FBS-supplemented growth medium.
(g) Brightfield and epifluorescence microscopy of BHK-21 cells at RP or following transduction
with a 1:1 packaged cohort of SRF-VP64:eGFP-LUC VLVs at RA-E4 (representative of N = 6).
Scale bars, 200 um. (h) RT-PCR and DNA gel electrophoresis of isolated transgenes from a 1:1
packaged cohort of SRF-VP64:eGFP-LUC VLVs (N = 6 pooled). (i) The DNA bands from E3 and
E4 marked as ‘Truncated’ in (h) were cloned and sequenced (n=11 clones per sample). (j) Reads
from (f) (>10,000 per sample) were aligned to a VSVG reference sequence. For E1-E4, VLVs

were propagated in 1% FBS-supplemented growth medium.

FIG. 6. The SFV-VSVG VLV DE system generates authentic evolution products. (a) Titers and
amplification factors of VLVs propagated on cells expressing VSVG under the control of TRE3G
(gray box) (N = 4). RP (packaging) and RA (amplification) indicate rounds of VLV propagation
under constitutive VSVG expression, while E1-X labelling indicates rounds of evolution under
transgene-regulated VSVG expression. (b) Allele frequency of the major variants identified in
Campaign 1. (c) Dox-resistance of evolved tTA variants (N = 5). (d) Variant-induced structural
changes in tTA modelled with AlphaFold2 (red, mutated residues; blue, displaced functional

groups; dashed green circle, drug binding pocket).

FIG. 7. Directed evolution of tTA (Campaign 2). (a) DNA gel electrophoresis of isolated tTA
transgenes following RT-PCR (from independent Campaigns 1 and 2). Allele frequency of the
major variants individually (b) and combined (¢) identified in Campaign 2. A similar analysis of
mutation combinations for Campaign 1 cannot be extracted from short-read lllumina sequencing
because of the distance between the identified Q32R and R158G residues. Note, a synonymous
passenger mutation (E159E) rose to similar levels as each of the R158G, D178G, H179R, Q180R
mutations during this campaign. Analysis in (c) permitted synonymous substitutions at E159 to
capture all reads analyzed in (b). (d) Dox-resistance of evolved tTA variants (N = 5). (e) Isolated
effects of aa178-180 single mutants (N = 5). (f) Alignment of crystal structure 4ACO (blue) with
Alphafold2-modeled tTA (gray). (g) Variant-induced structural changes in tTA modelled with
AlphaFold2 (red, mutated residues; blue, displaced functional groups; dashed green circle, drug

binding pocket).

FIG. 8. Enhancing drug-inducible transcriptional control. (a) Circuit design for rtTA-mediated
activation of TRE3G. (b) Dox-dependent activation of a TRE3G-regulated LUC reporter (N = 3).
(c) Titers of VLVs propagated on cells expressing VSVG under the control of TRE3G at 100 ng/mL
dox (gray box) (N = 4). (d) Allele frequency of the major variants identified during long-term

propagation on minimal concentrations of dox. (e) Dox-sensitivity of evolved tTA variants (N = 3).

FIG. 9. Directed evolution of rtTA-3G. (a) Amplification factors of VLVs propagated on cells
expressing VSVG under the control of TRE3G at 100 ng/mL dox (gray box) (N = 4). (b) Dox
concentration and AF for each round of rtTA-3G evolution. (c) DNA gel electrophoresis of isolated
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rtTA transgenes following RT-PCR. (d) Allele frequencies of single and double mutant variants
during long-term propagation on minimal concentrations of dox. (€) Basal activity of the evolved
variants in the absence of dox (N = 3). (f) Alignment of top 5 ranked Alphafold2 predictions for
rtTA-3G (tan) and the D5N/M59I variant (blue; red, mutated residues).

FIG. 10. Directed evolution of a nanobody with the SFV-VSVG VLV DE system. (a) Schematic of
Nb139-VP64 and Nb139-eGFP fusions. (b) Effect of 16 uM cisplatin on parental Nb139-eGFP
nuclear localization (N = 18). (¢) p53 immunofluorescence (red) and Hoechst nuclear staining
(gray); Quantification of nuclear p53 accumulation. Scale bars, 50 uym. (N = 272 cells analyzed
per replicate). (d) Amplification factors of VLVs propagated on cells expressing VSVG under the
control of a p53 2-hybrid circuit (gray box) (N = 4). (e) DNA gel electrophoresis of isolated Nb139-
VP84 transgenes following RT-PCR. (f) Allele frequencies of single and double mutant variants

during long-term propagation on the 2-hybrid circuit.

FIG. 11. Directed evolution of an intracellular nanobody. (a) 2-hybrid circuit design for nanobody-
p53 interactions. (b) Recruitment of Nb139-VP64 to a p53 bait activates the 2-hybrid circuit (SV40,
positive interaction control (PMID: 9043710, N = 4)). Normalized to the ZF43RE_LUC + p53-ZF43
bait incomplete circuit. (c) Titers of VLVs propagated on cells expressing VSVG under the control
of a p53 2-hybrid circuit (gray box) (N = 4). (d) Allele frequency of the major variants identified
during long-term propagation on the 2-hybrid circuit. (e) Crystal structure 4Q01 showing Nb139
(gray; green, Nb139 complementarity-determining regions; red, evolved variant positions) in a
complex with p53 (blue). (f) Circuit activation by Nb139-VP84 variants in cells expressing a p53
bait and LUC reporter (N = 4). (g) Timelapse of cisplatin-treated cells that express Nb139[S26P]-
eGFP fusion or GFP alone (red, nuclei labelled with mCherry; scale bar, 25 ym). White arrows
indicate cells of interest, asterisks indicate foci formation. (h) Quantification of G. (N > 1000

tracked cells).

FIG. 12. Individual channels from timelapse in Fig. 10G. Nuclei labeled with mCherry (red).
Nb139[S26P]-eGFP biosensor or turboGFP control (green). White arrows indicate cells of

interest; asterisks indicate foci formation. Scale bars, 25 pm.

DESCRIPTION OF EMBODIMENTS

In one or more aspects, the present invention drives evolution using a VLP based on the
alphavirus Semliki Forest Virus (SFV). Chimeric in design, the capsid-free VLPs according to one
or more aspect of the present invention are packaged and passaged with nucleic acids that
possess sequences with reduced homology or no homologous sequence, and thus cannot

recombine to produce pathogenic virus. The use of an RNA viral backbone which lacks proof-
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reading capacity according to one or more aspects of the present invention allows for a naturally

high mutation rate that can be exploited for transgene diversification.

Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which the invention
pertains. Although any methods and materials similar or equivalent to those described herein may
be used in the practice for testing of the present invention, the preferred materials and methods
are described herein. In describing and claiming the present invention, the following terminology

will be used.

It is also to be understood that the terminology used herein is for the purpose of describing

particular embodiments only, and is not intended to be limiting.

The indefinite articles ‘@’ and ‘an’ are used here to refer to or encompass singular or plural
elements or features and should not be taken as meaning or defining “one” or a “single” element

or feature. For example, “a” cell includes one cell, one or more cells and a plurality of cells.

Unless the context requires otherwise, the terms “comprise”, “comprises” and
“comprising”, or similar terms are intended to mean a non-exclusive inclusion, such that a recited
list of elements or features does not include those stated or listed elements solely, but may include

other elements or features that are not listed or stated.

As used herein, unless otherwise specified the use of the ordinal adjectives “first’, “second”,
“third”, etc., to describe a common object, merely indicate that different instances of like objects
are being referred to and are not intended to imply that the objects so described must be in a

given sequence, either temporally, spatially, in ranking, or in any other manner.

As used herein, when referring to a measurable value such as an amount, a temporal
duration, and the like, the term "about" is meant to encompass variations of £20% or £10%, more
preferably +5%), even more preferably £1%, and still more preferably £0.1% from the specified

value, as such variations are appropriate to perform the disclosed methods.

Ranges: throughout this disclosure, various aspects of the invention can be presented in a
range format. It should be understood that the description in range format is merely for
convenience and brevity and should not be construed as an inflexible limitation on the scope of
the invention. Accordingly, the description of a range should be considered to have specifically
disclosed all the possible subranges as well as individual numerical values within that range. For
example, description of a range such as from 1 to 6 should be considered to have specifically
disclosed subranges such as from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from 3
to 6 etc., as well as individual numbers within that range, for example, 1, 2, 2.7, 3, 4, 5, 5.3, and

6. This applies regardless of the breadth of the range.
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The present invention employs methods and techniques that are known to a person having
ordinary skill in the art. Such methods and techniques as employed in the present invention
include conventional molecular biology, microbiology, and recombinant DNA methods and
techniques as disclosed and explained fully in the relevant literature, for example only, Becker’s
World of the Cell, 9th edition, Hardin, J., et al., Pearson (2015); Essential Cell Biology, 5th edition,
Alberts, B, et al., T&F/Garland (2019); Freshney's Culture of Animal Cells: A Manual of Basic
Technique and Specialized Applications, Freshney, R.l.,, and Capes-Davis, A., Wiley-Blackwell
(2021); Gel Electrophoresis: Nucleic Acids, Martin, R., Garland Science (2020); Karp’s Cell and
Molecular Biology, 9th edition, Karp, G., et al., Wiley (2020); Lewin’s Genes, 12th edition, Krebs,
J.E., et al,, Jones & Bartlett Learning (2017); Molecular Biology of the Cell, 6th edition, Alberts,
B., et al., Garland Science (2014); Molecular Biclogy of the Gene, 7th edition, Watson, J., et al.,
Pearson (2013); Molecular Biology, 5th edition, Weaver, R., McGraw-Hill Education (2011);
Molecular Biology: Principles of Genome Function, 2nd edition, Craig, N., et al., Oxford University
Press (2014); Molecular Cell Biology, 8th edition, Lodish, H, W.H. Freeman (2016); Molecular
Cloning: A Laboratory Manual, Volumes 1, 2, and 3, 4th edition, Green, M.R., and Sambrook, J.,
Cold Spring Harbour Laboratory Press (2014); and Nucleic Acid Hybridization, Anderson, M.L.M.,
Garland Science (2020).

As used herein, the term "nucleic acid" refers to polynucleotides such as deoxyribonucleic
acid (DNA), and, where appropriate, ribonucleic acid (RNA). The term should also be understood
to include, as equivalents, analogs of either RNA or DNA made from nucleotide analogs, and, as
applicable to the embodiment being described, single (sense or antisense) and double-stranded
polynucleotides. ESTs, chromosomes, cDNAs, mRNAs, and rRNAs are representative examples

of molecules that may be referred to as nucleic acids.

The term "equivalent," when used in reference to nucleotide sequences, is understood to
refer to nucleotide sequences encoding functionally equivalent polypeptides. Equivalent
nucleotide sequences will include sequences that differ by one or more nucleotide substitutions,
additions or deletions, such as allelic variants; and will, therefore, include sequences that differ
from the nucleotide sequence of the nucleic acids described herein due to the degeneracy of the

genetic code.

The term "variant,” when used in the context of a polynucleotide sequence, may
encompass a polynucleotide sequence related to that of a gene or the coding sequence thereof.
This definition may also include, for example, "allelic," "splice," "species," or "polymorphic"
variants. The polypeptides generally will have significant amino acid identity relative to each other.
A polymorphic variant is a variation in the polynuclectide sequence of a particular gene between
individuals of a given species. Polymorphic variants may encompass "single nucleotide

polymorphisms" (SNPs) in which the polynuclectide sequence varies by one base. The presence
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of SNPs may be indicative of, for example, a certain population, a disease state, or a propensity

for a disease state.

As used herein, the terms "peptide,"” "polypeptide," and "protein" are used interchangeably,
and refer to a compound comprised of amino acid residues covalently linked by peptide bonds. A
protein or peptide must contain at least two amino acids, and no limitation is placed on the
maximum number of amino acids that may comprise a protein or peptide's sequence.
Polypeptides include any peptide or protein comprising two or more amino acids joined to each
other by peptide bonds. As used herein, the term refers to both short chains, which also commonly
are referred to in the art as peptides, oligopeptides and oligomers, for example, and to longer
chains, which generally are referred to in the art as proteins, of which there are many types.
"Polypeptides" include, for example, biologically active fragments, substantially homologous
polypeptides, oligopeptides, homodimers, heterodimers, variants of polypeptides, modified
polypeptides, derivatives, analogs, fusion proteins, among others. The polypeptides include

natural peptides, recombinant peptides, synthetic peptides, or a combination thereof.

A "fusion protein" as used herein refers to a protein wherein the protein comprises two or
more proteins linked together by peptide bonds or other chemical bonds. The proteins can be
linked together directly by a peptide or other chemical bond, or with one or more amino acids

between the two or more proteins, referred to herein as a spacer.

Abbreviations of amino acids and nucleic acids, and analogs and derivatives of amino acids
and nucleic acids will be known to a person having ordinary skill in the art. Such abbreviations
may be found as published as the International Union of Pure and Applied Chemistry (IUPAC)
and the International Union of Biochemistry and Molecular Biology (IUBMB) recommendation.

In the context of the present invention, the following abbreviations for the commonly
occurring nucleic acid bases are used. "A" refers to adenosine, "C" refers to cytosine, "G" refers
to guanosine, "T" refers to thymidine, and "U" refers to uridine. "Transform”, "transforming", and
"transformation "is used herein to refer to a process of introducing an isolated nucleic acid into

the interior of an organism.

The term "isolated" as used herein with respect to nucleic acids, such as DNA or RNA,
refers to molecules separated from other DNAs or RNAs, respectively, that are present in the
natural source of the macromolecule. The term isolated as used herein also refers to a nucleic
acid or peptide that is substantially free of cellular material, viral material, or culture medium when
produced by recombinant DNA techniques, or chemical precursors or other chemicals when
chemically synthesized. Moreover, an "isolated nucleic acid" is meant to include nucleic acid
fragments which are not naturally occurring as fragments and would not be found in the natural
state. The term "isolated" is also used herein to refer to polypeptides which are isolated from other

cellular proteins and is meant to encompass both purified and recombinant polypeptides. An
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"isolated cell" or "isolated population of cells" is a cell or population of cells that is not present in

its natural environment.

The term "evolved” or "evolve" as used herein refers to the change (i.e., the evolution) in
the inherited characteristics of biological populations over successive generations. Evolutionary
processes give rise to diversity at every level of biological organization, including species,
individual organisms and molecules such as DNA and proteins (Hall and Hallgrimsson, eds. 2008,
Strickberger's Evolution (4th ed.), Jones & Bartlett).

In one aspect, the present invention provides a directed evolution system, comprising:

() a first nucleic acid sequence encoding one or more non-structural genes of a virus

and at least one evolution candidate,
(i) a second nucleic acid sequence encoding one or more packaging genes, and

(ii) a third nucleic acid sequence encoding a target element for the at least one

evolution candidate and the one or more packaging genes,

wherein the first nucleic acid sequence and the second nucleic acid sequence generates
a first VLP after expression in a host cell, and wherein said first VLP and the third nucleic acid
sequence generates a second VLP after transduction of the first VLP and expression of the third

nucleic acid sequence in a host cell,

wherein said evolution is driven by at least one round of error-prone viral genome

replication of the at least one evolution candidate after transduction of the first VLP, and

wherein the generation of the second VLP is dependent on the target element regulated

directly or indirectly by the at least one evolution candidate.

The virus preferably is a RNA virus, more preferably an alphavirus. As defined herein, an
"Alphavirus" is a member of the Group IV Togaviridae family of viruses. Alphaviruses include, but
are not limited to Aura virus, Babanki virus, Barmah Forest virus, Bebaru virus, Cabassou virus,
Chikungunya virus, Eastern equine encephalitis virus, Everglades virus, Fort Morgan virus, Getah
virus, Highlands virus, Kyzylagach virus, Mayaro virus, Me Tri virus, Middelburg virus, Mosso das
Pedras virus, Mucambo virus, Ndumu virus, O'nyong'nyong virus, Pixuna virus, Rio Negro virus,
Ross River virus, Sagiama virus, Salmon pancreas disease virus, Semliki Forest virus, Sindbis
virus, Southern elephant seal virus, Tonate virus, Trocara virus, Una virus, VVenezuelan equine

encephalitis virus, Western equine encephalitis virus and Whataroa virus.

In a particular embodiment, the RNA virus is Semliki Forest Virus (SFV). In one
embodiment, the SFV comprises SEQ ID NO: 1 or 2.
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As defined herein, an alphavirus “non-structural protein" (NSP) can be selected from the
group consisting of NSP1, NSP2, NSP3 and NSP4. Preferably, the one or more non-structural
genes comprises NSP1, NSP2, NSP3 and NSP4 of SFV non-structural genes. The NSP1-4
proteins are translated from the first two-thirds of the viral genomic RNA. These proteins form a
complex which directs replication of the genomic RNA to form antigenomic RNA. In some
embodiments, the one or more non-structural genes is any one or more of SEQ ID NO. 3, 5, 7,
and 9. In some embodiments, the one or more non-structural genes is any one or more of SEQ
ID NOC. 4, 6, 8, and 10.

A "mutation” as used therein is a change in a DNA sequence resulting in an alteration from
its natural state. The mutation can comprise a deletion and/or insertion and/or duplication and/or
substitution of at least one desoxyribonucleic acid base such as a purine (adenine and/or thymine)

and/or a pyrimidine (guanine and/or cytosine).

Mutations may or may not produce discernible changes in the observable characteristics

(phenotype) of an organism.

As used herein, “increase” or "greater"” refers to expression levels which are at least 10%>
or more, for example, 20%, 30%, 40%, or 50%, 60%, 70%, 80%, 90% higher or more, and/or 1.1
fold, 1.2 fold, 1.4 fold, 1.6 fold, 1.8 fold, 2.0 fold higher or more, and any and all whole or partial

increments therebetween, than a control.

As used herein, the terms "control," or " reference " are used interchangeably, and refer to

a value that is used as a standard of comparison.

"Titers" are numerical measures of the concentration of a virus or viral vector compared to
a reference sample, where the concentration is determined either by the activity of the virus, or
by measuring the number of viruses in a unit volume of buffer. The ftiter of viral stocks are
determined, e.g., by measuring the infectivity of a solution or solutions (typically serial dilutions)
of the viruses, e.g., on Hela cells using the soft agar method (see, Graham & Van Der eb (1973)
Virology 52:456-467) or by monitoring resistance conferred to cells, e.g., G418 resistance
encoded by the virus or vector, or by quantitating the viruses by UV spectrophotometry (see,
Chardonnet & Dales (1970) Virology 40:462-477).

Preferably, the one or more packaging gene is different from the virus. In one embodiment,
the one or more packaging genes is from a different virus. In a particular embodiment, the one
or more packaging genes is a vesicular stomatitis virus (VSV) G DNA encoding a VSV G protein.
In one embodiment, the VSV encoding the VSV G protein can be from any VSV serotype known
in the art. Non-limiting examples of VSV serotypes include the Indiana (IND-VSV) serotype and
New Jersey (NJ-VSV) serotype. In some embodiments, the VSV G sequence is SEQ ID NO: 11
or12.

13



10

15

20

25

30

WO 2025/129231 PCT/AU2024/050763

In one embodiment, the evolution is further driven by a chemical compound. Preferably,
the chemical compound can increase mutation rate of the at least one evolution candidate.
Preferably, the chemical compound is a drug, a prodrug, an analog, or a derivative thereof. In
one embodiment, the drug, prodrug, analog, or derivative thereof is selected from (and not limiting
to) one or more of 5-Azacytidine, 5-hydroxymethyl-2'-deoxycytidine, Decitabine, Gemcitabine, 5-
hydroxydeoxycytidine, KP1212 (5,6-dihydro-5-aza-2'-deoxycytidine), 5-hydroxymethyl-2'-
deoxyuridine, 5-fluorouracil, KP1461 (N4-heptyloxycarbonyl-5,6-dihydro-5-aza-2'-deoxycytidine),

Ribavirin, Favipiravir, and Molnupiravir.

In one embodiment, the evolution is further driven by one or more mutations that increases
the error-prone viral genome replication. Preferably, the one or more mutations that increases
the error-prone viral genome replication is included in a gene encoding a replicase or a replication
complex for the virus. In one embodiment, the one or more mutations that increases the error-

prone viral genome replication is included in the one or more non-structural genes of the virus.

Preferably, the one or more non-structural genes further comprises a 5’ untranslated
region and a 3’ untranslated region of SFV non-structural genes operably linked to NSP1, NSP2,
NSP3 and NSP4.

In some embodiments, the 5’UTR sequence is SEQ ID NO: 13. In some embodiment, the
3 UTR is SEQ ID NO: 15.

In one embodiment, the VLP is a virus-like vesicle (VLV). VLV are SFV-based self-
propagating infectious particles that propagate in the cytoplasm and produce infectious spherules
containing only one structural protein, the VSV-G glycoprotein, which promotes vesicle budding

and spread from infected cells.

Preferably, the one or more non-structural genes comprises at least one mutation that
increases virus titer production. In one embodiment, the at least one mutation is selected from G-
4700-A, A-5424-G, G-5434-A, T-5825-C, T-5930-C, A-8047-G, G-6783-A, G-6963-A, G-7834- A,
T-8859-A, T-8864-C, G-9211-A | A-10427-G, G-11560-A, or other modifications that improve
packaging or functionality of the system. In one particular embodiment, the at least one mutation
comprises G-4700-A, A-5424-G, G-5434-A, T-5825-C, T-5930-C, A-6047-G, G-6783-A, G-6963-
A, G-7834- A, T-8859-A, T-8864-C, G-9211-A , A-10427-G, and G-11560-A.

In another embodiment, the at least one mutation is selected from G106E, L347L, V351I,
L4818S, 1516T, D555G, L880L, T860T, A1151T, 14921, M1494T, A1610T, N2015S, E2393K or
any other modifications that improve packaging or functionality of the system. In one particular
embodiment, the at least one mutation comprises G106E, L347L, V351I, L481S, 1516T, D555G,
L880L, T860T, A1151T, 1492|, M1494T, A1610T, N2015S, and E2393K.
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Preferably, the one or more packaging genes comprises at least one mutation that
increases virus titer production. Preferably, the at least one mutation is selected from A-11871-

G, T-11978-C and other modifications that improve packaging or functionality of the system.

As would be understood by the skilled person, the number indicated in the
abovementioned mutations refers to the position of the nuclectide of a nucleic acid sequence, for
example, the nucleic acid sequence of NSP1-4 of SFV and VSVG as disclosed in Rose et al 2014
(15) and in PCT/US2015/030102, or the position of the amino acid of a protein sequence. In one
embodiment, the VLPs disclosed herein accumulated beneficiary mutations and produced VLPs

with 1000 times higher titers after 50 passages in culture than the VLPs without the mutations.

Preferably, the first nucleic acid sequence comprises a DNA sequence comprising a
promoter sequence operably linked to a DNA sequence encoding the one or more non-structural
genes of the RNA virus, operably linked to a DNA sequence encoding the at least one evolution
candidate. Preferably, the first nucleic acid sequence further comprises an alphavirus
subgenomic RNA promoter (SGP) operably linked between the one or more non-structural genes
of the RNA virus and the at least one evolution candidate. In one embodiment, the alphavirus
SGP is a SFV promoter. In one embodiment, the SGP sequence is SEQ ID NO: 14.

Preferably, the second nucleic acid sequence comprises a DNA sequence comprising a

promoter sequence operably linked to the one or more packaging genes.

The term "promoter" as used herein is defined as a DNA sequence recognized by the
synthetic machinery of the cell, or intfroduced synthetic machinery, required to initiate the specific

transcription of a polynucleotide sequence.

As used herein, the term "promoter/regulatory sequence" means a nucleic acid sequence
which is required for expression of a gene product operably linked to the promoter/regulatory
sequence. In some instances, this sequence may be the core promoter sequence and in other
instances, this sequence may also include an enhancer sequence and other regulatory elements
which are required for expression of the gene product. The promoter/regulatory sequence may,

for example, be one which expresses the gene product in a tissue specific manner.

A "constitutive”" promoter is a nucleotide sequence which, when operably linked with a
polynucleotide which encodes or specifies a gene product, causes the gene product to be
produced in a cell under most or all physiological conditions of the cell. In one embodiment, the

promoter sequence is a cytomegalovirus immediate early promoter (CMV promoter) sequence.

An "inducible" promoter is a nucleotide sequence which, when operably linked with a
polynucleotide which encodes or specifies a gene product, causes the gene product to be
produced in a cell substantially only when an inducer which corresponds to the promoter is

present in the cell.
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In one embodiment, the first nucleic acid sequence, the second nucleic acid sequence
and/or the third nucleic acid sequence are included in at least one DNA construct. In one
embodiment, the first nucleic acid sequence, the second nucleic acid sequence and the third
nucleic acid sequence are each included in a separate DNA construct. Preferably, the DNA

construct comprises a vector.

A "vector” is a composition of matter which comprises an isolated nucleic acid and which
can be used to deliver the isolated nucleic acid to the interior of a cell. Numerous vectors are
known in the art including, but not limited to, linear polynucleotides, polynucleotides associated

with ionic or amphiphilic compounds, plasmids, and viruses.

In ancther embodiment, the first nucleic acid sequence, the second nucleic acid sequence
and/or the third nucleic acid sequence are integrated into a host cell genome for stable

expression.

Preferably, the evolution candidate comprises a sequence of at least one transgene of
interest. The term “transgene of interest” as used herein should be understood to refer to a
nucleotide sequence encoding a gene or truncated gene product of interest. Such a gene or
truncated gene product of interest should be understood to refer to a gene or truncated gene
product intended to be evolved in a directed evolution process as disclosed herein. It will be
appreciated that the term “transgene of interest” includes variations of the transgene of interest
that are a result of the directed evolution process disclosed herein. A person of ordinary skill will
appreciate that a transgene of interest could be any nucleic acid encoding a gene or truncated
gene product to be evolved. Accordingly, in one embodiment, the at least one transgene of
interest encodes a protein, a protein domain, a protein-coding region, a non-protein-coding, a
truncated protein, a truncated protein domain, a truncated-protein coding region or a truncated
non-protein-coding region. In one embodiment, the evolution candidate is selected from the group

consisting of Tet transactivator (tTa), reverse Tet transactivator (rtTa), and anti-p53 nanobody.

Preferably, the second VLP and the third nucleic acid sequence generates further VLPs
after transduction of the second VLP and expression of the third nucleic acid sequence in a host
cell, wherein the generation of the further VLPs are dependent on the target element regulated
directly or indirectly by the at least one evolution candidate. Preferably, the system further
generates one or more additional VLPs through expression of the third nucleic acid and
transduction of the further VLPs in a host cell, wherein the generation of the one or more additional
VLPs are dependent on the target element regulated directly or indirectly by the at least one

evolution candidate. In one embodiment, the system is a continuous system.

As described herein, the “further VLPs” and “additional VLPs” are VLPs that contain an
evolved candidate. Both the “further VLPs” and the “additional VLPs” can be used to further

transduce a host cell with the expression of the third nucleic acid to generate one or more “further
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VLPs” and “additional VLPs” until a desirable evolved candidate is obtained, wherein the
generation of the further VLPs and the additional VLPs are dependent on the target element

regulated directly or indirectly by the at least one evolution candidate.

In another aspect, the present invention provides a method of performing directed
evolution of at least one evolution candidate, comprising the directed evolution system as

disclosed herein.

In another aspect, the present invention provides a method of performing directed

evolution of at least one evolution candidate, comprising:
() expressing in a host cell with

(a) a first nucleic acid sequence encoding one or more non-structural genes of a

virus and the at least one evolution candidate, and
(b) asecond nucleic acid sequence encoding one or more packaging genes,
(i) generating a first virus-like particle (VLP) by the host cell, and

(iii) transducing a host cell with the first VLP and expressing a third nucleic acid sequence
encoding a target element for the at least one evolution candidate and the one or

more packaging genes to generate a second VLP,

wherein said evolution is driven by at least one round of error-prone viral genome

replication of the at least one evolution candidate in step (iii), and

wherein the generation of the second VLP is dependent on the target element regulated

directly or indirectly by the at least one evolution candidate.

In one embodiment, “expression” of the first, second and/or third nucleic acid sequence in
a host cell can be done by transfecting and expressing one or more DNA constructs that includes
the first, second and/or third nucleic acid sequence. In another embodiment, the first nucleic acid
sequence, the second nucleic acid sequence and/or the third nucleic acid sequence are

integrated into a host cell genome for stable expression.

Preferably, the method further comprises screening the host cells for VLPs comprising a

desirable evolved candidate.

In one embodiment, the method further comprises transducing a host cell with the second
VLP and expressing the third nucleic acid sequence to generate further VLPs, wherein the
generation of the further VLPs are dependent on the target element regulated directly or indirectly
by the at least one evolution candidate. Preferably, the method further comprises transducing a

host cell with the further VLPs and expressing the third nucleic acid sequence to generate one or
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more additional VLPs, wherein the generation of the one or more additional VLPs are dependent

on the target element regulated directly or indirectly by the at least one evolution candidate.

In another aspect, the present invention provides a virus-like particle produced by the

method disclosed herein.

In another aspect, the present invention provides a host cell comprising the virus-like

particle disclosed herein.

The term "host cell," as used herein, should be understood to refer to a cell that can host
a nucleic acid sequence, a nucleic acid construct, a vector, a VLP and/or a virus. A cell can host
a nucleic acid sequence, a nucleic acid construct, a vector, a VLP and/or a virus if it supports
expression of the nucleic acid sequence, the nucleic acid construct, the vector, the VLP and/or
the virus, replication of the nucleic acid sequence, the nucleic acid construct, the vector, and/or
the genome of the VLP or the virus, and/or the generation of viral particles. Preferably, the host

cell is a mammalian cell, such as BHK-21 cell or HEK293T cell.

In another aspect, the present invention provides a composition comprising the virus-like

particle disclosed herein.

As used herein, the term “composition” or "pharmaceutical composition" refers to a mixture
of at least one compound useful within the invention with other chemical components, such as
carriers, stabilizers, diluents, adjuvants, dispersing agents, suspending agents, thickening agents,
and/or excipients. The composition or the pharmaceutical composition facilitates administration
of the compound to an organism. Multiple techniques of administering a compound exist in the
art including, but not limited to: intravenous, oral, aerosol, parenteral, ophthalmic, pulmonary and

topical administration.

The language "pharmaceutically acceptable carrier" includes a pharmaceutically
acceptable salt, pharmaceutically acceptable material, composition or carrier, such as a liquid or
solid filler, diluent, excipient, solvent or encapsulating material, involved in carrying or transporting
a compound(s) of the present invention within or to the subject such that it may perform its
intended function. Typically, such compounds are carried or transported from one organ, or
portion of the body, to another organ, or portion of the body. Each salt or carrier must be
"acceptable” in the sense of being compatible with the other ingredients of the formulation, and
not injurious to the subject. Some examples of materials that may serve as pharmaceutically
acceptable carriers include: sugars, such as lactose, glucose and sucrose; starches, such as corn
starch and potato starch; cellulose, and its derivatives, such as sodium carboxymethyl cellulose,
ethyl cellulose and cellulose acetate; powdered tragacanth; malt; gelatin; talc; excipients, such as
cocoa butter and suppository waxes; oils, such as peanut oil, cottonseed oil, safflower oil, sesame

oil, olive oil, corn oil and soybean oil; glycols, such as propylene glycol; polyols, such as glycerin,
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sorbitol, mannitol and polyethylene glycol; esters, such as ethyl oleate and ethyl laurate; agar;
buffering agents, such as magnesium hydroxide and aluminum hydroxide; alginic acid; pyrogen-
free water; isotonic saline; Ringer's solution; ethyl alcohol; phosphate buffer solutions; diluent;
granulating agent; lubricant; binder; disintegrating agent; wetting agent; emulsifier; coloring agent;
release agent; coating agent; sweetening agent; flavoring agent; perfuming agent; preservative;
antioxidant; plasticizer; gelling agent; thickener; hardener; setting agent; suspending agent;
surfactant; humectant; carrier; stabilizer; and other non-toxic compatible substances employed in
pharmaceutical formulations, or any combination thereof. As used herein, "pharmaceutically
acceptable carrier”" also includes any and all coatings, antibacterial and antifungal agents, and
absorption delaying agents, and the like that are compatible with the activity of the compound,

and are physiologically acceptable to the subject.
Supplementary active compounds may also be incorporated into the compositions.

As used herein, the term "effective amount” or "therapeutically effective amount" means the
amount of the virus like particle generated from vector of the invention which is required to prevent
the particular disease condition, or which reduces the severity of and/or ameliorates the disease

condition or at least one symptom thereof or condition associated therewith.

The term "ameliorating” or "treating" means that the clinical signs and/or the symptoms
associated with a disease are lessened as a result of the actions performed. The signs or

symptoms to be monitored will be well known to the skilled clinician.

The term "treatment” as used within the context of the present invention is meant to include
therapeutic treatment as well as prophylactic, or suppressive measures for the disease or
disorder. As used herein, the term "treatment” and associated terms such as "treat" and "treating"
means the reduction of the progression, severity and/or duration of a disease condition or at least
one symptom thereof. The term 'treatment' therefore refers to any regimen that can benefit a
subject. The treatment may be in respect of an existing condition or may be prophylactic
(preventative treatment). Treatment may include curative, alleviative or prophylactic effects.
References herein to "therapeutic" and "prophylactic”" treatments are to be considered in their
broadest context. The term "therapeutic" does not necessarily imply that a subject is treated until
total recovery. Similarly, "prophylactic" does not necessarily mean that the subject will not
eventually contract a disease condition. Thus, for example, the term treatment includes the
administration of an agent prior to or following the onset of a disease or disorder thereby
preventing or removing all signs of the disease or disorder. As another example, administration
of the agent after clinical manifestation of the disease to combat the symptoms of the disease

comprises "treatment” of the disease.

As used herein, by "combination therapy” is meant that a first agent is administered in

conjunction with another agent. "In combination with" or "In conjunction with" refers to
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administration of one treatment modality in addition to another treatment modality. As such, "in
combination with" refers to administration of one treatment modality before, during, or after
delivery of the other treatment modality to the individual. Such combinations are considered to be

part of a single treatment regimen or regime.

A "subject”" or "patient," as used therein, may be a human or non-human mammal. Non-
human mammals include, for example, livestock and pets, such as ovine, bovine, porcine, canine,

feline and murine mammals. Preferably, the subject is human.

The term "biological" or "biological sample" refers to a sample obtained from an organism
or from components (e.g., cells) of an organism. The sample may be of any biological tissue or
fluid. Frequently the sample will be a "clinical sample" which is a sample derived from a patient.
Such samples include, but are not limited to, bone marrow, cardiac tissue, sputum, blood,
lymphatic fluid, blood cells (e.g., white cells), tissue or fine needle biopsy samples, urine,
peritoneal fluid, and pleural fluid, or cells therefrom. Biological samples may also include sections

of tissues such as frozen sections taken for histological purposes.

In another aspect, the present invention provides a kit for performing directed evolution,

comprising.

() a first nucleic acid sequence encoding one or more non-structural genes of a virus

and at least one evolution candidate,
(i) a second nucleic acid sequence encoding one or more packaging genes, and

(i) a third nucleic acid sequence encoding a target element for the at least one evolution

candidate and the one or more packaging genes,

wherein the first nucleic acid sequence and the second nucleic acid sequence generates
a first virus-like particle (VLP) after expression in a host cell, and wherein said first VLP and the
third nucleic acid sequence generates a second VLP after transduction of the first VLP and

expression of the third nucleic acid in a host cell,

wherein said evolution is driven by at least one round of error-prone viral genome

replication of the at least one evolution candidate after transduction of the first VLP, and

wherein the generation of the second VLP is dependent on the target element regulated

directly or indirectly by the at least one evolution candidate.

In some embodiments, a kit is provided that includes reagents, vectors, cells, software,
systems, and/or apparatuses for carrying out the methods provided herein. Typically, the kit will

also include instructions for performing the method as disclosed herein.
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In one embodiment, the kit comprises the directed evolution system according to the first
aspect. In another embodiment, the kit is for use in the method according to the second or the

third aspect.

In some embodiments, a kit is provided for treating, preventing, or ameliorating an a given
disease, disorder or condition, or a symptom thereof, as described herein wherein the kit
comprises: a) a compound or compositions as described herein; and optionally b) an additional
agent or therapy as described herein. The kit can further include instructions or a label for using
the kit to treat, prevent, or ameliorate the disease, disorder or condition. In yet other embodiments,
the invention extends to kits assays for a given disease, disorder or condition, or a symptom
thereof, as described herein. Such kits may, for example, contain the reagents from PCR or other
nucleic acid hybridization technology (microarrays) or reagents for immunologically based
detection technigques (e.g., ELISpot, ELISA).

In one particular aspect, the present invention provides an SFV-based DE system for

evolving a target protein, comprising:

(i) a first plasmid comprising non-structural genes of the SFV genome and an evolution
candidate, wherein the non-structural SFV genes include one or more mutations that
increases virus titer when using a VSVG envelope protein instead of proteins encoded

by the endogenous SFV structural genes;

(i) a second plasmid comprising a gene sequence encoding the VSVG envelope protein;

and

(i) a synthetic circuit comprising a target element that is responsive to the evolution

candidate and a sequence encoding the VSVG envelope protein gene.

Preferably, a VLP containing the SFV non-structural genes and the evolution candidate is
first produced by transfecting the first and second plasmid in a host cell, and the VLP is further
amplified. The evolution candidate is then subjected to direct evolution through selective pressure
by transducing the VLP with the synthetic circuit. The expression of the VSVG envelope protein
from the synthetic circuit (and thus production of VLP comprising the evolution target with
increased activity) is controlled by the target element under the regulation of the evolution

candidate.
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So that preferred embodiments of the invention may be fully understood and put into

practical effect, reference is made to the following non-limiting examples.

EXAMPLES
Materials and Methods
Cell Culture

BHK-21 [C-13] celis (#CCL-10) were sourced from the American Type Culture Collection
(ATCC). Cells were maintained in a humidified 37°C (8% CQO:) aimosphere in MEM o
{ThermoFisher, #32571101) supplemented with 5% fetal bovine serum (FBS) (Bovogen, #3FBS-
F, French origin) and 10% tryptose phosphate broth (TPR) (ThermoFisher, #CM0283B), hereafier
defined as ‘BHK-21 Growth Medium'. Fresh aliquots of cells were thawed for directed evolution

campaigns once in-house passage counts reached 28
Molecuiar Biology and Plasmid Construction

Al SFV-based DE system and synthetic circuit piasmids were designed in SnapGens®
{Version 8.1). Sequences of interest {e.g. promoter sequences, transgene inserts, plasmid vector
hackbones etc.) were isolated by high-fidelity PCR amplification with Velocity DNA Polymerase
{Bioline, #BIO-21089) or Q5® High-Fidelity 2X Mastermix (NEB, #M0482) using primers
synthesized by Integrated DNA Technoiogies {IDT). Assembly of PCR amplicons was performed
using the NEBuilder HiFi DNA Assembly Master Mix (NEB, #E2821) following manufacturer’s
recommendations. Assembled products were fransformed into NEB® 10-beta Competent £. colf
{NEB, #C3019) and seiscted on LB agar plates (ThermoFisher, #22700025) supplemented with
100 ug/mi ampicillin (Sigma-Aldrich, #A8518). Single colonies grown overnight in guid LB broth
{ThermoFisher, #12795-084) supplemented with 100 ug/mi ampiciilin were processed with the
ISOLATE I Plasmid Mini Kit (Bioline, #B10-52057) for sequence verification. Plasmid constructs
were verified by restriction digestion and Sanger sequencing at the Australian Genome Research
Facility (AGRF). Once successful assembly had been confirmed, fresh streaks of confirmed
positive constructs were generated on antibiotic-supplemented LB agar plates and cultures
generated for plasmid isolation using the PureYield™ Plasmid Maxiprep System (Promega,

#A2393), producing the vields and purity necessary for fransfection applications.
- Semliki Forest Virus (SFV) System Constructs

The initial SFY DNA plasmid construct (pSFV-DE_eGFP-LUC) was designed for expression
from a constitutive CMV promoter in the mammalian expression vecior pcDNA3 1{+). This

parental plasmid was linearized by PCR and the amplicon purified by gel extraction. SFV
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elements (5UTR, NGP1-4, 3’UTR), the seguences of which were derived from pSFV3 (Addgens
#920772) (28), were synthesized as a series of gBlocks HiFi Gene Fragments by IDT and used for
NEBuilder HiFi assembly. We built fourteen point mutations into the NSP genome sequence which
evolved in a capsid-deficient SFV sirain for production of high-titer VLiVs enveloped with YSVG
(15). Two intermediates confaining separate halves of the NSP1-4_eGFP-LUC_JUTR insert

were generated from which the final assembly was oblained by PCR and HiFi assembly.

Subsequently, the NSP2 5 ADAR™® codon Vicop was mutated to S*RLE by HiFi assembly
to attenuate cytopathic effects (29). This attenuated VLV (pSFV-DE) forms the basis of the SFV
DNA replicon system presented within this study, and all transgenes for directed evolution were

inserted as a direct replacement of the eGFP-LUC coding sequence by PCR and HiFi assembly.
Packaging and Amplification of SFV-VSVG DE VLVs
- Packaging (RP)

SFV-VBVG DE VLVs were packaged in BHK-21 cells following transfection with plasmid DNA.
BHK-21 cells were seeded in 8-well plates at a density of 1.85 x 10° cellsiwell in 2 mL BHK-21
Growth Medium and incubated for 24 hours. Afotal of 1 ug of plasmid DNA (2:1:1 of pCMV_VSVG,
pSFV-DE_[transgene] and pSFV-DE_eGFP-LUC) was diluted in Opti-MEM Reduced Serum
Medium with GlutaMAX Suppiement (ThermoFisher, #51985034) and fransfected into cells using
TransiT-2020 Transfection Reagent (Mirus Bio, #MIR5400) following the manufacturer’s
recommendations {employing a 3:1 transfection reagent:DNA ratio). 8 hours posi-transfection,
cells were rinsed twice with DPBS (Sigma-Aldrich, #08537) and 1.2 mb of BHK-21 Growth
Medium was added. VLV-containing supernatant was collected 24 hours posttransfection and
centrifuged at 1000 ¢ for 5 minutes to peliet cellular debris. Clarified supernatants were collected

for titration and subsequent fransduction experiments.
- Amplification (RA)

Packaged VLVs from RF were propagated further in constitulive VEVG-expressing BHK-21
cells to amplify infectious, enveloped particles. BHK-21 cells were seeded in 6-well plates (1.85
x 10° celis/well in 2 mL) in BHK-21 Growth Medium and incubated for 24 hours. A total of 1 ug of
pCMV_VSVG DNA was transfected info cells using TranstT-2020 Transfection Reagent. 8 hours
post-transfection, cslls were rinsed twice with DPBES and neat RP VLVs added (500 ul for 8-well
plates) in the presence of 8 ug/mi polybrene (Sigma-Aldrich, #49288). Cells were incubated with
VLVs for 1 hour and rinsed twice with DPBS before 1.2 mbL BHK-21 Growth Medium was added
for a further 23 hours of incubation. VLV-containing supernatants were collected and processad

as described in Fackaging (RP).

VLV Titration
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ViV-containing supernatants were titrated as per (77) using an NSP2-specific primer-
probe sef. Following collection and clarification, undiluted VLV-containing supsrnatants were
combined with the TagMan™ Fast Virus 1-Step Master Mix {ThermoFisher, #4444434) in a
minimum of technical duplicates. Plates were run on a QuantStudio™ 7 Flex or QuantStudio™ &

5 Pro Real-Time PCR System (ThermoFisher) using ‘Fast protocol parameters. Seriglly diluted
pSFY_eGFP-LUC plasmid DNAwas used to generate a standard curve for absolute quantification
{ranging between 10°%107 genome copies (go) per reaction). Piotted standard curves were used
to determine VLV titers in go/mb. Detection thresholds were determined with no template control
reactions and typically ranged between 10°-10° go/ml. For subsequent VLV transductions, thess

10 valuss were sublracted from calculated titers. Primer sequences are listed in Table 2 below.

Table 2. List of primers.

SEQ ID NO PRIMER NAME SEQUENCE (5' to 39) PURPOSE TARGET
qPCR TITRATION
16 CD_SFVTitre_gPCR_FWD |CAAGCCAGGAGACATCGTG
17 CD_SFVTitre_qgPCR_PROBE |56-FAM/AACATGCTT/ZEN/CCGAGGCTGGGTAAA/SIABKFQ/ g::;;“sra“m of PROTEUS SFV PSFV (NSP2)
18 CD_SFVTitre_gPCR_REV |GCTGTCATGACTTCGTGTCC
TRANSGENE ISOLATION/AMPLIFICATION
To amplify transgene sequence from the
19 CD_SFViransgene_F1  |CGGTCCTAGATTGGTGCG e e o o foma® | PSFV (NSP4)
20 CD_SFVitransgene_R1  |GCCATTGCTTACCCTAACTTTTTC atthe 3 ond OTNSP4; R1bindswithin | psrv aUTR)

VLV Transduction (Evolution Round 1 (E1)-onwards)

For evolution, amplified VLVs from RA were propagated in synthetic circuit-expressing
15 celis that require ViN-encoded fransgene funclionalily to aclivate transcription of the VSV(G
packaging element. BHK-21 cells were seaded in 6-well plates at a density of 1.95 x 10° celis/well
in 2 mL BHK-21 Growth Medium, incubated for 24 hours, and transfected using TransiT-2020
Transfection Reagent (Mirus Bio, #MIR5400) following the manufacturer’s recommendations with
a total of 1 ug of synthetic circuit-encoding plasmids. The SRF circuit used 1 pg of pSRE_VSV(;
20 the tTA/MTA circuits used 1 ug of pTRE3IG_VSVG, the Nb138 circuit supplied two plasmids at a
1:1 rafio {(PS3-ZF43pZF43-VEBVE), 0.5 ug/plasmid. Growth medium was replaced prior t©
transfection if the circuit of interest required chemical additives or adjusted media {e.g. reduced
[FBS]. 8 hours post-transfection, a mock-transfected well was {rypsinized and counted to
calcuiate the volume of titered VLV inoculum needed o achieve an MOI of 1 go/esll Typical counts
25  ranged between 3-10 x 10° celis/well. An MO! of 1 is used to restrict circuit activation to the activity
of a single iransgene variant per cell to minimize crosstalk. Cells were rinsed once with DPBS
before VLV was applied in a 500 pl volume of BHK-21 Growth Medium supplemented with 8
ug/mil polybrene. Cells were incubated with VLVs for 1 how and rinsed twice with DPBS before
1.2 ml BHK-21 Growth Medium was added for g further 23 hours of incubation (supplementad
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with chemical additives (e.g. doxycycline or reduced [FBS] where relevant)). ViV-containing

supernatants were collected and processed as described in Packaging (R,

Each subsequent round uses the titered VIVs produced in the preceding round to

iteratively diversify, select and amplify variants of improved fitness.

Notes: the number of cells transduced, and hence the number of vanant transgene-
carrying VIVs screened per round, can be increased by proportionally upscaling 1o larger flask
footprints. All evolution campaigns presented within this article represent experiments performed
in 8-well plates. An MO >1 could be used to achisve higher circuit activation, but dominance of
high fitness mutations may be delayed by the piggybacking of low filness variants following co-
transduction of a single cell. The concentration of dox used to initiate tTA and riTA campaigns was

optimized {o permit propagation of VLVs.
Luciferase/Resazurin Assay

BHK-21 cells were seeded in 2 x 98-well plates at 6.6 x 10° celisiweill. Cells were
fransfected with a total 34 ng of plasmid constructs using TransiT-2020 Transfection Reagent
following the manufacturer’s recommendations. At 6 hours post-transfection, cells were washed
twice with DPBS, fresh BHK-21 Growth Medium added and the piates incubated for 24 hours.
Cell viability (as a proxy for cell density) was determined by replacement of growth medium with
30 ug/ml resazurin (Sigma-Aldrich, #R7017)-supplemented medium  and  incubation for
approximately 30 min. Resorufin fluorescence was measured on an Infinite M1000 PRO
microplate reader {Tecan). Supplemented medium was removed before celis were rinsed once
with room temperature DPBS and replaced with 30 yl growth medium. Luciferase activity was
assessed using the Sleady-Clo® Luciferase Assay System (Promega, E2510) following
manufacturer’s recommendations in black-bottom plates. Firefly luminescence was measured on
an Infinite M1000 PRO microplate reader {(Tecan). Raw firefly luminescence valuss werg
background-subtracted and then normalized against well-matched resazurin fluorescence prior

to analyses,
Transgene [solation

SFY RNA was exiracted from 140 pl. culture supematant using the QlAamp Viral RNA
Miri Kit {Qiagen, #52804} following the manufacturer's recommendations. SFV RNA was reverse
transcribed into cDNA and all SFV transgene sequences, positioned between NSP4 and the viral
3 untranslated region (UTR), were PCR-amplified using the OneTaq® One-Step RT-PCR Kit
(E53158). PCR was conducted using an NSP4-specific forward primer and a viral 3’UTR-specific
reverse primer (listed in Table 2 above). Amplified fransgenss werg resclved by gel
slactrophoresis using standard protocols and amplicons of the appropriate size range for the
transgene of interest were purified by gsl exiraction using the ISOLATE | PCR and Gel Kit
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{Bidline, #BIO-52060;. Amplicons were sequenced through long-read nanopore, short-read
tiumina, or single read Sanger sequencing approaches. For Sanger seguencing, amplicon
transgens DNA was blunt cloned into the linear plasmid backbone of the PCR Cloning Kit (NEB,
#E12028) using manufacturer's recommendations. Following transformation, single colonies

were cultured and sequenced as described in Molecular Biology and Plasmid Construction.
Long-read (Oxford Nanopore) Sequencing
- Sample Processing

RT-PCR-isolated transgene DNA sequences were processed to generale the librariss
required for full-length fransgene sequencing with Oxford Nanopore Technologies (ONT) Flongle
flow cells (ONT, #FLO-FLGOOND. Sequencing samples were prepared following the
recommendations  found within the ONT protocol ‘Amplicons by Ligation’  (version
ACDE 910_v110_revV _10Nov2020). DNA concentrations were determined using the Qubit™
dsDNA HS Assay Kit (ThermoFisher, #Q32851) and 200 fmol of DNA was processed using the
NEBNext Companion Module for ONT Ligation Sequencing (NEB, #E7180). Sequencing
adapters were ligated onto sequences with the Ligation Sequencing Kit (ONT, #SQK-LSK110).

- Sequencing and Basecalling

Up to 40 fmol of each DNA library was loaded on ONT Flongle flow cells (R8.4.1 chemistry, #FLO-
FLGOOT) in a MinlON MK1B Seguencer (ONT, #MIN-101B) fitted with a Flongle Adapter (ONT,
FADP-FLGO0T). Sequencing was performed using MinKNOW (ONT, version 4.2.8) using default
parameters and the following inputs: kit used, SGICLEKTO; 0.5 hows between MUX scans;
hasecalling, disabled. A minimum 2 x 10° raw reads were obtained per flow cell. Raw FASTS files
were basecalled using Guppy {version 4.5.2) with the minimum g-score filter set o 7.0
'‘Basecalled FASTO reads have been deposited at the Gene Expression Omnibus (GEO;

GEE250502).
- Alignment

Quality-filtersd basecalied reads (in FASTQ format) were processed using EPIZME Desktop
Agent (ONT, version 3.3.0.1031). Sequence reference files were uplcaded into the program with
the Fasia Reference Upload workflow (v2021.07.15). For each sample, all reads were aligned to
reference files using the Fastg Custom Alignment workflow (v2021.03.25) using defauilt

parameters.
Short-read (Hlumina) Sequencing

-~ Sample Processing
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RT-PCR-isolated transgene DNA sequences were processed further to generate the vield of
DNA required for short-read lllumina sequencing with NovegensAlT Genomics Singapors
{Novogene). Extracted DNA was further ampilified by high-fidelity PCR amplification with Q5®
High-Fidelity 2X Mastermix (NEB, #M0482) using the same primer set as for initial transgene
isolation. Amplicons were resolved by DNA gel electrophoresis and purified {0 have a minimum

1.5 ug for sequencing.
- Seguencing

Samples were seguenced with Novogene using their ‘Microbial PCR Product Whole Genome
Sequencing strategy. Amplicons underwent fragmentation prior to PCR-free library preparation
and sequencing using NovaSeqg PE250 technology. Raw FASTQ reads have been deposited at
the Gene Expression Omnibus (GEQO; GSE250502).

- Variant Nucleotide Analysis

To identify variant nucleotides, raw FASTQ files were aligned to transgene refsrence
sequences (FASTA) with minimap2. Any mate-pair issues were fixed in the output .sam files with
the samiools fixrmate command before reads were sorted (samiools sorf) and reformatted
{samiools mpileup). VarScan 2.3.9 (30) was used fo call for variants with command mpifeun2snp
with arguments --min-coverage 10000 -min-reads? 15 --min-var-freg 0.00025 --p-vaiue §.01.
Further annotation was performed with vofannotafor using default commands, aligning o

transgene reference sequences (GenBank format).
Immunocytochemistry

Celis were fixed with 4% PFA for 20 minutes at room temperature. Blocking was performed
in PBS with 5% Normal Goat Serum, 1% BSA, 0.05% Triton-X, 0.3M Glycine for 1 hour at room
temperature. Cells were then incubated with 1:400 anti-P53 mAb (Clone 7F5) (Cell Signaling
Technology, #2527) in blocking solution for one hour at room temperature, followed by five washes
with PBS-0.05% Triton-X. A goat anti-rabbit Alexab47 secondary antibody (Invitrogen, #A21245)
and Hoechst 33142 in blocking solution were then used to incubate cells for one hour at room
temperature. Cells were then washed 5 fimes with PBS-0.05% Triton-X, and imaged in PES.

Epifluorescence Microscopy

Phase contrast and eGFP fluorescence images were obtained on an Axio Vert A1 FL
{Zeiss) microscope fitted with an AxioCam ICM1 camera (Zeiss 8ON-C 2/3” 0.63X adapter) at 5X
magnification. eGFP images were captured with a BP475/40 excitation and BPS30/50 emission

fitter (FT500 beam splitler). Images were collectad with Zen 2 Blue Edition {Zeiss, version 2.0.0.0).

High-throughput Imaging
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~  Fixed

Cells were imaged using the Opera Phenix Plus High-Content Screening system. High-

throughput image analysis was performed using Harmony Software V5.1 (Perkin Elmer).
~  Live

Cells were imaged using the Opera Phenix Plus High-Content Screening system. Live cell
tracking was performed by detecting nuclear fluorescence across a period of 24 hours (~11 min
intervals) using Harmony Software V5.1 (Perkin Elmer). Tracked objects with detectable nuclear

GFP signal were exported.
Protein Structure Prediction

The AlphaFold2_mmseqgs2 Google Colab notebook from ColabFold (v1.5.2-patch;

. . .
[ R Py
AN TRSLATSH QLOgs. oan

) was used to predict protein structures using default

settings. The top-ranked prediction by average pLDDT was used for annotation and visualization
with UCSF Chimera (Version 1.17.3), developed by the Resource for Biocomputing, Visualization,
and Informatics at the University of California, San Francisco, with support from NiH P41-
GM103311 (37).

Statistics

Statistical analyses were performed in GraphPad Prism 9.2.0, GraphPad Software, San

Diege, California USA, www aisphnadoam. All data were plotted as mean + SEM. Cisplatin

treatment assays, VLV titer plots and AF plots were analyzed with two-tailed unpaired -tests.
Fold-changes in luciferase activity were statistically analyzed with a non-parametric Kruskal-
Wallis test with a2 Dunn's multiple comparisons test (FIG. 11b) or a repeated measures one-way
ANOVA with the Geisser-Greenhouse correction with a Dunr’s muitiple comparisons test (FIG.
11f). Means were compared to the control baseling mean. Changes in nuclear eGFP over time
were analyzed using a two-way ANQVA with Sidék’s multiple comparisons test. pvalues<(Q.05
were considered significant (¢, p<0.05; **, p<0.01; ***, p<0.001; ***, p<0.0001).

Example 1 - Capsid-deficient VLVs support host-dependent propagation of the SFV

genome

Alphavirus genomic RNA (gRNA) is recognized by a strain-specific capsid protein that
packages gRNA into infectious particles. While cognate packaging signals encoded in the gRNA
are sufficient for encapsidation (20), there are additional redundant packaging sequences
distributed throughout the alphavirus genome (27). In the context of DE, these interactions

generate "cheater” particles that interfere with viral replication and contribute to a failure to recover
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authentic DE products (79). While an intact capsid is essential for the pathogenicity of blood-

borne viruses, the capsid protein is dispensable for in vitro propagation of VLVs (22).

To explore whether eliminating capsid-gRNA interactions enables robust host-dependent
viral propagation, we designed a chimeric two-component system based on a self-replicating
Semliki Forest Virus (SFV) replicon (23), where the infectivity of SFV VLVs is determined by the
expression level of the Indiana vesiculovirus G (VSVG) coat protein in a host mammalian cell
permissive to SFV replication (BHK-21, FIG. 2a). Importantly, VSVG does not encapsidate viral
RNA and there are no regions of significant homology between the RNA encoding VSVG and the
SFV genome, reducing opportunities for recombination events that could restore replication
competence. We generated an SFV DNA replicon incorporating fourteen point mutations (four
synonymous) in the Non-Structural Proteins (NSPs 1-4), which were reported to produce high-
titer SFV VLVs pseudotyped with VSVG (FIG. 3a, (24)). Further, to reduce the cytopathic effects
of SFV transduction, we exchanged a three amino acid loop within NSP2 with an attenuated
variant (AB74R/D675L/AB76E (25)) to generate the pSFV-DE replicon construct (FIG. 2a, FIG.
3a). Attenuation did not affect SFV-DE/VSVG VLV titer or amplification factor (the ratio of VLVs
released per VLV transduced) (FIG. 3b and 3c¢), indicating that reduced cytotoxicity was achieved

without compromising VLV fithess.

Implementation of chimeric VLVs for mammalian DE campaigns requires
complementation by host cell expression of VSVG. To confirm host-dependence, SFV-DE VLVs
carrying an eGFP-P2A-Luciferase (eGFP-LUC) reporter were propagated for multiple rounds at
high titer (>108 genome copies (gc)/mL; FIG. 2b, R1-R3) and then used to infect VSVG- or mock-
transfected host cells (FIG. 2b, R4-R5). VSV(G-transfected cells supported SFV-DE VLV titers
leading to an amplification factor >1000 (FIG. 2¢). Without VSVG, however, VLV titers drop below
the limit of detection and these mock-transfected (VSVG negative) cells showed an amplification

factor <1.

While eGFP expression was maintained in cells that constitutively expressed VSVG (FIG.
3d), no eGFP expression was detectable after two rounds of transduction on mock-transfected
cells (FIG. 3e). Of note, VSVG-expressing cells showed a gradual reduction in eGFP levels over
5 rounds of transduction with SFV-DE VLVs (FIG. 3d). Since VSVG levels were constitutive and
not dependent on the viral transgene, and since smaller viral genomes have a replicative
advantage (26), we hypothesized that the reduced eGFP signal was due to truncation of the GFP
transgene over rounds of transduction. Indeed, rounds of transduction were accompanied by
progressive truncation of the viral transgene (FIG. 3f), suggesting that selective pressure is

required to maintain a full-length viral transgene.

DE requires diversification of the target transgene to produce variants with increased

fitness. Alphaviruses are error-prone with reported mutation frequencies >107* per nucleotide in
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each round of replication (27). Using non-viral DNA and RNA templates, we established a
detection limit of 0.3% for new mutations by amplicon deep sequencing (dotted line, FIG. 2d). We
observed an accumulation of bona fide mutations (~1 per 10* transduced cells) during the
propagation of VLVs carrying the unselected eGFP-LUC reporter (FIG. 2d, RP-R2). Multiple
substitution types were observed with a strong A-to-G (and complementary U-to-C) transition
mutational bias (FIG. 2e, Table 3 (28)).

Table 3. eGFP-LUC variants. All substitutions in transgene RNA detected at =0.3% over three

rounds of VLV propagation.

eGFP-LUC RP | R1 | R2
Protein . . . T
. Amino Acid Nucleotide Substitution
'él"ma'"’ Substitution | Substitution Type Allele Frequency (%)
ement
A>U Transversion 1.64% 2.11%
G>A Transition 0.62% 1.10% 1.47%
U>A Transversion 0.48% 0.76% 1.06%
U>A Transversion 2.22%
U>C Transition 0.39%
A>G Transition 0.31%
U>C Transition 0.34%
A>G Transition 0.33%
A>G Transition 0.43%
A>G Transition 0.37%
A>G Transition 0.33%
A>G Transition 0.34%
A>G Transition 0.31%
A>G Transition 0.70%
A>G Transition 1.60%
A>G Transition 0.32%
A>G Transition 0.45%
A>G Transition 0.30%
G>C Transversion 0.30%
A>G Transition 0.34%
A>G Transition 0.32%
A>G Transition 0.30%
A>G Transition 0.46%
A>G Transition 0.43%
U>C Transition 0.31%
A>G Transition 0.34%
u>C Transition 0.31%
A>G Transition 0.37%
A>G Transition 0.30%
U>C Transition
U>C Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition 0.32%
A>G Transition 0.30%
A>G Transition 0.30%
A>G Transition 0.30% 0.30% 0.32%
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A>U Transversion
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
G>A Transition
A>G Transition
A>G Transition
U>C Transition
U>C Transition
U>C Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
U>C Transition
A>G Transition
A>G Transition
A>G Transition
C>A Transversion
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
U>C Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
A>G Transition
U>C Transition
U>C Transition
A>G Transition
A>G Transition
A>G Transition 0.42% 0.39% 2.13%
A5G Transition :
A>G Transition
A>G Transition
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A>G Transition

U>C Transition

A>G Transition

A>G Transition

A>G Transition

A>G Transition

A>G Transition

A>G Transition

A>G Transition

A>G Transition

A>G Transition

U>C Transition

A>G Transition

A>G Transition )
A>G Transition 0.34% 0.31% 0.33%
A>G Transition

A>G Transition

A>G Transition

A>G Transition

G>A Transition )
A>G Transition 0.36% 0.36% 0.92%
U>C Transition

A>G Transition

ASynonymous mutations.

Application of selective pressure to a target transgene requires a tight link between the
resulting expression level of VSVG and viral infectivity (i.e. fitness). To test whether transgene-
dependent VSVG induction gives VLVs a selective advantage, we used a circuit that is activated
by the tetracycline-controlled transactivator (tTA; FIG. 2f) in the absence of doxycycline (dox)
(FIG. 2g). VLVs carrying the circuit-activating tTA transgene were serially diluted with VLVs
carrying a neutral eGFP-LUC transgene and propagated in the absence of dox (FIG. 2h). Within
3 rounds, the titers of populations containing tTA VLVs diverged from the non-activating eGFP-
LUC control (FIG. 2h). This was consistent with the propagation-associated enrichment of the tTA
transgene at dilutions up to 1:1000 (FIG. 4). We next tested a serum-responsive circuit (FIG. 5 a
and b,(79)) in which expression of the serum response factor DNA binding domain (SRF[DBD])
fused to the VP64 activation domain (SRF-VP64) further enhanced circuit activity (FIG. 5c). VLVs
carrying the circuit-activating SRF-VP684 transgene exhibited a small proliferative advantage over
those carrying eGFP-LUC (FIG. 5d and e), which correlated with increasing prevalence in a direct
competition experiment within four rounds (FIG. 5f-h). Selection rapidly favored a shorter SRF
transgene that retained a minimal DNA-binding domain (29) (FIG. 5i). Chimeric VLVs do not
indiscriminately package significant amounts of VSVG RNA, and none was detected by R4 (FIG.
5j), indicating that VLV propagation is completely dependent on host cell expression of VSVG.
The SFV-VSVG VLV DE system, therefore, resolves problems identified in other virus-based

mammalian DE systems (79).

Example 2 — An SFV-VSVG VLV DE system generates authentic evolution products
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To test whether a circuit linking a VLVV-encoded transgene to VSVG production can evolve
a new protein function, we used a tTA-regulated circuit (FIG. 2f) to select for doxycycline (dox)
resistance in tTA. Saturating clonal selections in bacteria have identified point mutations
distributed across the tTA protein that confer dox resistance (30), some of which are also sufficient
to provide dox resistance in mammalian cells (75). Having confirmed that tTA activity was
suppressed by dox in BHK-21 cells using a luciferase reporter under the control of an optimized
tetracycline response element (TRE3G (37); Fig. 29), we asked whether tTA activity could support
VLV propagation on a TRE3G-regulated VSVG circuit under mild selective pressure. tTA and
eGFP-LUC VLVs were independently packaged and amplified in cells constitutively expressing
VSVG before switching to a TRE3G-regulated circuit exposed to minimally inhibiting dox (0.1
ng/mL, E1-E3, gray box), where tTA provided a large selective advantage over the neutral eGFP-
LUC transgene (FIG. 6a and b). Note, all VLVs ampilified in cells constitutively expressing VSVG
show efficient transduction at E1 so the exponential selective advantage of circuit activation is

observed from round E2.

We conducted two independent ten-round DE campaigns to isolate dox-resistant tTA
variants (FIG. 7a). A R158G variant (resulting from an A-to-G transition (FIG. 2e)) was detected
in both campaigns by E4 (Table 4), with different second-site mutations appearing by E6: Q32R
(Campaign 1, FIG. 6¢) and a triple mutant D178G/H179R/Q180R (Campaign 2, FIG. 7b and c).
Both variants from Campaign 1 have been previously identified as dox resistance mutants (30,
32). In isolation, R158G provided modest dox resistance, while Q32R had minimal effect (FIG.
6d, Table 5). However, the Q32R/R158G double mutant showed strong resistance to fully
inhibitory concentrations of dox (FIG. 6d), consistent with their synchronized increase in
frequency once both appeared in the population (FIG. 6¢, Table 4). Similarly, in Campaign 2, the
DHQ-to-GRR mutation enhanced the dox resistance of the initial R158G mutation (FIG. 7d, Table
5). Within this cluster of mutations at positions 178-180, all of the dox resistance was associated
with the previously identified D178G variant (FIG. 7e, (30)), indicating that H179R/Q180R were
passengers arising from a complex mutational event. Structural modelling of the parental tTA
protein with AlphaFold2 (33) was congruent with the drug-bound crystal structure (FIG. 7).
Therefore, we modelled the dox resistant mutations from both campaigns, revealing side chain
rearrangements in a linker region distal to the drug-binding site (FIG. 6e, FIG. 7g). Together, these
campaigns recovered authentic evolution products in tTA, validating SFV-DE VLVs as an efficient

platform for DE.

Table 4. {TA variants. Non-synonymous substitutions in transgene RNA detected at 21% during
two SFV-VSVG VLV DE system campaigns.
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RA E2 E4 E6 E8 E10
Sr::zlt?::t'?o: Allele Frequency (%)
A>G 1.25 8.10 36.66
A>G 1.21
A>G 0.50 1.44
C>T 1.81 2.83
A>G 042 0.87 12.36 42.72
C>T 1.68
G>A

E6

St:zlt?:’::icfn Allele Frequency (%)
A>G 0.62 0.47 1.48
A>G 1.27
A>G 1.24
A>G 1.27
A>G 1.28
A>G 0.33 0.81 56.92 895.99
A>G 0.48 1.567
A>G 0.65 55.60 95.92
A>G 0.59 55.41 25.96
A>G 0.58 55.93 95.97
A>G 1.17
A>G 1.29 0.30
A>G

Table 5. Analysis of tTA and rtTA-3G mutants. Half maximal inhibitory/effective concentrations

(IC50/EC50) and 95% confidence intervals (95% CI) for tTA and rtTA-3G figures.
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Example 3 - Enhancing drug-inducible transcriptional control

We next asked if the SFV-VSVG VLV DE system can be used to improve existing
molecular tools. Here, we focused on increasing the dox sensitivity of the third-generation reverse
tetracycline-controlled transactivator (rtTA-3G), which has been extensively optimized using other
methods (74, 34). Using a TRE3G-regulated circuit (FIG. 8a), the parental rtTA-3G protein had
an EC50 of 39 ng/mL dox (FIG. 8b). On the TRE3G-regulated circuit, tTA-3G VLVs had a large
fitness advantage over neutral eGFP-LUC VLVs at 100 ng/mL dox (FIG. 8¢, FIG. 9a). We
propagated rtTA-3G VLVs for 30 rounds, adjusting the dox concentration to maintain strong
selective pressure for increased dox sensitivity (FIG. 9b). The VLVs were sequenced every 5
rounds (FIG. 9c), revealing an M59I variant that appeared early in the campaign and reached
fixation by E30 (FIG. 8d, Table 6). A second D5N variant appeared by E20 and the majority of
rtTA-3G transgenes (57.75%) carried both mutations by E30 (FIG. 8d, FIG. 9d, Table 8). No
additional variants were detected by E60 at 3 ng/mL dox suggesting that this campaign reached
a local fitness peak. Both single mutations individually enhanced the dox sensitivity of rtTA-3G
and the D5N/M59I double mutant was further improved (EC50 7 ng/mL; FIG. 8e, Table 5), without
increased leakiness in the absence of dox (FIG. 9e). Both mutations were distal to the dox binding
site and were not predicted to cause any major structural changes (FIG. 9f). Overall, the
D5N/M59I variant has a superior dox response profile and will find broad utility as a fourth
generation rtTA tool (rtTA-4G) in challenging applications that require tight control of gene

expression.

Table 6. ntTA-3G variants. Non-synonymous substitutions in transgene RNA detected at 21% of

the population during an SFV-VSVG VLV DE system campaign.

RA ES5 E{0 E15 E20 E25 E30

Protein cluclaotids Allle Frequancy (%

GrA 8.02 36.10 51.75

GrA 0.72 26.16 35.44 85.13 88.71 99.81

A>G 3.59 1.09

T>C 3.04 0.33

A>C 1.64

T>C

Example 4 - Directed evolution of an intracellular nanobody

Intracellular nanobodies (Nb) have potential for interrogating or modulating “undruggable”
targets but are prone to instability when localized inside mammalian cells (35). For example, a
p53 biosensor based on Nb139 (FIG. 10a, (36)) does not localize to the nucleus in response to
cisplatin (FIG. 10b) despite robust nuclear p53 accumulation (FIG. 10c). To improve Nb139
interaction with p53, we conducted a DE campaign regulated by Nb139 activating a p53-
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dependent synthetic circuit. Using a 2-hybrid circuit design with a p53 bait (FIG. 11a), the parental
Nb139-VP64 fusion successfully activated a reporter circuit (FIG. 11b), and Nb139-VP64 VLVs
outcompeted neutral eGFP-LUC VLVs (FIG. 11c, FIG. 10d). Long-term propagation of Nb139-
VPB4 VLVs (FIG. 10e) led to the accumulation of S26P and Y60C mutations that evolved to
fixation in the population (FIG. 11d, FIG. 10f, Table 7). S26P and Y60C map to framework region
(FR) 1 and FR2, respectively, indicating that these variant residues do not interact directly with
p53 (FIG. 11e). However, only the S26P variant increased reporter activity at early and late
timepoints (FIG. 11f), with no further increase observed in the S26P/YEG0C double mutant. To test
whether S26P improved the sensitivity of a p53 biosensor (FIG. 10a), we expressed Nb139-eGFP
fusions (parental and variants) in BHK-21 cells. In response to cisplatin, Nb139[S26P]-eGFP
translocated to the nucleus and labeled nuclear puncta prior to cell death, in contrast to uniform
expression throughout the cell in tGFP controls (FIG. 11g, FIG. 12). The S26P single mutant
exhibited the largest response to cisplatin, while Y60C also modestly improved sensitivity in the
biosensor format (FIG. 11h). This campaign demonstrates that the intracellular function of Nb139
(crystal structure 4Q0O1), which was already classified as stable (35), can be further improved
through evolution within a mammalian cell. Notably, the evolved variants did not directly alter the
Nb139-p53 binding interface. Overall, our application of the SFV-VSVG VLV DE system here has

generated a novel p53 biosensor that allows the visualization of p53 nuclear recruitment in vivo.

Table 7. Nb139 variants. Non-synonymous substitutions in transgene RNA detected at 21%
during a SFV-VSVG VLV DE system campaign.

Si?ii'ii Qﬂ?&ﬁ?ﬁ s'ﬂ‘;‘;'.?f’u'.'?ffn Alels Freauoncy (%)
Nb1do L5F c>T 15.19
[ Seatiold 5267 T>C 3.09 73.68 94.14 99.36
Nb139 Y33C AZG 37.98 20.44
COR" A34Y G>T 2.08
Q40% A>G 2.75 35.93 22.29 0.88 0.33 248 0.54
R4dG A>G 2.63 34.21 21.24
Nita ¥60C A>G 37.88 83.99 77.12 99.92 99.88 99.90 99.90
it RedK G>A 1.30
RE8G A 1.60
AG 1.69 0.95
T=C 2.08
AG 916 11.41 2.65
A>G 9.15 11.32 2.64
TG 1.86 13.92 243 0.32
A-G 0.32 14.77 3.36 |
e 6.29 8.81 11.47 2.81
A>G 2.07
A>G 2.85 0.46
TC 2.19
A>G 9.66 11.99 2.89

~CDR =complementarity-determining region

Discussion
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Mammalian directed evolution aims to generate biomolecules that are optimized in situ for
a desired activity. This is dependent on a high mutation rate to diversify the target and a robust
link between function and fitness to maintain the integrity of the system, technical challenges that
have not yet been overcome. To this end, we have developed a novel DE platform based on a
chimeric SFV design, which takes advantage of the high error rate inherent in alphavirus

replication while solving major issues with previous strategies (77).

Natural viral infections generate a diversity of virions encoding incomplete genomes that
collectively compete with host defenses (37). Our work was motivated by the recent observation
that capsid-genome interactions are distributed throughout the alphavirus genome (27), which
contribute to the production of non-functional "cheater" particles containing incomplete genomes
that encode structural proteins and contaminate DE campaigns (79). The capsidless VLVs used
in the present DE system utilize the cellular exosome pathway to escape the host cell (24),
eliminating the co-evolved and highly redundant links between the viral genome and its cognate
capsid. This approach maintained system integrity and enabled long-term propagation (>30
rounds) on a synthetic DE circuit. These results pave the way for the adaptation of the present
DE system to other mammalian cell types to provide tissue- or disease-specific environments for
DE campaigns.The effectiveness of the present DE campaigns using VLVs depends on how
tightly the transgene function is coupled to VLV fithness. We confirmed that the present DE system
generates authentic evolution products by recovering well-characterised doxycycline resistance
mutations in tTA. While single mutations appeared in the VLV population at low frequency, they
were rapidly outcompeted by double mutant variants that exhibited greater dox resistance,
highlighting the power of the present DE system to generate complex mutations that would be
difficult to generate through existing technologies. For example, sampling the complete double
mutant sequence space of tTA would require testing 20**7 combinations, which is beyond any
existing experimental approach. In a more challenging test, the sensitivity of the highly optimized
rfTA-3G protein was further increased by long-term propagation on limiting amounts of
doxycycline. This shows that selective pressure can be maintained over extended DE campaigns.
Finally, by optimizing the intracellular function of a nanobody, we generated a p53 biosensor that
responds to DNA damage. We anticipate that the present DE system will be suitable for the
generation or optimization of diverse biomolecules designed to function in complex mammalian

systems.
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Throughout the specification the aim has been to describe the preferred embodiments of
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features. It will therefore be appreciated by those of skill in the art that, in light of the instant

disclosure, various modifications and changes can be made in the particular embodiments

exemplified without departing from the scope of the present invention.
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All computer programs, algorithms, patent and scientific literature referred to herein is

incorporated herein by reference.

Any reference to publications cited in this specification is not an admission that the

disclosures constitute common general knowledge in Australia.

66



10

15

20

25

30

35

WO 2025/129231 PCT/AU2024/050763

CLAIMS

1. A directed evolution system, comprising:
() a first nucleic acid sequence encoding one or more non-structural genes of a virus
and at least one evolution candidate,
(i) a second nucleic acid sequence encoding one or more packaging genes, and
(i) a third nucleic acid sequence encoding a target element for the at least one evolution
candidate and the one or more packaging genes,
wherein the first nucleic acid sequence and the second nucleic acid sequence generates
a first virus-like particle (VLP) after expression in a host cell, and wherein said first VLP and the
third nucleic acid sequence generates a second VLP after transduction of the first VLP and
expression of the third nucleic acid sequence in a host cell,
wherein said evolution is driven by at least one round of error-prone viral genome
replication of the at least one evolution candidate after transduction of the first VLP, and
wherein the generation of the second VLP is dependent on the target element regulated

directly or indirectly by the at least one evolution candidate.

2. The directed evolution of claim 1, wherein the one or more packaging gene is different

from the virus

3. The directed evolution system of claim 1, wherein the one or more packaging genes is

from a different virus.

4, The directed evolution system of claim 1, wherein the one or more packaging genes is a

vesicular stomatitis virus (VSV) G DNA encoding a VSV G protein.

5. The directed evolution system of claim 1, wherein the virus is a RNA virus.

6. The directed evolution system of claim 1, wherein the virus is an alphavirus.

7. The directed evolution system of claim 1, wherein the virus is Semliki Forest Virus (SFV).
8. The directed evolution system of claim 7, wherein the one or more non-structural genes

comprises NSP1, NSP2, NSP 3 and NSP4 of SFV non-structural genes.

9. The directed evolution system of claim 7, wherein the one or more non-structural genes
further comprises a 5 untranslated region and a 3’ untranslated region of SFV non-structural
genes operably linked to NSP1, NSP2, NSP3 and NSP4.
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10. The directed evolution system of claim 1, wherein the VLP is a virus-like vesicle (VLV)

1. The directed evolution system of any one of claims 1 to 10, wherein the one or more non-

structural genes comprises at least one mutation that increases virus titer production.

12. The directed evolution system of claim 11, wherein the at least one mutation is selected
from G-4700-A, A-5424-G, G-5434-A, T-5825-C, T-5930-C, A-6047-G, G-6783-A, G-6963-A, G-
7834- A, T-8859-A, T-8864-C, G-9211-A , A-10427-G, G-11560-A , and other modifications that

improve packaging or functionality of the system.

13. The directed evolution system of claim 11, wherein the at least one mutation comprises
(G-4700-A, A-5424-G, G-5434-A, T-5825-C, T-5930-C, A-6047-G, G-6783-A, G-6963-A, G-7834-
A, T-8859-A, T-8864-C, G-9211-A , A-10427-G, and G-11560-A.

14. The directed evolution system of claim 11, wherein the at least one mutation is selected
from G106E, L347L, V351I, L481S, 1516T, D555G, L880L, T860T, A1151T, 14921, M1494T,
A1610T, N2015S, E2393K or any other modifications that improve packaging or functionality of

the system.

15. The directed evolution system of claim 11, wherein the at least one mutation comprises
G106E, L347L, V351I, L481S, 1516T, D555G, L880L, T860T, A1151T, 1492I, M1494T, A1610T,
N2015S, and E2393K.

16. The directed evolution system of any one of claims 1 to 15, wherein the one or more
packaging genes comprises at least one mutation that increases virus titer production selected
from A-11871-G, T-11978-C and other modifications that improve packaging or functionality of

the system.

17. The directed evolution system of claim 1, wherein the first nucleic acid sequence
comprises a DNA sequence comprising a promoter sequence operably linked to a DNA sequence
encoding the one or more non-structural genes of the RNA virus, operably linked to a DNA

sequence encoding the at least one evolution candidate.
18. The directed evolution system of claim 17, wherein the first nucleic acid sequence further

comprises an alphavirus subgenomic RNA promoter (SGP) operably linked between the one or

more non-structural genes of the RNA virus and the at least one evolution candidate.
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19. The directed evolution system of claim 18, wherein the alphavirus SGP is a SFV promoter.

20. The directed evolution system of claim 1, wherein the second nucleic acid sequence
comprises a DNA sequence comprising a promoter sequence operably linked to the one or more

viral packaging genes.

21. The directed evolution system of any one of claims 17 to 20, wherein the promoter

sequence is a cytomegalovirus immediate early promoter (CMV promoter) sequence.

22. The directed evolution system of claim 1, wherein the host cell is a mammalian cell.

23. The directed evolution system of claim 22, wherein the mammalian cell is a BHK-21 cell
or a HEK293T cell.

24, The directed evolution system of claim 1, wherein the evolution candidate comprises a

sequence of at least one transgene of interest.

25. The directed evolution system of claim 24, wherein the at least one transgene of interest
encodes a protein, a protein domain, a protein-coding region, a non-protein-coding, a truncated
protein, a truncated protein domain, a truncated-protein coding region or a truncated non-protein-

coding region.

26. The directed evolution system of claim 24 or 25, wherein the evolution candidate is
selected from the group consisting of Tet transactivator (tTa), reverse Tet transactivator (rtTa),

and anti-p53 nanobody.

27. The directed evolution system of claim 1, wherein the second VLP and the third nucleic
acid sequence generates further VLPs after transduction of the second VLP and expression of
the third nucleic acid sequence in a host cell, wherein the generation of the further VLPs are
dependent on the target element regulated directly or indirectly by the at least one evolution

candidate

28. The directed evolution system of claim 27, wherein the system further generates one or
more additional VLPs through expression of the third nucleic acid and transduction of the further
VLPs in a host cell, wherein the generation of the one or more additional VLPs are dependent on

the target element regulated directly or indirectly by the at least one evolution candidate.

69



10

15

20

25

30

35

WO 2025/129231 PCT/AU2024/050763

29. A method of performing directed evolution of at least one evolution candidate, comprising

the directed evolution system of claim 1.

30. A method of performing directed evolution of at least one evolution candidate, comprising:
() expressing in a host cell with
(a) a first nucleic acid sequence encoding one or more non-structural genes of a
virus and the at least one evolution candidate, and
(b) asecond nucleic acid sequence encoding one or more viral packaging genes,
(i) generating a first virus-like particle (VLP) by the host cell, and
(i) transducing a host cell with the first VLP and expressing a third nucleic acid sequence
encoding a target element for the at least one evolution candidate and the one or
more packaging genes to generate a second VLP,
wherein said evolution is driven by at least one round of error-prone viral genome
replication of the at least one evolution candidate in step (iii), and
wherein the generation of the second VLP is dependent on the target element regulated

directly or indirectly by the at least one evolution candidate.

31. The method of claim 30, further comprises screening the host cells for VLPs comprising a

desirable evolved candidate.

32. The method of claim 30, further comprises transducing a host cell with the second VLP
and expressing the third nucleic acid sequence to generate further VLPs, wherein the generation
of the further VLPs are dependent on the target element regulated directly or indirectly by the at
least one evolution candidate.

33. The method of claim 32, further comprises transducing a host cell with the further VLPs
and expressing the third nucleic acid sequence to generate one or more additional VLPs, wherein
the generation of the one or more additional VLPs are dependent on the target element regulated
directly or indirectly by the at least one evolution candidate.

34. A virus-like particle produced by the method of any one of claims 29 to 33.

35. A host cell comprising the virus-like particle of claim 34.

36. A composition comprising the virus-like particle of claim 34.

37. A kit for performing directed evolution, comprising
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() a first nucleic acid sequence encoding one or more non-structural genes of a virus
and at least one evolution candidate,
(i) a second nucleic acid sequence encoding one or more packaging genes, and
(i) a third nucleic acid sequence encoding a target element for the at least one evolution
candidate and the one or more packaging genes,
wherein the first nucleic acid sequence and the second nucleic acid sequence generates
a first virus-like particle (VLP) after expression in a host cell, and wherein said first VLP and the
third plasmid generates a second VLP after transduction of the first VLP and expression of the
third nucleic acid sequence in a host cell,
wherein said evolution is driven by at least one round of error-prone viral genome
replication of the at least one evolution candidate after transduction of the first VLP, and
wherein the generation of the second VLP is dependent on the target element regulated

directly or indirectly by the at least one evolution candidate.

38. The kit of claim 37, comprising the directed evolution system of claim 1.

39. The kit of claim 37, for use in the method of any one of claims 29 to 33.

71



WO 2025/129231 PCT/AU2024/050763

1/12

3 T
) . &
S8 gl ®gc
Q= Y o I O
m N T }'\1-.
2= . \2| 8 2%
o .C ™ v & L
R A ¥ =B e Yy
- 25 Q. o
Nt <
L

@S oy N
O 3] T SN &8
OB 8Ny N N A
© st § N \\ § \\\\& Y
"“’m o3 O S ol
5 O WA
= o S S ©
3 NERIE S NN .
oy B2 W T . -~
i e OB .
Q) N D S (0)
E NN . =
oW N
o Y AN

/’/,"

S
G
S £
QL
Ly
G D
Kol =
D w
£

o

e

wild-type transgene

evolved
{ransgene



WO 2025/129231 PCT/AU2024/050763

2/12

N BHK.21 ot VLV Packaging
a S b 109+
\\\o‘ N . a\_g.,\
Nor- & Toqped ST
structurat m [ : Y_, % &
genas VSVG .9_? 10?_
(NSP1-4) o
.'g 108..
VSVG Viral ~
CMV- "% replication ] 105+ e+ VEVG
CMY VSV‘G;, i —_——— g - VSVG
0%y T T
. RP R1 R2
Non-structural ,
genes (NSP1-4) X
o 20004 . s v
Host-derived ‘§ ¢ e HVSVE o
envelope g 8 e - YBVG
N & 15004
VEVG —» th;
! 2
Transgene’ % 1000+
) £
Virus-fike particle (VLV) E:- 500 - .
Transduction genome ol
replication RP Rt R2 R3 R4 RS
: o 2.5- )
VEVG 0@ d g s
RE- B & 204 Ay
Responss L VBVG S <
alement ..«-‘} tipofection } % 154 " b g
+ R 3 £
Extra synthetic @404 @ §
circult elsments 5 o 3
& 054
e 2
3 0.0
=N A=G DNA RNA RP RY R2
B u-0 \iral Crigin - - + + +
Other transiBons g 40m
88 Transversions @
- <
25 304
8 § N
f dox o2 N
T e N - T4+ TRE3G-LUC
$ g = 104 N s~ TREIG-LUC
\ §\\
Q eevveee R, Y

¥ T +
Vehicle 0.1 1 10 100

108
%" 167+
bi]
2
g 108
& - 1:4000
; 10° ~a~ 1:10000
NSP14 |
1o -~z 100% 6GFP-LUC
I ] 1

FIG. 2

SUBSTITUTE SHEET (RULE 26)



WO 2025/129231 PCT/AU2024/050763

3/12

Transgeng
NSP1 NEP2 NSP3 NSP4 sePr | 3UTR

§ AAAA

SFV Replicon
FUTR

{
4
!

{ Non-synonymous
mtalions

Loop Atenuation

_ ‘ (2674676 of NSPZ)
Packaging Elernent m\“@“ SEV GOTGACGCO

Circult-specific SPVDE  COGLTGGAA

Synanynous mutations

promoter
S ... C _
18 o 1000 o wr .
g3 —_—— § aoo. e Aenuates
% T R
2 ] < 600 ns
o r 8“ )
8 10 2 "
= S 400+ N
> & B
= - WY £ 2004
~ Aftenuated
L iR s S S S 0y s St
RP Rt RZ R3 R4 RS RF Rf R2 R3 R4 RS
RP R1 R2 R3 R4 RS

Brightfield

e(GFP

R4 (-VSVG R5 {-V&8V(5 8
( ) { ) f SFV-DE 3
{Alterwated) §
3 T
&£ P R1 R2 R3 R4 R
Ky
sz kb
@
‘} ————
i 4 Full-length eGFP-LUC
a T 4 Truncated
[ R
% 0.5 N

<+ Daleted

FIG. 3



PCT/AU2024/050763

WO 2025/129231

4/12

R2

R1

0000L-L

000L:L

0oL

oLl

N

ONTd492 %00}

v %001

00001 4

000L L

0014

THA

°

ONTd498 %001
V11 %004

{(¢13 %001 1) LH ON
sieiduwiol ON

0000L:1
0004:}

0014

0Ll

Ll

D498 %001
Y11 %001

FIG. 4



PCT/AU2024/050763

5/12

WO 2025/129231

Migrmber of
Mapped Reads
<

8 8§ 8 8 g o

10

e

3
{FES] (%)

.

o

.
e \\\\\
.

/ |
(eueyg-po-) ™ (o0} speay; padkdery i \ \\ \
o :czm_,_GM 34s ; ) ‘.ﬁcc_.cw aEn_ | | , \ \\“\\\

3
RA E1 £2 E3 E4

T 1
G

N

Y SRFVPeL B VEYG

8|8 eGFP-LUC
N S _—

==~ Proportion of Reads
Bl Numiber of Reads
o

SRF-VPB4
-~ ho Transgene

RP

8
€
4
2
a

© < k=] ‘HJ »mu o
(%) speay paddey
jo uoipodaid

@
e
10

.

7 \\ “

&
5
[FBS] (%)

7
%
-

x

T
RP  RA E1 E2 £3

aat-285

<« SRFVPS4 - pGFPLUC f

length eGFPLUC
Hength SRF-VP84

{predominantly Aaa215-335)

+— Deleted

Full
<+~ Truncated
BGP

== Full-

Co-packaged
SRF-VPG4.eGFP-LUC
RPRA E1 E2 E3 E4

piegubug

SFV-DE (SRF-VP64)

N
T T T i e
RP RA Et E2 EZ

=
W
[N
>

T & & & B L MeNG - 0
B ] =

{quyo8) senl AN = -

SRF[DBD]

0.9
N.D.

18.18
9.09
2.09
MO,

9.09

9.09

9.09

E4

Freguency (35}

81.82
9.08
N.O.
N.O
N.oU
9.09
N.B.
9.08
N.D.
9.08

FIG. 5

E3

7136

Nuclantide
AN dletion T ooding
saquAncE e Aaaty

Tah
AG
GrA
ArG
T2

'
NiA

AGAIGCT TETGEGGMS

AGGCTE {ick i inoorisd)

SUBSTITUTE SHEET (RULE 26)

nee idantifled

Amina Ackd
bathuti
RGE(Ea 1416}
as derivod fom eGFP

SEORL

and Asa17-135
{syrmnmpimenrs)
G182R
ATHRA
{ewnanymes)
R200A
(SYNONFIMOUS)
C216R
N2200
D3
(syronymaus)
M8T

ABA,

Sequar

E

Domain

Protein




WO 2025/129231

PCT/AU2024/050763

a b
10 - 103
3 108— S\;;;.:.-‘-N‘“‘““‘S“W \:\'\_ § 1 02'
£ 107~ §\‘ % '
S 3 NS e 10 =2
& 105- > 5
ko - w5 109
= 107 ‘\ g 10-1
= 107 i |’ Bl
S ged e A e S N
, § e eGFPALC B L3 o BGFPAUC
10 ¥ | B  E | — 10 ¥ 1 1 1
RP RA E1 E2 E3 R E1 B2 ES3
L o
1004 risec WO n3zr
2 ao- 80
9
& 60 50
5
-1 N 40 ~
i, \\ <
@© X S
L 204 \ 20 \
= &\\ «
u 1] T 1 T 0 3 R 13 T
BA E2 B4 & E8 E10 RA E2 B4 B B8 E1D
>
d Sequencing Round
£ 124
B 104
8% 1%
@5 38 e WT
§ 2 g e RAGSE
= 0.
2P ae —se Q32R
£ D 0.4~ s Q
F @ g QBPRIRIEBG
e 5 0.2~
=
B 0.0 I
= Vehicle 0.1
[dox] {ng/mL)
e

R158

Q3zR/
R158G

R158G

FIG. 6

Q3ZR



WO 2025/129231 PCT/AU2024/050763

TRESS Activation

a
b
Wy f1s8m . 00q pirag MO0y bR ; 100~ oinps
N $ §
& 0 § 50+ § 0+ § 56
-
% 564 % 60+ % 80+ § 80
F 04 \ 40 \ R \ 40+
&
LIES \ 204 \ 20+ \ 264
B oo a4 LR L
RA EX B4 Be B B0 Ra EX B4 BS ER B RA B2 B4 B8 BB OEIQ RA E2 B4
»
Sequnnaing Raung
c —
£ 100
§ 100+
i
5 E) 304 e WT ~w RisBGMO17AG -+ R1Z8GDI78GHI7ER
§§ 604 -~ R158G e R158G/MI79R ~+ RISEGDI7EG/QIBOR
Eﬁ -0~ DI7BG -0 RISBGQIBOR v RISBGHITORIQISIR
§ E 40 4 o HI7OR e DI7BG/HITOR  —o= D17BGHITOR/QISOR
g g 204 & Q180R  -»- Di78&/Q180R ~¢~ R1S8GMD178G/HI7SR/QIS0R
= e HITORAIIBOR
5 g
I
d e
£ 2 £ 12
= o o
£ 1044 gg.mm ~~ WT
@ ~~ WT = 0
£ 08+ E‘E 0.8 -~ R158G
3 ] ~~ D178G
2 o -& RI158G 23 oe-
@ o - DATBGMHITOR/ S e -~ Hi79R
g 0.4+ N \ Q180R @ § 0.4+ < Q180R
£ g2 NN - R138G/D178G/ =5 02 - R158G/D178G
2 \"é\\\' HITIR/Q180R °
’E 0.0 T T ¥ Y 1 E 0.0~ =~
L vehide 01t 10 100 1000 = Vehicle 0.1 1 10 100
[dex] {ng/mL} [dox] {(ng/mi}
W RIEGEDTTEG

SUBSTITUTE SHEET (RULE 26)

FIG. 7




PCT/AU2024/050763

8/12

WO 2025/129231

8'9Id
punoy bugnusnbag
{wyBu) [xop] <
oot Ok booepuss o 083 624 023 613 013 63 W 063 §73 023 §13 013 63 v
: _:u \\w \\\i_ ¢ W E— , 0
o >
o - (37, -0z F
IBSAINGT o fEZ 3
{5, 1
N ” wm \ -0 oy g
s ll’ .
1B - o §2 00 Loy B
I g2 £
s -0z & 3 - 08 08 3
“ G —
L NSO Lag) el L
e m 3 004 p
{wiBu) {xop]
€3 @ 13 v¥ o 004 ol L BpieA
1 1
i H I i H o0} - g g
oNTd498 o
¢ |
ofviY - bl 5 T
< 8 0
Loy o 0L &5
4 R Q3
‘_._ = gL B &
i ; -0 @ < .
. A emeae g8 @
; . e -0z B i
’ o & OIVIOEENL - > MOM\
L 401 9 T ONTOEIUL+ DEVIH o 6T q B



WO 2025/129231 PCT/AU2024/050763

9/12

s
1024 ST
- e
101 N
e

Amplification Factor
3
=1

1074 -~ atAse F
R SIEPREIG
107 Ay ] ; i
RA E1 E2 E3
i wee Amplification Factor 43
Dox concentration s
£ < \ -
= \ Y 3 H \s) 3
i ] ‘ \“ \\ ‘\ \ \\‘ \ x\\ R g\ ‘.»"‘\»\\\, _‘ -1 g
NN R BTN ¥ o s
o N s&&&§h\ ARSIV sss\\&&%
RPRA 1 2 3 4 &8 6 7 8 9 10112183 14151 17 1810 20 21 22 23 24 25 20 27 28 29 30

Evolution Round

RA kS

HTA-36G —b ¥ G ATA-3G

e
B fTA
= .
& 1009 sy ~a T 18-
. & AN s 14591
o 80 " c
£ AN A o DSN S
£ F S B8 104
2§ 60 N SN e e DSNMSII -
2 \?" T &
a 9 R
= & 40+ s 5
&= " ¢ % & 054
$3 201 g g
E -
“{2 & ¥ ;" ¥ ki i ¥ ¥ {0 =t -
= RA E5 E10 E#5 E20 E25 EX0 TRE3G NTA MSSE DIN DSNY
UG 3G K581
WT DEM/MBSE Overlay

FIG. 9



WO 2025/129231 PCT/AU2024/050763

10/12

5GP V5-tag + 6xHis
a SFV-DE(ND139-VP84) NSP1-4 Rk NES 20 YPBYe

Transgene

V5-tag + BxHis

p53 Biosensor Nb138 EGFP

Fusion Protein

b c Control 16 uM Cisplatin
o 157
%
[+
25
5@ 1.8
£2
89
=
0% 03
5
o
2
o]
% golE
Cisplatin - +
d f Np139
18 % 100+ R T
S 1024 o & 504 ¢ ‘\\ I - YE0C
i X “ 5o . ; \ ¢ s S26P
w40t B B 5 el A
P R § g S 80+ W v/ ~- SZERYE0C
2 4q0 N 5 o9 N ¥
® Rt £ & A
& 4 N7 pol L B \
£ 10! X § 2 i3
2 2 3% [
E qprd - Nbtssvred £ 2 204 ‘ / \
- BBFPLUC = N
-3 o D & s
16 T t T 1 I R R e e R R
RA Et E2 E3 £ RA E5 E10 E15 E30 526 30 E34

E28

Mo 138
o YPRS

FIG. 10

SUBSTITUTE SHEET (RULE 26)



WO 2025/129231 PCT/AU2024/050763

b 8 c 1094
- T 10%4 R
&% 84 £ o0k
T2 DL R
=2 8 2107+ W
o= " o SR oot
p53 é < 4 @ X
vsva ¥ R k10 N e
ﬁ LE > 3 N TR
ar % RN 24 o gpid oo NDISBAREE R R
we | N
~&- pGFP.LUG B \"ﬁ
0" 10“ 1 I ¥ ¥ L]
7F43RE_LUC %+ o+ o+ RP RA E1 E2 E3
p53-ZF43 (Baity -+ s
Nb138-VP&4 E + .
SV40-VPE4 - - - + turboGFP Nb138[{S26P]
g .
100+ vyeoo 100+ sz8P \\Q
s \\
= 80 80 - \
=
g
=
g
& 404 40~
o
2 204 20+
ES
0_ 0 1 T i 1
RA ES5 E10 Ef5 E20 E25 E30 E35 RA EA E10 E15 E20 E25 ES0 E35
.
Ll
Sequencing Round
€ f ¥ sven
2 w&k *&
5% B 24h " . p
2% 2 © s ¥ons
B2
<8
N3
L
o :
WT Y&OC S26P  S28P/
¥86C
h
ns ns ®okd *akx =007
BP T e N S T e S S S
=
ORI TI I
M. b
2 -
ot i
& w03
2] §
Z &
< T
102 H 13 1 ¥ ) H i ¥ 1 1
Cisplatin - -~ + ~ =+ ~ =+ ~ + -~ +
wbe WT  YBCC S26F ga2ep/
GFP Y80C
Nb13%

SUBSTITUTE SHEET (RULE 26)



PCT/AU2024/050763

WO 2025/129231

12/12

400

=
®
<
g




INTERNATIONAL SEARCH REPORT International application No.

PCT/AU2024/050763

A. CLASSIFICATION OF SUBJECT MATTER
C12N 15/10(2006.01) C12N 7/00(2006.01) C12N 15/86 (2006.01) (408 40/08 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

STN (MEDLINE, CAPLUS, BIOSIS, EMBASE): directed evolution, virus particle, cheater, capsid-free, VSV G, packaging,
target element controlled propagation, alphavirus, SFV, tTA, SRE, SRF, VP64, nanobody and like terms; EPOQUE
(PATENW English language): C12N15/1058, C12N2770/36111, directed evolution, virus particle, cheater, capsid-free,
VSV G, packaging, target element controlled propagation, alphavirus, SFV, tTA, SRE, SRF, VP64, nanobady and like
terms; Google: directed evolution, response element, alphavirus, mammalian, mPACE; Google Scholar: directed
evolution, Semliki Forest Virus, inventors names; IP Australia's internal databases: applicants and inventors names.

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Relevant to
claim No.

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Documents are listed in the continuation of Box C

Further documents are listed in the continuation of Box C Sce patent family annex

* Special categories of cited documents:

"A"  document defining the peneral state of the art which is not "T"  later document published after the international filing date or priority date and not
considered to be of patticular relevance in conflict with the application but cited to understand the principle or theory

"D"  document cited by the applicant in the international application underlying the invention

"E"  earlier application or patent but published on or after the "X"  document of particular relevance; the claimed invention cammot be considered
international filing date novel or cannot be considered to involve an inventive step when the document is

taken alone

"L"  document which may throw doubts on priotity claim(s) or "Y"  document of particular relevance; the claimed invention cannot be considered to
which is cited to establish the publication date of another involve an inventive step when the document is combined with one or more other
citation or other special reason (as specified) such documents, such combination being obvious to a person skilled in the art

"O"  document referring to an oral disclosure, use, exhibition or other .
means "&"  document member of the same patent family

"P"  document published prior to the international filing date but

latet than the priotity date claimed

Date of the actual completion of the international search
17 September 2024

Date of mailing of the international search report
17 September 2024

Name and mailing address of the ISA/JAU

AUSTRALIAN PATENT OFFICE
PO BOX 200, WODEN ACT 2606, AUSTRALIA
Email address: pet@ipaustralia.gov.au

Authorised officer

Joan Holgate

AUSTRALIAN PATENT OFFICE
(ISO 8001 Quality Certified Service)
Telephone No. +61 2 6283 2671

Form PCT/ISA/210 (fifth sheet) (July 2019)




INTERNATIONAL SEARCH REPORT International application No.
PCT/AU2024/050763

Box No.I  Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search
was carried out on the basis of a sequence listing:

a. |:| forming patt of the international application as filed.
b. furnished subsequent to the international filing date for the purposes of international search (Rule 13zer.1(a)).

accompanied by a statement to the effect that the sequence listing does not go beyond the disclosure in the
international application as filed.

2. |:| With regard to any nucleotide and/or amino acid sequence disclosed in the international application, this report has been
established to the extent that a meaningful search could be carried out without a WIPO Standard ST.26 compliant
sequence listing.

3. Additional comments:

With regard to any nucleotide and/or amino acid sequence disclosed in the international application, this report has been
established to the extent that a meaningful search could be carried out without the furnished WIPO Standard ST.26 compliant
sequence listing.

Form PCT/ISA/210 (second sheet) (July 2022)




INTERNATIONAL SEARCH REPORT International application No.

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT PCT/AU2024/050763

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

English JG, et al. VEGAS as a platform for facile directed evolution in mammalian
cells. Cell. 2019 Jul 25;178(3):748-761.

Abstract; Directed Evolution of Transcription Factors with Sindbis Virus, pages 749-
751; VEGAS for the Evolution of GPCRs, pages 751-754; VEGAS for the Evolution of
Active-State Nanobodies, page 754; Table S6; Data S2; Figures 2-3, S3

1, 5-6, 17-18, 20-39

Denes CE, et al. The VEGAS platform is unsuitable for mammalian directed evolution.
ACS Synthetic Biology. 2022 Oct 11;11(10):3544-3549.
Reference 2

Abstract; second last and third last paragraphs, page 3548

1, 5-6, 17-18, 20-39
2-4,7-16, 19

Rose NF, et al. In vitro evolution of high-titer, virus-like vesicles containing a single
structural protein. Proceedings of the National Academy of Sciences. 2014 Nov
25;111(47):16866-16871.

Abstract; Figures 1, 3, 6; Table 1

24, 7-16, 19

Form PCT/ISA/210 (fifth sheet) (July 2019)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.
PCT/AU2024/050763

This Annex lists known patent family members relating to the patent documents cited in the above-mentioned international search
report. The Australian Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

Patent Document/s Cited in Search Report

Patent Family Member/s

Publication Number Publication Date Publication Number Publication Date

End of Annex

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.

Form PCT/ISA/210 (Family Annex)(July 2019)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - claims
	Page 70 - claims
	Page 71 - claims
	Page 72 - claims
	Page 73 - claims
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - wo-search-report
	Page 87 - wo-search-report
	Page 88 - wo-search-report
	Page 89 - wo-search-report

