WO 2023/225562 PCT/US2023/067127

MULTIVALENT VACCINE FOR PARAMYXOVIRUSES AND USES THEREOF
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27,2022, U.S. Provisional Patent Application No. 63/378,151 filed October 3, 2022, and U.S.
Provisional Patent Application No. 63/387,092 filed December 12, 2022, each of which is

incorporated by reference herein in its entirety.
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[0002] This application contains a Sequence Listing which has been submitted in . XML
format via EFS-WEB and is hereby incorporated by reference in its entirety. Said . XML copy,
created on May 16, 2023 is named 061291-508001WO_SeqList ST26.xml and is 309 kilobytes
in size.
BACKGROUND

[0003] Respiratory syncytial virus (RSV) is a single-strand, negative sense RNA virus of
the family Pneumoviridae. There are two major genetic lineages, A and B (subgroups A and B,
respectively), which are antigenically related and cross-neutralizing antibodies are induced
upon infection with either subgroup. RSV circulates seasonally and is a major cause of lower
respiratory tract infection (LRTI) worldwide in all age groups. Accumulating data has identified
a substantial disease burden in adults, comparable to influenza, with most of the hospitalization
and mortality occurring in older adults over 65 years of age. Epidemiological data suggest that
in the US alone RSV may cause >170,000 hospitalizations and ~14,000 deaths annually.
Similarly, RSV is an important cause of respiratory disease in Europe. The incidence and
severity of RSV disease is particularly high in the frail elderly and in older adults with
cardiopulmonary conditions, who are considered at high risk for complications and
hospitalization. RSV spreads by respiratory droplets and close contact with infected persons or
fomites. In temperate climates there is an annual winter epidemic, while in tropical areas
seasonality is less distinct, but infection is most common during the rainy season. The severity
of RSV disease is largely determined by the extent of viral replication following infection.

Induction of neutralizing antibodies (NAbs) should be the goal of vaccination as it is associated
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with protection against disease. However, seropositivity only confers partial protection against
infection.
[0004] Human Metapneumovirus (hMPV) is a single-strand, negative sense RNA virus of
the Metapneumovirus genus in the Pneumoviridae family. The most closely related human
pathogen is RSV. As with RSV, there are two major genetic lineages, A and B (subgroups A
and B, respectively), which are antigenically related, and cross-neutralizing antibodies are
induced upon infection with either subgroup. In mouse models, infection with hMPV protects
against near term re-infection; macaques infected with hMPV demonstrated seroconversion and
temporary protection from subsequent infection that waned over several months. Similar to
RSV, NAbs alone can protect against hMPV disease. Despite the presence of protective
antibody titers in adults, reinfections with hMPV occur in both healthy and
immunocompromised humans. In older adults, hMPV is responsible for a significant proportion
of serious respiratory infections, with similar rates of infection as RSV. In the Etiology of
Pneumonia in the Community (EPIC) trial, hMPV was confirmed in 4% of adults hospitalized
with community-acquired pneumonia whereas RSV was confirmed in 3% of adults. There are
currently no approved vaccines for RSV or hMPV.
[0005] Accordingly, there is a long-felt and unmet need for multivalent vaccines for
paramyxoviruses, such as a bivalent RSV-hMPV vaccine.

SUMMARY
[0006] The present disclosure relates to multivalent vaccines for paramyxoviruses and uses
thereof. In one aspect, the disclosure provides a composition or pharmaceutical composition,
comprising two or more virus-like particles (VLPs). Each VLP comprises a first component
and optionally one or more further components, which components collectively are assembled
to form the VLP. The paramyxoviruses may be respiratory syntactical virus (RSV) and a
metapneumovirus (hMPV), respectively. However, other combinations of paramyxoviruses are
contemplated. The first virus-like particle (VLP) may comprise a first component (of this first
VLP) comprising a respiratory syntactical virus (RSV) F protein ectodomain or antigenic
variant thereof. The second virus-like particle (VLP) may comprise a first component (of this
second VLP) comprising a human metapneumovirus (hMPV) F protein ectodomain or antigenic
variant thereof. The two VLPs may be mixed together to form the composition or

pharmaceutical composition, and then used for vaccination or other purposes.
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[0007] In another aspect, the disclosure provides a composition or pharmaceutical
composition, a virus-like particle (VLP) comprising a plurality of first components. Some first
components may comprise a respiratory syntactical virus (RSV) F protein ectodomain or
antigenic variant thereof, while other first components comprising a human metapneumovirus
(hMPV) F protein ectodomain or antigenic variant thereof. The VLP is assembled from a
mixture of the first components and optionally one or more further components. These “mosaic”
VLPs may be used for vaccination or other purposes.

[0008] The present disclosure provides a composition or a pharmaceutical composition
comprising two or more virus-like particles (VLPs), wherein a first virus-like particle (VLP)
comprises a first component comprising a respiratory syntactical virus (RSV) F protein
ectodomain or antigenic variant thereof, and a second virus-like particle (VLP) comprises a first
component comprising a human metapneumovirus (hMPV) F protein ectodomain or antigenic
variant thereof; and/or a virus-like particle (VLP) comprising a plurality of first components,
some first components comprising a respiratory syntactical virus (RSV) F protein ectodomain
or antigenic variant thereof and some first components comprising a human metapneumovirus
(hMPV) F protein ectodomain or antigenic variant thereof.

[0009] In some embodiments, the VLPs each independently comprise a first component
comprising a first multimerization domain; and a second component comprising a second
multimerization domain.

[0010] In some embodiments, the first multimerization domain is selected from SEQ ID
NOS: 1,4,5,7,9, 18, 19, 21, 24, 25, 26, 29, 30, 31, 34, 36, 37, 39, 42, 43, 44, 45, 46, 47, 48,
49, 50, 51, 52, 53, 144, 145, or functional variants thereof.

[0011] In some embodiments, the first multimerization domain shares at least 70%, at least
80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least
95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identity to I53-50A (SEQ
ID NO: 144) or I53-50A ACys (SEQ ID NO: 145).

[0012] In some embodiments, the first multimerization domain comprises the amino acid
substitutions C74A and C98A; the amino acid substitutions C163A and C201A; or the amino
acid substitutions C74A, C98A, C163A, and C201A relative to SEQ ID NO: 144.
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[0013] In some embodiments, second multimerization domain is selected from SEQ ID
NOs: 2,3, 6,8, 10, 11, 12, 13, 14, 15, 16, 17, 20, 22, 23, 27, 28, 32, 33, 35, 38, 40, and 41 or
functional variants and fragments thereof.

[0014] In some embodiments, the second multimerization domain shares at least 70%, at
least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at
least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identity to 153-50B
(SEQ ID NO: 8) or I53-50B.4PosT1 (SEQ ID NO: 34).

[0015] In some embodiments, the RSV F protein ectodomain shares at least 70%, at least
80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least
95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identity to RSV F DS-
Cavl (SEQ ID NO: 173).

[0016] In some embodiments, the RSV F protein ectodomain comprises amino acid
substitutions S155C and S290C; and/or amino acid substitutions S190F and V207L.

[0017] In some embodiments, the first component of the first VLP comprises a polypeptide
that shares at least 70%, at least 80%, at least 90%, at least 91%, at least 92%, at least 93%, at
least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identity
to DS-Cav1-I53-50A (SEQ ID NO: 148).

[0018] In some embodiments, the hMPV F protein ectodomain shares at least 70%, at least
80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least
95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO:
174 or SEQ ID NO: 175.

[0019] In some embodiments, the hMPV F protein ectodomain comprises amino acid
substitutions A63C, A140C, A147C, K188C, K450C, S470C, N97G, P98G, R99G, Q100G,
S101G, and/or R102G; or wherein the hMPV F protein ectodomain comprises amino acid
substitutions T127C, N153C, T365C, V463C, A185P, L219K, V2311, G294E, N97G, P98G,
R99G, Q100G, H386N, S101G and/or R102G relative to relative to reference hMPV F protein
sequence (SEQ ID NO: 56).

[0020] In some embodiments, the first component of the second VLP comprises a
polypeptide that shares at least 70%, at least 80%, at least 85%, at least 90%, at least 91%, at
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at
least 99%, or 100% identity to SEQ ID NO: 176.
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[0021] In some embodiments, the first component of the second VLP comprises a
polypeptide that shares at least 70%, at least 80%, at least 85%, at least 90%, at least 91%, at
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at
least 99%, or 100% identity to SEQ ID NO: 177.

[0022] In some embodiments, the composition comprises one or more pharmaceutically
acceptable diluents, adjuvants, or excipients.

[0023] In some embodiments, the composition comprises a stable emulsion. In some
embodiments, the vaccine comprises one or more adjuvants. In some embodiments, the one or
more adjuvants is squalene, alum, SLA, GLA, R848, IMQ, 3M-052, CpG, saponin (QS21), or
combinations thereof. In some embodiments, the adjuvant is alum. In some embodiments, the
adjuvant is an oil-in-water emulsion containing squalene (4.3%) in citric acid buffer with
stabilizing nonionic surfactants Tween 80 (0.5%) and Span 85 (0.5%). In some embodiments,
the adjuvant is a squalene-based emulsion. In some embodiments, the adjuvant is a squalene-
based emulsion and a TLR4 agonist.

[0024] The present disclosure provides a unit dose of a composition or a pharmaceutical
composition as disclosed herein, wherein the unit dose comprises: about 0.5 ug, about 1 pug,
about 20 ug, about 25 pg, about 50 ug, about 70 ug, about 75 ug, about 100 pg, about 125 ug,
about 150 pg, about 175 pg, about 200 pg, about 225 pg, about 250 ug, about 275 ug, about
300 ug, about 325 pg, about 350 pg, about 375 pg, about 400 pg, about 425 ug, about 450 ug,
about 475 pg, or about 500 ug of the first VLP; and about 0.5 ug, about 1 ug, about 20 pg,
about 25 pg, about 50 ug, about 70 ug, about 75 pg, about 100 ug, about 125 ug, about 150
ug, about 175 pug, about 200 ug, about 225 ug, about 250 pg, about 275 pg, about 300 ug, about
325 ug, about 350 ug, about 375 pg, about 400 pg, about 425 pg, about 450 pg, about 475 ug,
or about 500 ug of the second VLP.

[0025] In some embodiments, the unit dose comprises about 75 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 pg, about
50 ug, about 70 pg, about 75 ug, about 100 ug, about 125 pg, about 150 pg, about 175 ug,
about 200 ug, about 225 ug, about 250 pg, about 275 pg, about 300 pg, about 325 ug, about
350 pg, about 375 ug, about 400 pg, about 425 pg, about 450 pg, about 475 ug, or about 500

ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.
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[0026] In some embodiments, the unit dose comprises about 100 ug of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
50 ug, about 70 pg, about 75 ug, about 100 ug, about 125 pg, about 150 pg, about 175 ug,
about 200 ug, about 225 ug, about 250 ug, about 275 ug, about 300 pg, about 325 ug, about
350 ug, about 375 ug, about 400 pg, about 425 pg, about 450 pg, about 475 ug, or about 500
ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.

[0027] In some embodiments, the unit dose comprises about 125 ug of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
50 ug, about 70 pg, about 75 ug, about 100 pg, about 125 pg, about 150 ug, about 175 ug,
about 200 pg, about 225 pg, about 250 pg, about 275 pg, about 300 ug, about 325 ug, about
350 pg, about 375 ug, about 400 pg, about 425 pg, about 450 pg, about 475 pug, or about 500
ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.

[0028] In some embodiments, the unit dose comprises about 150 ug of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
50 ug, about 70 pg, about 75 ug, about 100 ug, about 125 pg, about 150 pg, about 175 ug,
about 200 ug, about 225 ug, about 250 ug, about 275 ug, about 300 pg, about 325 ug, about
350 pg, about 375 ug, about 400 ug, about 425 pg, about 450 ug, about 475 ug, or about 500
ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.

[0029] In some embodiments, the unit dose comprises about 175 ug of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
50 ug, about 70 pg, about 75 ug, about 100 ug, about 125 pg, about 150 pg, about 175 ug,
about 200 ug, about 225 ug, about 250 ug, about 275 ug, about 300 pg, about 325 ug, about
350 ug, about 375 ug, about 400 ug, about 425 pg, about 450 pg, about 475 ug, or about 500
ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.

[0030] In some embodiments, the unit dose comprises about 200 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 pg, about
50 ug, about 70 pg, about 75 ug, about 100 ug, about 125 pg, about 150 pg, about 175 ug,
about 200 ug, about 225 ug, about 250 pg, about 275 pg, about 300 pg, about 325 ug, about
350 pg, about 375 ug, about 400 pg, about 425 pg, about 450 pg, about 475 ug, or about 500

ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.
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[0031] In some embodiments, the unit dose comprises about 225 ug of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
50 ug, about 70 pg, about 75 ug, about 100 ug, about 125 pg, about 150 pg, about 175 ug,
about 200 ug, about 225 ug, about 250 ug, about 275 ug, about 300 pg, about 325 ug, about
350 ug, about 375 ug, about 400 pg, about 425 pg, about 450 pg, about 475 ug, or about 500
ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.
[0032] In some embodiments, the unit dose comprises about 250 ug of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
50 ug, about 70 pg, about 75 ug, about 100 pg, about 125 pg, about 150 ug, about 175 ug,
about 200 pg, about 225 pg, about 250 pg, about 275 pg, about 300 ug, about 325 ug, about
350 pg, about 375 ug, about 400 pg, about 425 pg, about 450 pg, about 475 pug, or about 500
ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.
[0033] In some embodiments, the unit dose comprises about 75 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof and about 75 ug of the
second VLP comprising an hMPV F protein ectodomain or antigenic variant thereof.

[0034] In some embodiments, the unit dose comprises about 75 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof and about 150 pg of the
second VLP comprising an hMPV F protein ectodomain or antigenic variant thereof.

[0035] In some embodiments, the unit dose comprises about 75 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof and about 225 ug of the
second VLP comprising an hMPV F protein ectodomain or antigenic variant thereof.

[0036] In some embodiments, the unit dose comprises about 150 ug of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof and about 150 ug of the
second VLP comprising an hMPV F protein ectodomain or antigenic variant thereof.

[0037] In some embodiments, the unit dose comprises about 225 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof and about 75 ug of the
second VLP comprising an hMPV F protein ectodomain or antigenic variant thereof.

[0038] In some embodiments, the unit dose comprises about 150 ug of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof and about 75 ug of the

second VLP comprising an hMPV F protein ectodomain or antigenic variant thereof.
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[0039] In some embodiments, the unit dose comprises about 75 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof, about 75 ug of the second
VLP comprising an hMPV F protein ectodomain or antigenic variant thereof, and an adjuvant
comprising MF59.

[0040] In some embodiments, the unit dose comprises about 75 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof, about 150 pgof the second
VLP comprising an hMPYV F protein ectodomain or antigenic variant thereof, and an adjuvant
comprising MF59.

[0041] In some embodiments, the unit dose comprises about 75 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof, about 225 pg of the second
VLP comprising an hMPV F protein ectodomain or antigenic variant thereof, and an adjuvant
comprising MF59.

[0042] In some embodiments, the unit dose comprises about 150 ug of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof, about 150 pg of the second
VLP comprising an hMPYV F protein ectodomain or antigenic variant thereof, and an adjuvant
comprising MF59.

[0043] In some embodiments, the unit dose comprises about 225 ug of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof, about 75 pg of the second
VLP comprising an hMPV F protein ectodomain or antigenic variant thereof, and an adjuvant
comprising MF59.

[0044] In some embodiments, the unit dose comprises about 150 ug of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof, about 75 ug of the second
VLP comprising an hMPV F protein ectodomain or antigenic variant thereof, and an adjuvant
comprising MF59.

[0045] The present disclosure priovides a method of vaccinating a subject, comprising
administering to the subject an effective amount a composition according to the present
disclosure.

[0046] In some embodiments, a method of generating an immune response or strengthening
an existing immune response in a subject comprises administering to the subject an effective

amount of a composition according to the present disclosure.
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[0047] In some embodiments, a method of preventing infection by a paramyxovirus
comprises administering to the subject an effective amount a composition according to the
present disclosure.

[0048] In some embodiments, a method of immunizing a subject against a paramyxovirus
comprises administering to the subject an effective amount of a composition according to the
present disclosure.

[0049] In some embodiments, the paramyxovirus is respiratory syncytial virus (RSV),
human metapneumovirus (hMPV), or both RSV and hMPV.

[0050] In some embodiments, the present method generates a protective immunity to
respiratory syncytial virus (RSV), human metapneumovirus (hMPV), or both RSV and hMPV.
[0051] In some embodiments, the present method generates neutralizing antibodies to
respiratory syncytial virus (RSV), human metapneumovirus (h(MPV), or both RSV and hMPV.
[0052] In some embodiments, the subject is at risk of severe RSV disease and/or at risk of
severe hMPV disease.

[0053] In some embodiments, the vaccine is administered by subcutaneous injection. In
some embodiments, the vaccine is administered by intramuscular injection. In some
embodiments, the vaccine is administered by intradermal injection. In some embodiments, the
vaccine is administered intranasally. In some embodiments, the vaccine is administered orally.
In some embodiments, the vaccine i1s administered sublingually. In some embodiments, the
vaccine is administered buccally. In some embodiments, the vaccine is administered by one or
more of the following methods: subcutaneous injection, intramuscular injection, intradermal
injection, intranasally, orally, sublinguially or buccally.

[0054] In some embodiments, the subject is an adult of over 60 years of age. In some
embodiments, the subject is a healthy adult of 18-45 years of age.

[0055] In some embodiments, the effective amount comprises about 0.5 pg, about 1 ug,
about 2 ug, about 20 pg, about 25 pg, about 40 ug, about 50 ug, about 70 pg, about 75 ug,
about 100 ug, about 125 g, about 140 pg, about 150 pg, about 175 pg, about 200 ug, about
225 ug, about 250 pg, about 275 pg, about 280 ug, about 300 pg, about 325 pg, about 350 pg,
about 375 pg, about 400 ug, about 425 pg, about 450 ug, about 475 pg, about 500 ug, or about
600 pg of the first VLP and/or of the second VLP.
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[0056] In some embodiments, the effective amount comprises about 75 ug of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
50 ug, about 70 pg, about 75 ug, about 100 ug, about 125 pg, about 150 pg, about 175 ug,
about 200 ug, about 225 ug, about 250 ug, about 275 ug, about 300 pg, about 325 ug, about
350 ug, about 375 ug, about 400 pg, about 425 pg, about 450 pg, about 475 ug, or about 500
ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.

[0057] In some embodiments, the effective amount comprises about 100 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
50 ug, about 70 pg, about 75 ug, about 100 pg, about 125 pg, about 150 ug, about 175 ug,
about 200 pg, about 225 pg, about 250 pg, about 275 pg, about 300 ug, about 325 ug, about
350 pg, about 375 ug, about 400 pg, about 425 pg, about 450 pg, about 475 pg, or about 500
ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.

[0058] In some embodiments, the effective amount comprises about 125 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
50 ug, about 70 pg, about 75 ug, about 100 ug, about 125 pg, about 150 pg, about 175 ug,
about 200 ug, about 225 ug, about 250 ug, about 275 ug, about 300 pg, about 325 ug, about
350 pg, about 375 ug, about 400 ug, about 425 pg, about 450 ug, about 475 ug, or about 500
ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.

[0059] In some embodiments, the effective amount comprises about 150 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
50 ug, about 70 pg, about 75 ug, about 100 ug, about 125 pg, about 150 pg, about 175 ug,
about 200 ug, about 225 ug, about 250 ug, about 275 ug, about 300 pg, about 325 ug, about
350 ug, about 375 ug, about 400 ug, about 425 pg, about 450 pg, about 475 ug, or about 500
ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.

[0060] In some embodiments, the effective amount comprises about 175 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 pg, about
50 ug, about 70 pg, about 75 ug, about 100 ug, about 125 pg, about 150 pg, about 175 ug,
about 200 ug, about 225 ug, about 250 pg, about 275 pg, about 300 pg, about 325 ug, about
350 pg, about 375 ug, about 400 pg, about 425 pg, about 450 pg, about 475 ug, or about 500

ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.
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[0061] In some embodiments, the effective amount comprises about 200 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
50 ug, about 70 pg, about 75 ug, about 100 ug, about 125 pg, about 150 pg, about 175 ug,
about 200 ug, about 225 ug, about 250 ug, about 275 ug, about 300 pg, about 325 ug, about
350 ug, about 375 ug, about 400 pg, about 425 pg, about 450 pg, about 475 ug, or about 500
ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.
[0062] In some embodiments, the effective amount comprises about 225 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
50 ug, about 70 pg, about 75 ug, about 100 pg, about 125 pg, about 150 ug, about 175 ug,
about 200 pg, about 225 pg, about 250 pg, about 275 pg, about 300 ug, about 325 ug, about
350 pg, about 375 ug, about 400 pg, about 425 pg, about 450 pg, about 475 pug, or about 500
ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.
[0063] In some embodiments, the effective amount comprises about 250 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
50 ug, about 70 pg, about 75 ug, about 100 ug, about 125 pg, about 150 pg, about 175 ug,
about 200 ug, about 225 ug, about 250 ug, about 275 ug, about 300 pg, about 325 ug, about
350 pg, about 375 ug, about 400 ug, about 425 pg, about 450 ug, about 475 ug, or about 500
ug of the second VLP comprising a hMPV F protein ectodomain or antigenic variant thereof.
[0064] In some embodiments, the effective amount comprises about 0.5 pg, about 1 ug,
about 20 pg, about 25 ug, about 70 ug, about 75 ug, about 100 pg, about 125 pg, about 150 pg,
about 200 ug, about 225 ug, about 250 ug, or about 500 ug of the first VLP and/or of the second
VLP.

[0065] In some embodiments, the effective amount comprises about 75 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about
70 ug, about 75 pg, about 100 ug, about 125 pg, about 150 ug, about 200 pg, about 225 pg,
about 250 ug, or about 500 ug of the second VLP comprising a hMPV F protein ectodomain or
antigenic variant thereof.

[0066] In some embodiments, the effective amount comprises about 150 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof; and about 25 ug, about

70 ug, about 75 pg, about 100 ug, about 125 pg, about 150 ug, about 200 pg, about 225 ug,
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about 250 pg, or about 500 ug of the second VLP comprising an hMPV F protein ectodomain
or antigenic variant thereof.

[0067] In some embodiments, the effective amount comprises about 150 pg of the first VLP
comprising a RSV F protein ectodomain or antigenic variant thereof, and about 150 pug of the
second VLP comprising an hMPV F protein ectodomain or antigenic variant thereof.

[0068] In some embodiments, the method comprises administering a second dose of the
pharmaceutical composition.

[0069] In some embodiments, the second dose is administered within about 2, 3, 4, 5, 6, 7,
8,9, 10, 11, or 12 weeks, about 1 month, about 2 months, about 3 months, about 4 months,
about 5 months, about 6 months, about 9 months, or about 12 months of the first dose.

[0070] In some embodiments, the method comprises administering a third dose of the
pharmaceutical composition. In some embodiments, the third dose is administered within about
1 month, about 2 months, about 3 months, about 4 months, about 5 months, about 6 months,
about 9 months, about 1 year, about 2 years, about 3 years, about 4 years, or about 5 years after
the second dose.

[0071] In some embodiments, the method comprises administering subsequent doses at
regular intervals of about 12 weeks, about 1 month, about 2 months, about 3 months, about 4
months, about 5 months, about 6 months, about 9 months, about 1 year, about 2 years, about 3
years, about 4 years, or about 5 years.

[0072] In some embodiments, the method limits the development of an RSV infection in a
subject and/or the method limits the development of an hMPV infection in a subject.

[0073] In some embodiments, the method results in the production of RSV-A-specific
neutralizing antibodies in the subject.

[0074] In some embodiments, the method results in an increase in RSV-A-specific
neutralizing antibodies in the subject of at least about 2-fold, about 3-fold, at least about 4-fold,
at least about 5-fold, at least about 10-fold, at least about 15-fold, at least about 20-fold, or at
least about 25-fold compared to baseline.

[0075] In some embodiments, the increase in RSV-A-specific neutralizing antibodies is
detectable within about one day, about 2 days, about 3 days, about 4 days, about 5 days, about

6 days, about 1 week, about 2 weeks, about 3 weeks, about 4 weeks, 5 weeks, about 6 weeks,
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about 7 weeks, about 8 weeks, about 9 weeks, about 10 weeks, about 11 weeks, or about 12
weeks of administration of the pharmaceutical composition.

[0076] In some embodiments, the method results in the production of RSV-B-specific
neutralizing antibodies in the subject.

[0077] In some embodiments, the method results in an increase in RSV-B-specific
neutralizing antibodies in the subject of at least about 2-fold, about 3-fold, at least about 4-fold,
at least about 5-fold, at least about 10-fold, at least about 15-fold, at least about 20-fold, or at
least about 25-fold compared to baseline.

[0078] In some embodiments, the increase in RSV-B-specific neutralizing antibodies is
detectable within about one week, within about 2 weeks, within about 3 weeks, within about 4
weeks, within about 5 weeks, within about 6 weeks, within about 7 weeks, within about 8
weeks, within about 9 weeks, within about 10 weeks, within about 11 weeks, or within about
12 weeks of administration of the pharmaceutical composition.

[0079] In some embodiments, the method results in the production of hMPV-A-specific
neutralizing antibodies in the subject.

[0080] In some embodiments, the method results in an increase in hMPV-A-specific
neutralizing antibodies in the subject of at least about 2-fold, about 3-fold, at least about 4-fold,
at least about 5-fold, at least about 10-fold, at least about 15-fold, at least about 20-fold, or at
least about 25-fold compared to baseline.

[0081] In some embodiments, the increase in hMPV-A-specific neutralizing antibodies is
detectable within about one week, within about 2 weeks, within about 3 weeks, within about 4
weeks, within about 5 weeks, within about 6 weeks, within about 7 weeks, within about 8
weeks, within about 9 weeks, within about 10 weeks, within about 11 weeks, or within about
12 weeks of administration of the pharmaceutical composition.

[0082] In some embodiments, the method results in the production of hMPV-B-specific
neutralizing antibodies in the subject.

[0083] In some embodiments, the method results in an increase in hMPV-B-specific
neutralizing antibodies in the subject of at least about 2-fold, about 3-fold, at least about 4-fold,
at least about 5-fold, at least about 10-fold, at least about 15-fold, at least about 20-fold, or at

least about 25-fold compared to baseline.
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[0084] In some embodiments, the increase in hMPV-B-specific neutralizing antibodies is
detectable within about one week, within about 2 weeks, within about 3 weeks, within about 4
weeks, within about 5 weeks, within about 6 weeks, within about 7 weeks, within about 8
weeks, within about 9 weeks, within about 10 weeks, within about 11 weeks, or within about
12 weeks of administration of the pharmaceutical composition.

[0085] In some embodiments, the method prevents a severe Lower Respiratory Tract
Infection (LRTI).

[0086] A pre-filled syringe is provided comprising a composition according to the present
disclosure.

[0087] A kit is provided comprising a composition according to the present disclosure or
comprising the pre-filled syringe of the present disclosure.

[0088] The present disclosure provides a kit, comprising one or more of’

a composition comprising a virus-like particle (VLP) comprising a first
component comprising a respiratory syntactical virus (RSV) F protein ectodomain or antigenic
variant thereof;

a composition comprising a second virus-like particle (VLP) comprising a first
component comprising a human metapneumovirus (hMPV) F protein ectodomain or antigenic
variant thereof;, and

a composition comprising a virus-like particle (VLP) comprising a plurality of
first components, some first components comprising a respiratory syntactical virus (RSV) F
protein ectodomain or antigenic variant thereof and some first components comprising a human
metapneumovirus (hMPV) F protein ectodomain or antigenic variant thereof.

[0089] In some embodiments, the kit comprises a composition comprising an adjuvant to

be combined with the one or more VLP compositions prior to administration to a subject.
BRIEF DESCRIPTION OF THE DRAWINGS

[0090] FIG. 1A shows an illustrative embodiment of a protein-based virus-like particle

(VLP) according to the present disclosure.

[0091] FIG. 1B shows further illustrative embodiments of VLPs and VLP components

(with F protein not shown).

[0092] FIG. 2 shows a secondary structure map of hMPV F protein in the pre-fusion

configuration (PDB ID: SWBO; diagram generated at www.rcsb.org).

14

SUBSTITUTE SHEET (RULE 26)



WO 2023/225562 PCT/US2023/067127

[0093] FIGs. 3A-3C is a series of plots showing antibody binding profiles to illustrative
VLPs of the disclosure. Antibodies are specific for various forms of the h\MPV F protein. MF14
binds pre- and postfusion forms of hMPV F protein at the site II epitope (FIG. 3A). MF16 binds
pre- and postfusion forms of hMPV F protein at the site IV epitope (FIG. 3B). MPE8 binds the
pre-fusion form of hMPV F protein at the site III epitope (FIG. 3C).

[0094] FIGs. 4A and 4B show the immunogenicity of hMPV F protein mutants on a 2-
component virus-like particle (VLP) or expressed as a soluble protein (sol). Graphs show
neutralizing antibody titers against hMPV-A (FIG. 4A) and hMPV-B (FIG. 4B) in serum
samples collected on day 35 after two immunizations.

[0095] FIGs. SA and 5B show the immunogenicity of hMPV008 VLPs and the
corresponding soluble protein, CompA-hMPV008 under different dose and adjuvant
conditions. Also shown is hMPV033 when adjuvanted with squalene emulsion (SE). Graphs
show neutralizing antibody titers against hMPV-A (FIG. 5A) and hMPV-B (FIG. 5B) in serum
samples collected on day 35 after two immunizations.

[0096] FIG. 6 shows the RSV neutralization titers of sera from mice immunized with
monovalent, bivalent, or mosaic vaccine compositions. Mice immunized with only the hMPV
monovalent vaccine (IVX-241) show low immune response to RSV. Monovalent RSV, bivalent
RSV/hMPV, and mosaic RSV/hMPV groups exhibited high anti-RSV immune responses.
[0097] FIG. 7 shows the hMPV neutralization titers of sera from mice immunized with
monovalent or bivalent vaccine compositions. Mice immunized with only the RSV monovalent
vaccine (IVX-121) show low immune response to hMPV. Monovalent hMPV, bivalent
RSV/hMPV, and mosaic RSV/hMPV groups exhibited high anti-hMPV immune responses.
[0098] FIGs. 8A—8F show the induction of immunogenicity and protective effect of
bivalent RSV-hMPV VLP vaccine compared with monovalent RSV or hMPV VLP vaccines in
cotton rat live-virus challenge model.

[0099] FIG. 8A shows titers of RSV-A neutralizing antibodies in sera from animals
immunized with monovalent RSV (“IVX-1217) or bivalent (“IVX-A12") VLPs.

[0100] FIG. 8B shows titers of hMPV-A neutralizing antibodies in sera from animals
immunized with monovalent hMPV (“IVX-2417) or bivalent (“IVX-A12") VLPs.
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[0101] FIG. 8C shows titers of RSV-A virus in the lungs of animals immunized with
monovalent RSV (“IVX-1217) or bivalent (“IVX-A12") VLPs and then challenged with RSV
virus.

[0102] FIG. 8D shows titers of hMPV-A virus in the lungs of animals immunized with
monovalent hMPV (“IVX-2417) or bivalent (“IVX-A12”) VLPs and then challenged with
hMPV virus.

[0103] FIG. 8E shows nasal titers of RSV-A virus in animals immunized with monovalent
RSV (“IVX-1217) or bivalent (“IVX-A12") VLPs and then challenged with RSV virus.

[0104] FIG. 8F shows nasal titers of hMPV-A virus in animals immunized with
monovalent hMPV (“IVX-2417) or bivalent (“IVX-A12”) VLPs and then challenged with
hMPV wvirus.

[0105] FIG. 9 is a series of plots showing the time-course induction of neutralizing
antibody titers in mice in response to dosing with hMPV F protein VLPs formulated with
adjuvants.

[0106] FIG. 10 is the study design for a Phase 1/1b randomized, observer-blinded, placebo-
controlled study to evaluate IVX-121 administration in young and older adult subjects.

[0107] FIG. 11 shows a summary of safety data. There were no serious adverse events
(SAEs), AEs of special interest (AESIs) or adverse events (AEs) leading to study withdrawal.
[0108] FIG. 12 shows graphs of solicited local and systemic adverse events within 7 days
of a single dose, maximal severity (“alum” = 500 pg/mL aluminum hydroxide). Unadjuvanted
IVX-121 reactogenicity is mild in older adults with similar tolerability to placebo.

[0109] FIG. 13 shows a graph of RSV-A neutralizing antibodies (nAB). Geometric mean
titer (GMT) is expressed in international units per milliliter (IU/mL). GMT of unadjuvanted
IVX-121 are comparable in young and older adults.

[0110] FIG. 14 shows a graph of RSV-A neutralizing antibodies (nAB), unadjuvanted
versus adjuvanted. Geometric mean titer (GMT) is expressed in international units per milliliter
(IU/mL). Alum adjuvant had no beneficial effect in young and older adults.

[0111] FIG. 15 shows tables summarizing neutralizing and binding antibody data.

[0112] FIG. 16 shows a graph of RSV-A neutralizing antibodies (nAB), unadjuvanted, in
young adult subjects (left panel) and older adult subjects (right panel) through Day 180.

Geometric mean titer (GMT) is expressed in international units per milliliter (IU/mL). lower
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limit of quantitation (LIoQ) = 9.9; Geometric Mean Fold Rise (Day 28) from Baseline. Data
reflect all subjects available at the time of this six-month analysis; individual figures may differ
immaterially from initial interim readout.

[0113] FIG. 17 shows a graph of RSV-A neutralizing antibodies (nAB), unadjuvanted, in
young adult subjects through Day 180. ug of total VLP and pg of RSV-A antigen are shown
for each treatment dose. Percentage of retained titers between Study Day 180 and Study Day
28 shown for each treatment dose. Geometric mean titer (GMT) is expressed in international
units per milliliter (IU/mL).

[0114] FIG. 18 shows a graph of RSV-A neutralizing antibodies (nAB), unadjuvanted, in
older adult subjects through Day 180. pg of total VLP and pug of RSV-A antigen are shown for
each treatment dose. Percentage of retained titers between Study Day 180 (M6) and Study Day
28 (M1) shown for each treatment dose Geometric mean titer (GMT) is expressed in
international units per milliliter (IU/mL).

[0115] FIG. 19 shows a summary of safety data. There were no serious adverse events
(SAEs), AEs of special interest (AESIs) or adverse events (AEs) leading to study withdrawal.
[0116] FIG. 20 shows a graph of RSV-A neutralizing antibodies (nAB), unadjuvanted (left
panel), and RSV-B neutralizing antibodies (nAB), unadjuvanted (right panel), in older adult
subjects comparing Day 28 and Day 180. Geometric mean titer (GMT) is expressed in
international units per milliliter (IU/mL).

[0117] FIG. 21 is the study design for a Phase 1 randomized, observer-blinded, placebo-
controlled study to evaluate a single administration of IVX-A12 in older adult subjects (aged
60-75). Dosage groups with total VLP content (top left panel). Each dose included both RSV
and hMPV VLPs. VLP composition of low, medium, and high hMPV doses combined with
consistent RSV VLP dosage (top right panel). Interim readout included safety and
immunogenicity readouts through D28 (bottom panel).

[0118] FIG. 22A shows the demographics of trial participants. Demographic characteristics
were similar between IVX-A12 and placebo recipients. A total of 141 subjects were enrolled,
140 dosed (safety analysis set) with 17 subjects excluded for protocol violations, leaving 123
subjects in per protocol analysis set. FIG. 22B shows a summary of safety data. As of D28,
there were no serious adverse events (SAEs), AEs of special interest (AESIs) or adverse events

(AEs) leading to study withdrawal. Severe unsolicited AE (unrelated to vaccine) of
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hypertension on Day 28 was onserved in subject with prior medical history; AE was resolved.
Unsolicited AEs were collected to Day 28. Other AEs will be collected to Day 180.

[0119] FIG. 23A shows graphs of solicited local adverse events within 7 days of a single
dose, maxmal severity. Unadjuvanted IVX-A12 reactogenicity is mild in older adults. Dosage
group VLPs: 150 pg =75 ug RSV + 75 ug hMPV; 225 ng =75 ng RSV + 150 ug hMPV; 300
ug =75 ug RSV + 225 ug hMPV.

[0120] FIG. 23B shows graphs of solicited systemic adverse events within 7 days of a
single dose. Unadjuvanted and adjuvanted (MF59®) IVX-A12 shows similar tolerability to
placebo. Dosage group VLPs: 150 ug = 75 ug RSV + 75 pg hMPV; 225 pug =75 pg RSV +
150 pg hMPV; 300 pg =75 ug RSV + 225 ug hMPV.

[0121] FIG. 24A shows a graph of RSV-A neutralizing antibodies (nAB). Per-protocol
analysis set of participants. Geometric mean titer (GMT) is expressed in international units per
milliliter (IU/mL). RSV-A LLoQ = 9.4. MF59®: Seqirus Inc.’s proprietary adjuvant. GMFR:
Geometric Mean Fold Rise from Baseline. VLPs: 150 ug =75 ng RSV + 75 ng hMPV; 225 ug
=75 ug RSV + 150 pg hMPV; 300 ug = 75 ug RSV + 225 ug hMPV.

[0122] FIG. 24B shows a graph of RSV-B neutralizing antibodies (nAB). Per-protocol
analysis set of participants. Geometric mean titer (GMT) is expressed in international units
per milliliter (IU/mL).

RSV-B LLoQ = 8.0. MF59®: Seqirus Inc.’s proprietary adjuvant. GMFR: Geometric Mean
Fold Rise from Baseline. VLPs: 150 ug = 75 ug RSV + 75 ug hMPV; 225 pg =75 ug RSV +
150 pg hMPV; 300 pg = 75 ug RSV + 225 pg hMPV.

[0123] FIG. 25A shows a graph of hMPV-A neutralizing antibodies (nAB). Geometric
mean titer (GMT) is expressed in assay units. Per-protocol analysis set of participants. hMPV-
A and hMPV-B LLoQ = 4.0 log 2. GMFR: Geometric Mean Fold Rise from Baseline. VLPs:
150 pg =75 ug RSV + 75 pg hMPV; 225 ng =75 ug RSV + 150 ug hMPV; 300 pug =75 ug
RSV + 225 ug hMPV.

[0124] FIG. 25B shows a graph of hMPV-B neutralizing antibodies (nAB). Geometric
mean titer (GMT) 1s expressed in assay units. Per-protocol analysis set of participants. hMPV-
A and hMPV-B LLoQ = 4.0 log 2. GMFR: Geometric Mean Fold Rise from Baseline. VLPs:
150 pg =75 ng RSV + 75 ug hMPV; 225 ug = 75 ng RSV + 150 ug hMPV; 300 ug =75 ug
RSV + 225 pg hMPV.
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[0125] FIG. 26 shows a pre-specified sub-analysis assessing subjects with lowest tertile
baseline RSV-A and RSV-B titers. Data shown for RSV-A (FIG. 26A) and RSV-B (FIG. 26B)
neutralizing antibodies (nAB) in subjects with lowest tertile baseline nAB titers. Data for
adjuvanted and non-adjuvanted subjects is pooled by dose. Geometric mean titer (GMT) is
expressed in international units per milliliter (IU/mL). Per-protocol analysis set of participants.
RSV-A LLoQ =9.4. RSV-B LLoQ = 8.0. GMFR: Geometric Mean Fold Rise from Baseline.
Dosage group VLPs: 150 ug = 75 ug RSV + 75 ug hMPV; 225 ug = 75 ug RSV + 150 ug
hMPV; 300 pg = 75 pug RSV + 225 ug hMPV. *Data pooled across adjuvanted and non-
adjuvanted groups within a dose.

DETAILED DESCRIPTION
[0126] Provided herein are compositions or pharmaceutical compositions comprising two
or more VLPs displaying the ectodomains of the F proteins of diverse paramyxoviruses. For
example, the disclosure provides compositions comprising two VLPs: a VLP having a
component comprising a respiratory syntactical virus (RSV) F protein ectodomain or antigenic
variant thereof; and a VLP having a component comprising a human metapneumovirus (hMPV)
F protein ectodomain or antigenic variant thereof. These compositions may be used to vaccinate
against RSV (e.g., RSV-A subtype and/or RSV-B subtype) and human metapneumovirus
(hMPV; e.g., hMPV-A subtype and or hMPV-B subtype).
[0127] In particular, provided herein are protein-based virus-like particle (VLP) vaccines
for respiratory syntactical virus (RSV) and human metapneumovirus ((MPV) in which the RSV
F protein ectodomain and hMPV F protein ectodomain are each independently linked to, and
thereby displayed on, a protein-based VLP, e.g., a designed VLP, e.g., a symmetric VLP. For
example, the vaccine antigen may be a N-terminal fusion of the ectodomain of the RSV F
protein or hMPV F protein to a protein having a multimerization domain for a one- or two-
component de novo designed VLP, such as a two-component icosahedral VLP. Further
provided are vaccine compositions, methods of manufacturing, and methods of use, e.g.,
immunizing a subject to generate a protective immune response or strengthen an existing
immune response to RSV virus and/or hMPV virus.
[0128] In variations, the disclosure provides a “mosaic” VLP generated by mixing the
components of the RSV and hMPV vaccine before assembly into VLPs, so that each VLP

contains some components displaying the ectodomain of the RSV F proteins and some
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components displaying the ectodomain of the hMPV F proteins. Accordingly, the disclosure
further provides a virus-like particle (VLP) comprising a plurality of first components, some
first components comprising a respiratory syntactical virus (RSV) F protein ectodomain or
antigenic variant thereof and some first components comprising a human metapneumovirus
(hMPV) F protein ectodomain or antigenic variant thereof.

Definitions

[0129] All publications, patents and patent applications, including any drawings and
appendices therein are incorporated by reference in their entirety for all purposes to the same
extent as if each individual publication, patent or patent application, drawing, or appendix was
specifically and individually indicated to be incorporated by reference in its entirety for all
purposes.

[0130] The term “virus-like particle” or “VLP” refers to a molecular assembly that
resembles a virus but is non-infectious that displays an antigenic protein, or antigenic fragment
thereof, of a viral protein or glycoprotein. A “protein-based VLP” refers to a VLP formed from
proteins or glycoproteins and substantially free of other components (e.g., lipids). Protein-based
VLPs may include post-translation modification and chemical modification, but are to be
distinguished from micellar VLPs and VLPs formed by extraction of viral proteins from live or
live inactivated virus preparations. The term “designed VLP” refers to a VLP comprising one
or more polypeptides generated by computational protein design. Illustrative designed VLP are
VLPs that comprise nanostructures depicted in FIG. 1B. The term “symmetric VLP” refers to
a protein-based VLP with a symmetric core, such as shown in FIG. 1B. These include but are
not limited to designed VLPs. For example, the protein ferritin has been used to generate a
symmetric, protein-based VLP using naturally occurring ferritin sequences. Ferritin-based
VLPs are distinguished from designed VLPs in that no protein engineering is necessary to form
a symmetric VLP from ferritin, other than fusing the viral protein to the ferritin molecule.
Protein design methods can be used to generate similar one- and two-component nanostructures
based on template structures (e.g., structures deposited in the Protein Data Bank) or de novo
(ie., by computational design of new proteins having a desired structure but little or no
homology to naturally occurring proteins). Such one- and two-component nanostructures can

then be used as the core of a designed VLP.
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[0131] The VLP of the present disclosure display antigens capable of eliciting immune
responses to paramyxoviruses, including respiratory syncicial virus (RSV) and human
metapneumovirus (hMPV) or other metapneumoviruses. As used herein and throughout the
present disclosure, immune response(s) include generating an immune response or
strengthening an existing immune response. The vaccines of the present disclosure are useful
for preventing and/or decreasing the severity of infection with respiratory syncicial virus and/or
human metapneumovirus.

[0132] The term “icosahedral particle” refers to a designed VLP having a core with
icosahedral symmetry (e.g., the particles labeled 153 and 152 in Table 1). I53 refers to an
icosahedral particle constructed from pentamers and trimers. 152 refers to an icosahedral
particle constructed from pentamers and dimers. T33 refers to a tetrahedral particle constructed
from two sets of trimers. T32 refers to a tetrahedral particle constructed from trimers and
dimers.

[0133] The antigens may be attached to the core of the protein-based VLP either non-
covalently or covalently, including as a fusion protein or by other means disclosed herein.
Multimeric antigens may optionally be displayed along a symmetry axis of the VLP. Also
provided are proteins and nucleic acid molecules encoding such proteins, formulations, and
methods of use.

[0134] The term “antigen” refers to a polypeptide or polypeptide complex including at least
one component designed to elicit an immune response. The term antigen, as used herein, is not
limited to the portion of the polypeptide or polypeptide complex that contains antigenic
epitopes.

[0135] The term “polypeptide” refers to a series of amino acid residues joined by peptide
bonds and optionally one or more post-translational modifications (e.g., glycosylation) and/or
other modifications (including but not limited to conjugation of the polypeptide moiety used as
a marker—such as a fluorescent tag—or an adjuvant).

[0136] The term “infection” refers to both symptomatic and asymptomatic infections.
[0137] The term “ectodomain” refers to the portion of a transmembrane protein or
glycoprotein that, in the native state of the protein, is on the outside of the cellular or viral

membrane.
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[0138] The term “variant” refers to a polypeptide having one or more insertions, deletions,
replacements, or amino acid substitutions relative to a reference polypeptide, but retains one or
more properties of the reference protein.

[0139] The term “antigenic variant” refers to a variant that has one or more epitopes in
common with a reference polypeptide and/or generates the same or similar immune response
when administered to a subject as a reference polypeptide.

[0140] The term “functional variant” refers to a variant that exhibits the same or similar
functional effect(s) as a reference polypeptide. For example, a functional variant of a
multimerization domain is able to promote multimerization to the same extent, or to similar
extent, as a reference multimerization domain and/or is able to multimerize with the same
cognate multimerization domains as a reference multimerization domain.

[0141] The term “linker” refers to either chemical linkage (i.e., a covalent bond or series of
covalent bonds with intervening chemical moieties) or to a polypeptide that is N-terminally and
C-terminally joined by peptide bonds to product a fusion protein.

[0142] The term “domain” refers to refers to any portion of a polypeptide that adopts a
tertiary structure.

[0143] The terms “multimerization domain” and “multimerize” refer to the ability of a
polypeptide, or domain of a polypeptide, to form dimers, trimers, tetramers, pentamers, or
hexamers and/or to form heteromers with other multimerization domains.

[0144] The term “trimerization domain” refers to a multimerization domain that forms
trimers.

[0145] The term “VLP-forming domain” refers to a multimerization domain that, alone or
with other multimerization domains, forms a symmetric protein complex.

[0146] The term “fragment” refers to a polypeptide having one or more N-terminal or C-
terminal truncations compared to a reference polypeptide.

[0147] The term “functional fragment” refers to a functional variant of a fragment.

[0148] The term “substitution” or “replacement” refers to replacing a single amino acid in
a sequence with another amino acid residue. The standard form of abbreviations for amino acid
substitution are used. For example, V94R refers to substitution of valine (V) in a reference
sequence with arginine (R). The abbreviation Arg94 refers to any sequence in which the 94th

residue, relative to a reference sequence, is arginine (Arg).
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[0149] The terms “helix” or “helical” refer to an a-helical secondary structure in a
polypeptide that is known to occur, or predicted to occur. For example, a sequence may be
described as helical when computational modeling suggests the sequence is likely to adopt a
helical conformation.

[0150] The term “component” refers to a protein, or protein complex, capable of assembly
into a virus-like particle under appropriate conditions (e.g, an antigen or polypeptide
comprising a multimerization domain).

[0151] The term “vaccine” refers to a pharmaceutical composition capable of use in
producing an immune response or strengthening an existing immune response in a subject.
[0152] The term “pharmaceutically acceptable excipients” means excipients biologically or
pharmacologically compatible for in vivo use in animals or humans, and can mean excipients
approved by a regulatory agency of the Federal or a state government or listed in the U.S.
Pharmacopeia or other generally recognized pharmacopeia for use in animals, and more
particularly in humans.

[0153] The term “adjuvants” refers to a pharmaceutically acceptable substance that
enhances the immune response to an antigen when co-administered with the antigen or
administered before, during, or after administration of the antigen to a subject.

[0154] The term “TLR4 immunostimulant” refers to an adjuvant that stimulates Toll-like
Receptor 4 (TLR4) in the immune cells of a subject to modulate an immune response e.g.,
Monophosphoryl Lipid A (MPL), Glucopyranosyl Lipid A (GLA), and/or Soluble Leishmania
Antigen (SLA).

[0155] The term “effective amount” refers to the amount of a formulation according to the
invention that, when administered to a patient for treating a state, disorder or condition is
sufficient to effect such treatment or when administered to a patient for generating an immune
response is sufficient to generate such an immune response, such as antibody response. The
“effective amount” will vary depending on the active ingredient, the state, disorder, or condition
to be treated and its severity, and the age, weight, physical condition and responsiveness of the
subject to be treated.

[0156] This amount can vary depending upon the health and physical condition of the

individual to be treated, their age, the capacity of the individual's immune system to generate
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antibodies, the degree of protection desired, the formulation of the vaccine, and other relevant
factors.

[0157] As used herein, an “effective amount” refers to an amount of the immunogenic
composition that is effective for treating and/or limiting RSV infection (e.g., RSV-A infection
and/or RSV-B infection) and/or hMPV infection (e.g., hMPV-A infection and/or hMPV-B
infection).

[0158] The term “immune response” refers to elicitation of activity of one or more immune
cell types in the subject. Immune responses include, for example, T cell and B cell responses.
[0159] The term “humoral immune response” refers to an immune response that generates
plasma or serum antibodies (e.g., IgG).

[0160] The term “protective immune response” refers to an immune response that prevents
and/or reduces the severity of infection with a pathogen when the subject is later challenged
with the pathogen, or to an immune response that generates a level of immune response that
correlates with protection. For example, vaccination may generate a protective immune
response if it results in production, in the plasma or serum, of the subject (e.g., human, pet, or
agricultural animal), of neutralizing antibodies that protect the subject against subsequent
infection and/or are present in a quantity observed to confer protection upon test subjects (e.g,.,
New Zealand White (NZW) rabbits).

[0161] The term “polyclonal antibody response” refers to an antibody response comprising
antibodies having more than one specificities and/or variation in their antibody sequences.
[0162] The term “neutralizing” (e.g., “neutralizing antibody response”) refers to antibodies
that prevent infection and/or reduce the level of infection by a pathogen. A neutralizing
antibody response can be measured either in in vitro assays (e.g., infection of cells in culture
by a pathogen in the presence of the antibody) or in an in vivo assay (e.g., by determining a
protective dose of an antibody through administering the antibody to a subject prior to challenge
with an infective dose of a pathogen).

[0163] An antibody “binds to” or is “specific to” or “specifically binds” (used
interchangeably herein) to a target (e.g., an RSV or hMPV F protein) are terms well understood
in the art, and methods to determine such specific or preferential binding are also well known
in the art. A molecule is said to exhibit “specific binding” or “preferential binding” if it reacts

or associates more frequently, more rapidly, with greater duration and/or with greater affinity
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with a particular cell or substance than it does with alternative cells or substances. For example,
an immunoglobulin that specifically or preferentially binds to thymocyte is an immunoglobulin
that binds thymocytes with greater affinity, avidity, more readily, and/or with greater duration
than 1t binds to other cells. An immunoglobulin that specifically binds to a first cell or substance
may or may not specifically or preferentially bind to a second cell or substance. As such,
“specific binding” does not necessarily require (although it can include) exclusive binding
Generally, but not necessarily, reference to binding means specific binding.

[0164] The term “predetermined time” refers to an interval of time selected as appropriate
for observing a particular effect. A predetermined time may be selected before, or during, an
experiment or procedure.

[0165] The term “post-exposure prophylaxis” refers to administering an antigenic
composition (e.g., a vaccine) to a subject previously exposed to and/or infected with a pathogen
in order to elicit an immune response to protect against infection by the pathogen and/or
decrease the severity of one or more symptoms of infection by the pathogen.

[0166] The term “administering” refers to providing a composition to a subject in a manner
that permits the composition to have its intended effect. Administration for vaccination or post-
exposure prophylaxis may be performed by intramuscular injection, intravenous injection,
intraperitoneal injection, or any other suitable route.

[0167] The terms “immunization” and “immunizing” refer to administering a composition
to a subject (e.g., a virus-like particle) in an amount sufficient to elicit, after one or more
administering steps, a desired immune response (e.g., a humoral immune response to the VLP).
Immunization may comprise between one and ten, or more administrations (e.g., injections) of
the composition, such as 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or more administrations. The first
administration may elicit no detectable immune response as generally each subsequent
administration will boost the immune response generated by prior administrations. The term
“immunizing” as used herein includes post-exposure prophylaxis.

[0168] The term “subject” refers to a human or non-human animal to which a composition
may be administered for vaccination, treatment, or other purpose. In some embodiments, the
non-human animal is a non-human primate including, but not limited to, rabbit, hamster, gerbil,
pig, cow, sheep, goat, guinea pig, rat, mouse, squirrel, wolf, fox, horse, zebra, giraffe, elephant,

cat, dog, llama, or ferret.
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[0169] The term “manufacturing” refers to production of a recombinant polypeptide or
virus-like particle at any scale, including but not limited to at least 25-mL, 50-mL, 1-L, 1,000-
L, 50,000-L, or greater scale.

[0170] The terms “culturing” and “culture medium” refers to standard cell culture and
recombinant protein expression techniques.

[0171] The term “host cell” refers to any cell capable of use in expression of a recombinant
polypeptide.

[0172] The term “secretes” refers to the ability of host cells to secrete polypeptides into the
media in which they are cultured.

[0173] The term “signal sequence” refers to a polypeptide sequence, typically at the N
terminus of a polypeptide expressed in a host cell that directs the polypeptide to a particular
cellular compartment. A signal sequence may be a secretion signal to cause the host cell to
secrete the polypeptide into the media in which with host cell is cultured. Various signal
sequences are known and it is within the skill of an ordinary artisan to select an appropriate
signal sequence.

[0174] The term “mixing” refers to placing two solutions into contact to permit the
solutions to mix.

[0175] The term “purify” refers to separating a molecule from other substances present in
a composition. Polypeptides may be purified by affinity (e.g., to an antibody or to a tag, e.g.,
using a His-tag capture resin), by charge (e.g., ion-exchange chromatography), by size (e.g.,
preparative ultracentrifugation, size exclusion chromatography), or otherwise.

[0176] The terms “polynucleotide” and “nucleic acid,” used interchangeably herein, refer
to a polymeric form of nucleotides of more than about 100 nucleotides, either ribonucleotides
or deoxyribonucleotides. Thus, this term includes, but is not limited to, single-, double-, or
multi-stranded DNA or RNA, genomic DNA, cDNA, DNA-RNA hybrids, or a polymer
comprising purine and pyrimidine bases or other natural, chemically or biochemically modified,
non-natural, or derivatized nucleotide bases. “Oligonucleotide” generally refers to
polynucleotides of between about 5 and about 100 nucleotides of single- or double-stranded
DNA. However, for the purposes of this disclosure, there is no upper limit to the length of an
oligonucleotide. Oligonucleotides are also known as “oligomers” or “oligos” and may be

isolated from genes, or chemically synthesized by methods known in the art. The terms
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“polynucleotide” and “nucleic acid” should be understood to include, as applicable to the
embodiments being described, single-stranded (such as sense or antisense) and double-stranded
polynucleotides.

[0177] The terms "identical," "identity," "percent identity," "sequence identity," or "percent
sequence identity," in the context of two or more nucleic acid or polypeptide sequences, refers
to two or more sequences or subsequences that are the same or have a specified percentage of
amino acid residues or nucleotides that are the same, when compared and aligned for maximum
correspondence. Methods of alignment of sequences for comparison are well known in the art.
Once aligned, the number of matches is determined by counting the number of positions where
an identical nucleotide or amino acid residue is present in both sequences. The percent sequence
identity is determined by dividing the number of matches in the alignment by the length of the
reference sequence, followed by multiplying the resulting value by 100. For example, a peptide
sequence that has 1166 matches when aligned with a test sequence having 1554 amino acids is
75.0 percent identical to the test sequence (1166+1554 * 100=75.0). As the terms are used
herein, gaps in the alignment do not decrease the percent sequence identity.

[0178] Unless otherwise specificed, optimal alignment of sequences for comparison is
conducted by the global alignment algorithm of Needleman and Wunsch, Mol. Biol. 48:443
(1970) as implemented by EMBOSS Needle (on the World Wide Web at
ebi.ac.uk/Tools/psa/emboss_needle/) (Madeira et al. Nucleic Acids Res. 50(W1):W276-W279
(2022)). In embodiments, other alignment methods may be used, including without limitation
those described in Devereux, et al, Nucleic Acids Res. 12:387-95 (1984) ; Atschul et al. J. Mo.
Biol. 215:403-10 (1990) (BLAST); Carrillo and Lipman Siam J. Appl. Math. 48(5) (1988);
Computational Molecular Biology (Lesk, AM, ed., 1989); Biocomputing Informatics and
Genome Projects, (Smith, DW, ed., 1993); Computer Analysis of Sequence Data, Part I,
(Griffin and Griffin, eds., 1994); Sequence Analysis in Molecular Biology (von Heinje, 2012);
Sequence Analysis Primer (Gribskov and Devereux, J., eds. 1993). In embodiments, sequence
identity is calclated using the implementation of the Needleman-Wunsch algorithm provided
by the National Library of Medicine (on the World Wide Web at
blast.ncbi.nlm.nih. gov/Blast.cgi?’PAGE _TYPE=BlastSearch&BLAST SPEC=Global Aln).
[0179] For example, sequence identity can be determined by standard methods that are

commonly used to compare the similarity of two polypeptide or two polynucleotide sequences.
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Using a computer program such as EMBOSS Needle or BLAST, two polypeptide or two
polynucleotide sequences are aligned for optimal matching of their respective residues (either
along the full length of one or both sequences, or along a pre-determined portion of one or both
sequences). The programs provide a default opening penalty and a default gap penalty, and a
scoring matrix such as PAM 250 (a standard scoring matrix; see Dayhoff et al., in Atlas of
Protein Sequence and Structure, vol. 5, supp. 3 (1978)) that can be used in conjunction with the
computer program.

[0180] The term “treating” means one or more of relieving, alleviating, delaying, reducing,
reversing, improving, or managing at least one symptom of a condition in a subject. The term
“treating” may also mean one or more of arresting, delaying the onset (i.e., the period prior to
clinical manifestation of the condition) or reducing the risk of developing or worsening a
condition.

[0181] The term “a” or “an” refers to one or more of that entity, i.e. can refer to plural

@, o« » o«

referents. As such, the terms “a,” “an,” “one or more,” and “at least one” are used
interchangeably herein. In addition, reference to “an element” by the indefinite article “a” or
“an” does not exclude the possibility that more than one of the elements is present, unless the
context clearly requires that there is one and only one of the elements.

[0182] The term “about” or “approximately” means within an acceptable error range for the
particular value as determined by one of ordinary skill in the art, which will depend in part on
how the value is measured or determined, e.g., the limitations of the measurement system. For
example, “about” can mean within 1 or more than 1 standard deviation. Alternatively, “about”
can mean plus or minus a range of, for example, up to 20%, up to 10%, or up to 5%. When used
in conjunction with a range or series of values, the term “about” applies to the endpoints of the
range or each of the values enumerated in the series, unless otherwise indicated. As used in this
application, the terms “about” and “approximately” are used as equivalents.

[0183] All weight percentages (i.e., “% by weight” and “wt. % and w/w) referenced herein,
unless otherwise indicated, are measured relative to the total weight of the pharmaceutical
composition.

[0184] As used herein, “substantially” or “substantial” refers to the complete or nearly
complete extent or degree of an action, characteristic, property, state, structure, item, or result.

For example, an object that is “substantially” enclosed would mean that the object is either
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completely enclosed or nearly completely enclosed. The exact allowable degree of deviation
from absolute completeness may in some cases depend on the specific context. However,
generally speaking, the nearness of completion will be so as to have the same overall result as
if absolute and total completion were obtained. The use of “substantially” is equally applicable
when used in a negative connotation to refer to the complete or near complete lack of action,
characteristic, property, state, structure, item, or result. For example, a composition that is
“substantially free of” other active agents would either completely lack other active agents, or
so nearly completely lack other active agents that the effect would be the same as if it
completely lacked other active agents. In other words, a composition that is “substantially free
of” an ingredient or element or another active agent may still contain such an item as long as
there is no measurable effect thereof.

[0185] The following description includes information that may be useful in understanding
the present invention. It is not an admission that any of the information provided herein is prior
art or relevant to the presently claimed inventions, or that any publication specifically or
implicitly referenced is prior art.

Overview

[0186] Vaccination is a treatment modality used to prevent or decrease the severity of
infection with various infectious agents, including bacteria, viruses, and parasites. Development
of new vaccines has important commercial and public health implications. In particular, lyme
disease, pertussis, herpes virus, orthomyxovirus, paramyxovirus, pneumovirus, filovirus,
flavivirus, reovirus, retrovirus, coronavirus, and malaria are infectious agents for which
vaccines already exist, are being developed, or would be desirable.

[0187] Subunit vaccines are vaccines made from isolated antigens, usually proteins
expressed recombinantly in bacterial, insect, or mammalian cell hosts. Typically, the antigenic
component of a subunit vaccine is selected from among the proteins of an infectious agent
observed to elicit a natural immune response upon infection, although in some cases other
components of the infectious agent can be used. Typical antigens for use in subunit vaccines
include protein expressed on the surface of the target infectious agent, as such surface-expressed
envelope glycoproteins of viruses. Preferably, the antigen is a target for neutralizing antibodies.
More preferably, the antigen is a target for broadly neutralizing antibodies, such that the

immune response to the antigen covers immunity against multiple strains of the infectious
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agent. In some cases, glycans that are N-linked or O-linked to the subunit vaccine may also be
important in vaccination, either by contributing to the epitope of the antigen or by guiding the
immune response to particular epitopes on the antigen by steric hindrance. The immune
response that occurs in response to vaccination may be direct to the protein itself, to the glycan,
or to both the protein and linked glycans. Subunit vaccines have various advantages including
that they contain no live pathogen, which eliminates concerns about infection of the patient by
the vaccine; they may be designed using standard genetic engineering techniques; they are more
homogenous than other forms of vaccine; and they can be manufactured in standardized
recombinant protein expression production systems using well-characterized expression
systems. In some cases, the antigen may be genetically engineered to favor generation of
desirable antibodies, such as neutralizing or broadly neutralizing antibodies. In particular,
structural information about an antigen of interest, obtained by X-ray crystallography, electron
microscopy, or nuclear magnetic resonance experiments, can be used to guide rational design
of subunit vaccines.

[0188] A known limitation of subunit vaccines is that the immune response elicited may
sometimes be weaker than the immune response to other types of vaccines, such as whole virus,
live, or live-attenuated vaccines. The present inventors have recognized and herein disclose that
designed and/or protein-based VLP vaccines have the potential to harness the advantages of
subunit vaccines while increasing the potency and breadth of the vaccine-induced immune
response through multivalent display of the antigen in symmetrically ordered arrays. In the
present disclosure, protein-based VLPs are distinguished from nanoparticle vaccines, because
the term nanoparticle vaccine has been used in the art to refer to protein-based or glycoprotein-
based vaccines (see, e.g. Patent No. US 9,441,019), polymerized liposomes (see, e.g., US Patent
No. 7,285,289), surfactant micelles (see, e.g., US Patent Pub. No. US 2004/0038406 A1), and
synthetic biodegradable particles (see, e.g., US Patent No. US 8,323,696).

[0189] The protein-based VLPs of the present disclosure are distinguishable from VLPs
that display an antigen on the surface of a micelle particle containing a surfactant (e.g., NP-9);
or alternatively, made by extracting antigenic proteins from live virus while retaining lipid
constituents of the viral envelope. By contrast, the protein-based VLPs described herein are free

of, or substantially free of, lipid and surfactants. Furthermore, the symmetric display of the RSV
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and/or hMPV F protein on some embodiments of the protein-based VLPs of this disclosure may
generate superior immune response to the F protein compared to other VLPs.

[0190] The disclosure relates, in part, to combination vaccines for paramyxovirus, such as
RSV and hMPV, such as bivalent (or multivalent) vaccines having two (or more) VLPs that
display paramyxovirus antigens, such as the ectodomain of the F protein of each
paramyxovirus. In some variations, the VLP is a mosaic VLP displaying multiple antigens. In
further variations, the bivalent displays antigens from two strains of the same paramyxovirus
(such as RSV-A nad RSV-B, or hMPV-A and hMPV-B). In further variations, the mulitivalent
vaccine includes VLPs displaying antigens from three or more paramyxoviruses, such as RSV-
A, RSV-B, hMPV-A, and hWMPV-B.

[0191] In some emdoiments, the F protein(s) of the respsective paramyxovirus(es) may be
engineered to preferentially adopt a pre-fusion conformation. Accordingly, the disclosure
provides pre-fusion-stabilized hMPV F protein ectodomains and pre-fusion-stabilized RSV F
protein ectodomains for use in VLPs.

Metapneumovirus Virus-Like Particle

[0192] Further provided are protein-based virus-like particle (VLP) vaccines for human
metapneumovirus in which the hMPV F protein ectodomain is linked to, and thereby displayed
on, a protein-based VLP.

[0193] In one aspect, the disclosure provides a virus-like particle (VLP), comprising a first
component and optionally a second component, wherein the first component is a fusion protein,
comprising a human metapneumovirus (hMPV) F protein ectodomain or antigenic variant
thereof, and a first multimerization domain; and wherein the second component, if present, is a
protein comprising a second multimerization domain.

[0194] In some embodiments, first multimerization domain is a trimerization domain. In
some embodiments, the multimerization domain is selected from SEQ ID NOS: 1, 4, 5, 7, 9,
18, 19, 21, 24, 25, 26, 29, 30, 31, 34, 36, 37, 39, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53,
144, or 145, or functional variants thereof. In some embodiments, the multimerization domain
1s I53-50A (SEQ ID NO: 7 or SEQ ID NO: 144) or a functional variant or variant thereof. In
some embodiments, the first multimerization domain shares at least 70%, at least 80%, at least
85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least
96%, at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 7, SEQ ID NO:
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53, SEQ ID NO: 144, or SEQ ID NO: 145. In some embodiments, the first multimerization
domain comprises: the amino acid substitutions C74A and C98A; the amino acid substitutions
C163 A and C201A; or the amino acid substitutions C74A, C98A, C163A, and C201A relative
to SEQ ID NO: 144. In some embodiments, the first multimerization domain has a polypeptide
sequence identical to SEQ ID NO: 7 or SEQ ID NO: 144. In some embodiments, the first
multimerization domain has a polypeptide sequence identical to SEQ ID NO: 53 or SEQ ID
NO: 145. In some embodiments, the first multimerization domain is a VLP-forming domain. In
some embodiments, the first multimerization domain is adapted to drive assembly of an
icosahedral particle or tetrahedral particle, optionally with a second multimerization domain.
[0195] In some embodiments, second multimerization domain is selected from SEQ ID
NOs: 2, 3, 6,8, 10, 11, 12, 13, 14, 15, 16, 17, 20, 22, 23, 27, 28, 32, 33, 35, 38, 40, and 41 or
functional variants and fragments thereof. In some embodiments, the second multimerization
domain is I53-50B (SEQ ID NO: 8), 153-50B.4PosT1 (SEQ ID NO: 34), or a functional variant
thereof.

[0196] In some embodiments, the first component and the second component are joined by
a linker sequence. In some embodiments, the linker sequence comprises a foldon, wherein the
foldon sequence is EKAAKAEEAARK (SEQ ID NO: 125). In some embodiments, the linker
sequence comprises GSGGSGSGSGGS (SEQ ID NO: 126).

[0197] In some embodiments, the hMPV F protein ectodomain contains one or more
substitutions or deletions selected from A185P, Q100R, S101R, T127C, N153C, V84C,
A140C, A147C, A249C, N97G, P98G, R99G, Q100G, S101G, R102G, A63C, K188C, K450C,
S470C, G106 deletion, A113C, A120C, A339C, Q426C, T160F, Q100K, S101A, I177L,
K450A, S470A, G294E, T365C, V463C, L219K, H368N, and/or V23 11. In some embodiments,
the hMPV F protein ectodomain contains one or more substitutions or deletions selected from
V84C, A140C, A147C, N97G, P98G, Q100G, S101G, R102G, A63C, K188C, K450C, S470C,
R99G, A113C, A120C, A339C, Q426C, T160F, Q100K, S101A, Q100R, S101R, G106
deletion, S101R, A185P, I1177L, and/or G294E.

[0198] In some embodiments, the hMPV F protein ectodomain contains two or more
substitutions or deletions selected from V84C, A140C, A147C, N97G, P98G, Q100G, S101G,
R102G, A63C, K188C, K450C, S470C, R99G, A113C, A120C, A339C, Q426C, T160F,
QI100K, S101A, QI00R, S101R, G106 deletion, S101R, A185P,1177L, and/or G294E. In some
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embodiments, the hMPV F protein ectodomain contains one or more substitutions selected from
A185P, Q100R, S101R, T127C, N153C, T365C, V463C, L219K, V2311, G294E, N153C,
N97G, P98G, R99G, Q100G, S101G, H368N, and/or R102G.

[0199] In some embodiments, the hMPV F protein ectodomain contains two or more of
A185P, Q100R, S101R, T127C, N153C, T365C, V463C, L219K, V2311, G294E, N153C,
N97G, P98G, R99G, Q100G, S101G, H368N, and/or R102G. In some embodiments, the hMPV
F protein ectodomain comprises: the substitutions Q100R and S101R; the substitutions A185P,
QI00R, and S101R; the substitutions A185P, T127C, N153C, QI100R, and S101R; the
substitutions V84C, A140C, A147C, A249C, N97G, P98G, R99G, Q100G, S101G, and
R102G; the substitutions A63C, A140C, A147C, K188C, K450C, S470C, N97G, P98G, R99G,
Q100G, S101G, and R102G; the substitutions and deletion A63C, A140C, A147C, K188C,
G106 deletion, N97G, P98G, R9I9G, Q100G, S101G, and R102G; the substitutions A113C,
A120C, A339C, Q426C, T160F, 1177L, Q100K, and S101A; the substitutions V84C, A140C,
A147C, A249C, Q100R, and S101R; the substitutions A63C, A140C, A147C, K188C, K450C,
S470C, Q100R, and S101R; the substitutions and deletion A63C, A140C, A147C, K188C,
G106 deletion, Q100R, and S101R; the substitutions A113C, A120C, A339C, Q426C, T160F,
I177L, Q100R, and S101R; the substitutions A185P, A113C, A339C, Q100R, and S101R; the
substitutions A185P, T160F, I177L, Q100R, and S101R; the substitutions A185P, A113C,
A339C, T160F, 11771, Q100R, and S101R; the substitutions A63C, K188C, N97G, P98G,
R99G, Q100G, S101G, and R102G; the substitutions A63C, K188C, K450A, S470A, N97G,
P98G, R99G, Q100G, S101G, and R102G; the substitutions A63C, A140C, A147C, K188C,
G294E, N97G, P98G, R99G, Q100G, S101G, and R102G; the substitutions A63C, A140C,
A147C, K188C, K450C, S470C, N97G, P98G, R99G, Q100G, S101G, R102G, and G294E,;
the substitutions A63C, K188C, N97G, P98G, R99G, Q100G, S101G, R102G, and G294E; the
substitutions T127C, N153C, T365C, V463C, A185P, L219K, V2311, G294E, H368N, Q100R,
and S101R; the substitutions A63C, A140C, A147C, K188C, K450C, S470C, N97G, P98G,
R99G, Q100G, S101G, and R102G; the substitutions V84C, A140C, A147C, A249C, N97G,
P98G, R99G, Q100G, S101G, and R102G; the substitutions T127C, N153C, T365C, V463C,
A185P, L.219K, V2311, G294E, H368N, N97G, P98G, R99G, Q100G, S101G, and R102G.
[0200] In some embodiments, the hMPV F protein ectodomain comprises a sequence that

shares at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least
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95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NOs:
58. In some embodiments, the hMPV F protein ectodomain comprises a sequence that shares
at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%,
at least 96%, at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 59. In
some embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least
85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least
96%, at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 60. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 61. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 62. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 63. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 64.

[0201] In some embodiments, the hMPV F protein ectodomain comprises a sequence that
shares at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least
95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO:
65. In some embodiments, the hMPV F protein ectodomain comprises a sequence that shares
at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%,
at least 96%, at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 66. In
some embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least
85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least
96%, at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 67. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 68. In some
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embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 69. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 70. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 71. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 72. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 73. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 74. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 75. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 76. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 77. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 78. In some

embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
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at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 79. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 80. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 81. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 82. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 83. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 84. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 85. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 86. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 87. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 88. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,

at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
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at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 89. In some
embodiments, the hMPV F protein ectodomain comprises a sequence that shares at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 90. In some
embodiments, the hMPV F protein ectodomain shares at least 85%, at least 90%, at least 91%,
at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or 100% identity to SEQ ID NOs: 58, 60, 61, 77, 78, 86, 87, 88, or 89. In some
embodiments, the hMPV F protein ectodomain shares at least 85%, at least 90%, at least 91%,
at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or 100% identity to SEQ ID NOs: 59, 62, 63, 64, 71, 76, 81, or 83. In some
embodiments, the hMPV F protein ectodomain shares at least 85%, at least 90%, at least 91%,
at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or 100% identity to SEQ ID NOs: 72, 79, or 80. In some embodiments, the hMPV
F protein ectodomain shares at least 85%, at least 90%, at least 91%, at least 92%, at least 93%,
at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100%
identity to SEQ ID NOs: 65, 66, 82, 84, 85, 90, or 91. In some embodiments, the hMPV F
protein ectodomain shares at least 85%, at least 90%, at least 91%, at least 92%, at least 93%,
at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100%
identity to SEQ ID NOs: 65, 79, or 80. In some embodiments, the first component shares at
least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at
least 96%, at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NOs: 92-124.
In some embodiments, the first component shares at least 85%, at least 90%, at least 91%, at
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at
least 99%, or 100% identity to SEQ ID NOs: 97-116, 119, or 122. In some embodiments, the
first component shares at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at
least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identity
to SEQ ID NOs: 92-94, 96, 117, 118, 120, 121, 123, or 124. In some embodiments, the first
component shares at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identity to
SEQID NOs: 99, 112, 117, or 118.
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[0202] In some embodiments, the VLP binds one or more hMPV F protein antibodies
selected from MF1, MF2, MF3, MF9, MF12, MF14, MF15, MF11, MF16, MF20, MF17,
MF18, MF19, MF10, or MPES. In some embodiments, the VLP binds two or more antibodies
selected from MF1, MF2, MF3, MF9, MF12, MF14, MF15, MF11, MF16, MF20, MF17,
MF18, MF19, MF10, MPES. In some embodiments, the VLP binds three or more antibodies
selected from MF1, MF2, MF3, MF9, MF12, MF14, MF15, MF11, MF16, MF20, MF17,
MF18, MF19, MF10, MPES.

[0203] In some embodiments, the hMPV F protein ectodomain binds an antibody that
preferentially binds the prefusion form of the hMPV F protein ectodomain. In some
embodiments, the first component shares at least 85%, at least 90%, at least 91%, at least 92%,
at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%,
or 100% identity to SEQ ID NOs: 42, 45, 58, 61, 63, or 64. In some embodiments, the hMPV
F protein ectodomain has no or low binding to an antibody that preferentially binds the
postfusion form of the hMPV F protein ectodomain. In some embodiments, the VLP sequence
shares at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least
95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NOs:
99,115,117, or 118.

[0204] In some embodiments, the first component shares at least 85%, at least 90%, at least
91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least
98%, at least 99%, or 100% identity with SEQ ID NO: 99.

[0205] In some embodiments, the first component is a single chain. In some embodiments,
the single chain shares at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at
least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identity
with SEQ ID NO: 123.

[0206] In some embodiments, the first component shares at least 85%, at least 90%, at least
91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least
98%, at least 99%, or 100% identity with SEQ ID NO: 117.

[0207] In one aspect, the disclosure provides a polynucleotide encoding the VLP described
herein.

[0208] In one aspect, the disclosure provides a host cell, comprising the polynucleotide

described herein.
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Respiratory Syntactical Virus Virus-like Particle

[0209] In one aspect, provided herein is a pharmaceutical composition, comprising a Virus-
like Particle (VLP) comprising a first component comprising an RSV F protein and a first
multimerization domain, and a second component comprising a second multimerization
domain; and one or more pharmaceutically acceptable diluents or excipients. In some
embodiments, the VLP is an icosahedral VLP. In some embodiments, the VLP comprises 20
copies of the first component and 12 copies of the second component.

[0210] In some embodiments, the RSV F protein comprises an amino acid sequence which
is at least 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100%
identical to an amino acid sequence of any one of SEQ ID NOs: 14, 34, and 35. In some
embodiments, the first multimerization domain comprises an amino acid sequence which is at
least 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100%
identical to an amino acid sequence of any one of SEQ ID NOs: 24 and 30-31; and/or the second
multimerization domain comprises an amino acid sequence which is at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or at least 100% identical to an amino acid sequence
selected from any one of SEQ ID NOS: 22-23, 25-29, and 32. In some embodiments, the first
component comprises an amino acid sequence which is at least 75%, 80%, 85%, 90%, 91%,
92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to SEQ ID NO: 6; and the
second component comprises an amino acid sequence which is at least 75%, 80%, 85%, 90%,
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identical to SEQ ID NO: 26.
Embodiments

[0211] The present disclosure relates to protein-based VLPs and protein-based VLP
vaccines. The VLP of the present disclosure display an antigen capable of eliciting immune
responses to paramyxoviruses (e.g. RSV and hMPV). Some vaccines of the present disclosure
are useful for preventing or decreasing the severity of infection with paramyxoviruses (e.g. RSV
and hMPV). In particular, the antigens of the disclosure display the ectodomain of the
paramyxoviruses (e.g. RSV and hMPV) F protein. The ectodomain may be attached to the core
of the VLP either non-covalently or covalently, including as a fusion protein or by other means
disclosed herein. In some embodiments, a linker connects the ectodomain to a first polypeptide
comprising a multimerization domain. The linker may be any chemical linkage including but

not limited to a polypeptide used to form N-terminal or C-terminal fusion of the ectodomain to
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the first polypeptide. The RSV and/or hMPV F protein may optionally be displayed along a
symmetry axis of the VLP. In some embodiments, the F protein is C-terminally linked to the
first polypeptide comprising a trimerization domain and optionally an additional trimerization
tag (e.g., FoldOn tag). Also provided are proteins and nucleic acid molecules encoding such
proteins, formulations, and methods of use.

Protein-based Virus-Like Particles

[0212] The present disclosure relates, in part, to vaccination of a subject with a protein-
based Virus-like Particle (VLP) comprising a first component comprising an RSV F protein
and a first multimerization domain, along with a (VLP) comprising a first component
comprising an hMPV F protein and a first multimerization domain. The protein complex may
comprise the F protein of two or more of RSV-A, RSV-B, hMPV-A and hMPV-B. The F
protein portion and the first multimerization domain may be linked by any suitable means,
including co-expression as a fusion protein. The protein complex may optionally comprise a
second component comprising a second multimerization domain. The pharmaceutical
composition typically comprises one or more pharmaceutically acceptable diluents or
excipients.

[0213] The VLPs of the present invention may comprise multimeric protein assemblies
adapted for display of the ectodomain of RSV or hMPV F protein, or an antigenic fragment
thereof. The VLPs of the present invention comprise at least a first plurality of polypeptides.
The first plurality of polypeptides (also referred to a “first component”) may be derived from a
naturally-occurring protein sequence by substitution of at least one amino acid residue or by
additional at the N- or C-terminus of one or more residues. In some cases, the first component
comprises a protein sequence determined by computational methods. This first component may
form the entire core of the VLP; or the core of the VLP may comprise one or more additional
polypeptides (also referred to a “second component” or third, fourth, fifth component and so
on), such that the VLP comprises two, three, four, five, six, seven, or more pluralities of
polypeptides. In some cases, the first plurality will form trimers related by 3-fold rotational
symmetry and the second plurality will form pentamers related by 5-fold rotational symmetry.
In such cases, the VLP forms an “icosahedral particle” having I53 symmetry. Together these
one or more pluralities of polypeptides may be arranged such that the members of each plurality

of polypeptides are related to one another by symmetry operators. A general computational
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method for designing self-assembling protein materials, involving symmetrical docking of
protein building blocks in a target symmetric architecture, 1s disclosed in Patent Pub. No.
US 2015/0356240 Al.

[0214] In some cases, the VLP is adapted to display the F protein from two or more diverse
strains of RSV. In non-limiting examples, the same VLP displays mixed populations of protein
antigens or mixed heterotrimers of protein antigens from different strains of RSV. The
sequences of the F protein of various RSV strains are known in the art, see, e.g., NCBI
Accession Nos.: QFX69124.1, QFX69112.1, APW78900.1, APW78889.1, APW78878.1,
APW78867.1, APW78856.1, APW78845.1, APW78834.1, APW78823.1, APW78812.1,
APW78801.1, APW78790.1, APW78779.1, APW78768.1, APW78757.1, APW78746.1,
APW78735.1, APW78724.1, APW78713.1, APW78702.1, APW78691.1, APW78680.1,
APW78669.1, APW78658.1, APW78647.1, APW78636.1, APW78625.1, APW78614.1, and
AAR14266.1.

[0215] The “core” of the VLP is used herein to describe the central portion of the VLP that
links together the several copies of the RSV and/or hMPV F protein ectodomain, or antigenic
fragments thereof, displayed by the VLP. In an embodiment, the first component comprises a
first polypeptide comprising an RSV and/or hMPV F protein ectodomain or antigenic variant
thereof, a linker, and a first polypeptide comprising a multimerization domain. Thereby, the
“antigen” 1s a single polypeptide, capable of self-assembly into a VLP either alone or this a
second component (third, fourth, or fifth, etc., components). An advantage of designing the
antigens themselves to self-assemble is that the entire VLP then acts as the antigenic component
of the vaccine. In other embodiments, the ectodomain, or antigenic fragment thereof, is non-
covalently or covalently linked to the first polypeptide comprising a multimerization domain.
For example, an antibody or antigenic fragment thereof may be fused to the first polypeptide
and configured to bind a portion of the first polypeptide, or a chemical tag on the first
polypeptide. A streptavidin-biotin (or neuravidin-biotin) linker can be employed. Or various
chemical linkers may be used. An advantage of designing a core to be a generic platform is that
the one or more pluralities of polypeptides that comprise the core can be designed and optimized
in advance and then applied to the ectodomain serially to identify VLP(s) having superior
efficacy as vaccines. It will be understood that in some cases, the same polypeptide may form

a portion of the “core” and then extend outward as either an adaptor for attachment of the RSV
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and/or hMPV F protein ectodomain and to include the ectodomain (i.e., a fusion protein). In
embodiments of the present disclosure, the antigen comprises further polypeptide sequences in
addition to the RSV and/or hMPV F protein ectodomain. In certain embodiments, the
ectodomain is glycosylated either natively or using alternative oligosaccharides (e.g.,
oligosaccharides specific to the host cell used to express the antigen).

[0216] In some cases, self-assembly may be further promoted by multimerization of the
ectodomain even though the core would, in absence of the ectodomain, be independently
capable of self-assembly. The RSV and/or hMPV F protein is detected as a trimer in its native
state (Cseke et al. J. Virol. 21(2):698-707 (2007)). Display of the ectodomain on a VLP, at least
in some embodiments, decreases the thermodynamic barrier for assembly and/or the
equilibrium ratio of assembled to non-assembled VLP components. In some cases, the trimeric
ectodomain placed along a 3-fold axis of the VLP promotes proper folding and conformation
stability of the ectodomain and makes self-assembly of the VLP a cooperative process, in that
the ectodomain is trimerized properly in part due to its display on a 3-fold axis of the core of
the VLP, and the VLP is stabilized in its assembled form, at least in part, by non-covalent or
covalent interactions amongst the trimer units. In some cases, introduction of mutations to the
antigen or to the VLP components may optionally further stabilize assembly, in particular if
cysteine residues are positioned to create intramolecular disulfide bonds. In some examples, a
dimeric, trimeric, tetrameric, pentameric, or hexameric antigen is displayed upon a core
designed to have a matching 2-fold, 3-fold, 4-fold, 5-fold, or 6-fold symmetry axis such that
the core accommodates the arrangement of the multimeric antigen with the native symmetry of
the antigen.

Various Non-Limiting Examples of VLPs

[0217] A non-limiting example of an embodiment is shown in FIG. 1A, which depicts an
ectodomain antigen genetically fused to a component (a first plurality of polypeptides) of the
VLP, which optionally is expressed recombinantly in a host cell (e.g., 293F cells or CHO cells);
along with a pentameric protein assembly (a second plurality of polypeptides), which is
optionally expressed recombinantly in the same or a different host cell (e.g., E. coli cells), these
two pluralities of polypeptides self-assembling into a VLP displaying 20 antigen trimers around
an icosahedral core. In this embodiment, the core has a generic design. As explained below, in

other embodiments, an antigen of the disclosure is mixed with another antigen protein in the
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same VLP, such as an ectodomain of a protein from a second virus, or such as a trimeric
glycoprotein from another virus. In some embodiments, the VLP comprises, in addition to an
RSV and/or hMPV F protein ectodomain, the trimeric glycoproteins of HIV-1, HIV-2, EBV,
CMYV, RSV, influenza, Ebola, Marburg, Dengue, SARS, MERS, Hanta, or Zika virus. In some
embodiments, the VLP comprises the trimeric glycoproteins of viruses that are related
evolutionarily or in sequence identity to any of these illustrative viruses, including without
limitation, a herpes virus, orthomyxovirus, paramyxovirus, pneumovirus, filovirus, flavivirus,
reovirus, or retrovirus. In an embodiment, the VLP comprises the extracellular domain or
domains of a transmembrane protein or glycoprotein, or an antigenic fragment thereof. In some
embodiments, the VLP is further linked to polypeptides or other agents capable of acting as an
adjuvant. In some embodiments, the antigen (first component) and/or the second component
comprises one or more T cell epitopes, optionally a T cell epitope of heterologous origin.
[0218] Trimeric antigens that may be used with VLPs of the disclosure form mixed VLPs
are in some cases, without limitation, SARS-CoV-2, respiratory syncytial virus, HIV gp140,
influenza HA, dengue E protein, or Ebola sGP. Mixed VLPs of the disclosure include those that
comprise both an RSV and/or hMPV F protein ectodomain and antigenic protein(s) from one
or more of Vesicular stomatitis virus, Herpes simplex virus, Baculovirus, Thogotovirus, and
Bornaviridae. When other trimeric antigens are used, they may optionally be placed on the 3-
fold symmetry axis of the VLP. In some cases, the antigen chosen is monomeric and
nevertheless placed on a 3-fold axis. Thus, the VLP depicted in FIG. 1A is capable of displaying
20 trimeric antigens or 60 monomeric antigens. Additionally or alternatively the pentameric
complexes of the VLP is used to display a 12 pentameric antigens or 70 monomeric antigens.
In an embodiment, the VLP comprises 20 copies of a trimeric antigen and 12 copies of a
pentameric antigen.
VLP Cores

[0219] Other potential arrangements of polypeptides of the present disclosure are shown in
FIG. 1B. In some embodiments, the VLP is adapted for display of up to 8 trimers; 8 trimers
and 12 dimers; 6 tetramers and 12 dimers; 6 tetramers and 8 trimers; 20 trimers and 30 dimers;
4 trimers and 6 dimers; 4 first trimers and 4 second trimers, or 8 trimers; 12 pentamers and 20
trimers; or 12 pentamers and 30 dimers; or 4 trimers. In some cases, one of the symmetric axes

is not used for antigen display, thus, in some embodiments the VLP is adapted for display of
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up to 8 trimers; 12 dimers; 6 tetramers; 20 trimers; 30 dimers; 4 trimers; 6 dimers; 8 trimers; or
12 pentamers. In some cases, monomeric antigens are displayed and thus, the VLP is adapted
for display of up to 12, 24, 60, or 70 monomeric antigens. In some cases, the VLP comprises
mixed pluralities of polypeptides such that otherwise identical polypeptides of the core of the
VLP display different antigens or no antigen. Thus, depending on the ratio of polypeptides, the
VLP is in some cases adapted for display of between 1 and 130 antigens (e.g., on the 152
particle) where each of the antigens displayed may be the same or may be different members
of mixed population in proportion to any ratio chosen. The antigens may be co-expressed in a
recombinant expression system and self-assembled before purification. Alternatively, the
antigens may be expressed separately and then mixed together, either before or after purification
from expression host and associated contaminants. In various embodiments, 1,2, 3, 4, 5,6, 7,
8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, or more
antigens are displayed. Non-limiting illustrative VLPs are provided in Bale et al. Science
353:389-94 (2016); Heinze et al. J. Phys. Chem B. 120:5945-5952 (2016); King et al. Nature
510:103-108 (2014); and King et al. Science 336:1171-71 (2012).

Mixed VLPs

[0220] In some cases, the VLP is adapted to display the same antigen from two or more
diverse strains of hMPV. In non-limiting examples, the same VLP displays mixed populations
of homotrimeric protein antigens or mixed heterotrimers of protein antigens from different
strains of hMPV. In an embodiment, the VLP displays the F proteins, or antigenic fragment
thereof, disclosed in any sequence of GenBank found by searching the Protein database with
the keyword “human metapneumovirus F,” individually or in mixed VLPs.

[0221] When mixed VLPs are made, it may be advantageous to ensure formation of
homomultimers in a strain-specific manner rather than permit heteromultimerization, such that,
for example all strain 1 F proteins are displayed on one 3-fold axis of a T33 particle whereas
all strain 2 F proteins are displayed on the other 3-fold axis of the T33 particle. This may be
achieved by use a VLP comprising two or more pluralities of polypeptides as the core of the
VLP with each plurality of polypeptides attached to a different antigen. Alternatively, a VLP
may be engineered with one or more symmetry-breaking mutations, such as knob-in-hole
mutations or intramolecular disulfide mutations, which have the effect of preventing trimer

formation between the different antigens. In that case, the VLP displays multimeric antigens
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from different strains at symmetrically equivalent positions on the VLP, but each position on
the VLP is occupied by homomultimers from the same strain, with only an insignificant
proportion of inter-strain heteromeric antigens. In some cases, the antigen itself may be
genetically engineered to prevent inter-strain heteromultimerization. In an embodiment, the
VLP is engineered to prevent heteromultimerization of two antigenic proteins with conserved
structure but divergent antigenicity, such as for example, a strain 1 F protein and strain 2 F
protein, or a hMPV F protein and a non-hMPV antigenic protein. Furthermore, when mixed
VLPs are made and the antigens are displayed as fusion proteins, the VLP will comprise three
or more different proteins, as the fusion proteins will share identical (or equivalent) domains
used to form the core of the VLP with different antigenic domains, one for each antigen
displayed on the VLP.

Attachment Modalities (Linkers)

[0222] The VLPs of the present disclosure display antigenic proteins in various ways
including as gene fusion or by other means disclosed herein. As used herein, “linked to” or
“attached to” denotes any means known in the art for causing two polypeptides to associate.
The association may be direct or indirect, reversible or irreversible, weak or strong, covalent or
non-covalent, and selective or nonselective.

[0223] In some embodiments, attachment is achieved by genetic engineering to create an
N- or C-terminus fusion of an antigen to one of the pluralities of polypeptides composing the
VLP. Thus, the VLP may consist of, or consist essentially of, one, two, three, four, five, six,
seven, eight, nine, or ten pluralities of polypeptides displaying one, two, three, four, five, six,
seven, eight, nine, or ten pluralities of antigens, where at least one of the pluralities of antigen
is genetically fused to at least one of the plurality of polypeptides. In some cases, the VLP
consists essentially of one plurality of polypeptides capable of self-assembly and comprising
the plurality of antigenic proteins genetically fused thereto. In some cases, the VLP consists
essentially of a first plurality of polypeptides comprising a plurality of antigens; and a second
plurality of polypeptides capable of co-assembling into two-component VLP, one plurality of
polypeptides linking the antigenic protein to the VLP and the other plurality of polypeptides
promoting self-assembly of the VLP.

[0224] In some embodiments, attachment is achieved by post-translational covalent

attachment between one or more pluralities of polypeptides and one or more pluralities of
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antigenic protein. In some cases, chemical cross-linking is used to non-specifically attach the
antigen to a VLP polypeptide. In some cases, chemical cross-linking is used to specifically
attach the antigenic protein to a VLP polypeptide (e.g. to the first polypeptide or the second
polypeptide). Various specific and non-specific cross-linking chemistries are known in the art,
such as Click chemistry and other methods. In general, any cross-linking chemistry used to link
two proteins may be adapted for use in the presently disclosed VLPs. In particular, chemistries
used in creation of immunoconjugates or antibody drug conjugates may be used. In some cases,
an VLP is created using a cleavable or non-cleavable linker. Processes and methods for
conjugation of antigens to carriers are provided by, e.g., Patent Pub. No. US 2008/0145373 Al.
[0225] In an embodiment, attachment is achieved by non-covalent attachment between one
or more pluralities of polypeptides and one or more pluralities of antigen. In some cases, the
antigenic protein is engineered to be negatively charged on at least one surface and the core
polypeptide is engineered to be positively charged on at least one surface, or positively and
negatively charged, respectively. This promotes intermolecular association between the
antigenic protein and the core polypeptide by electrostatic force. In some cases, shape
complementarity is employed to cause linkage of antigen protein to core. Shape
complementarity can be pre-existing or rationally designed. In some cases, computational
designed of protein-protein interfaces is used to achieve attachment. In an embodiment, the
antigen 1s biotin-labeled and the polypeptide comprises a streptavidin, or vice versa. In an
embodiment, streptavidin is displayed by gene fusion or otherwise as a tetramer on a 4-fold axis
of the core and the biotin-labeled antigen is monomeric, dimeric, or tetrameric, permitting
association to the core in a configuration appropriate for native multimerization of the antigen.
In some cases, a protein-based adaptor is used to capture the antigenic protein. In some cases,
the polypeptide is fused to a protein capable of binding a complementary protein, which is fused
to the antigenic protein.

[0226] The immune reaction to RSV and/or hMPV F may be controlled by altering the
orientation of the ectodomain relative to the core. Depending on how the antigenic protein is
attached to the core of the VLP, the antigenic protein may be displayed in various orientations.
In some embodiments, the antigenic protein is displayed so that one or more known epitopes
are oriented at or towards the distal end of the antigenic protein, such that these epitope(s) are

preferentially accessible to the immune system. In some cases, the orientation will recapitulate
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the orientation of a viral protein with respect to the virus. The choice of orientation may direct
the immune system to one or the other epitope.

[0227] In some embodiments, epitope preference is control by other means, such as
positioning of glycans on the VLP by addition or subtraction of the N-linked glycan sequence
motif N-X-[T/S] at predetermined positions in the amino acid sequence of any of the
polypeptides of the VLP including in the amino acid sequence of the antigenic protein.

[0228] In some cases, the epitopes found at intermediate distances from the proximal to the
distal end will be the preferred over epitopes more distally located depending on various
considerations including but not limited to the overall geometry of the VLP, surface
hydrophobicity, surface charge, and competitive binding of proteins endogenously present in
the subject or proteins exogenously provided in the vaccine composition. The present disclosure
encompasses all known methods of rational design of protein structure and the foregoing is not
intended to be limiting.

VLP Polypeptide Sequences

[0229] The polypeptides of the present disclosure may have any of various amino acids
sequences. Patent Pub No. US 2015/0356240 Al describes various methods for designing
protein assemblies. As described in US Patent Pub No. US 2016/0122392 Al and in
International Patent Pub. No. WO 2014/124301 Al, the isolated polypeptides of SEQ ID
NOS:1-51 were designed for their ability to self-assemble in pairs to form VLPs, such as
icosahedral particles. The design involved design of suitable interface residues for each member
of the polypeptide pair that can be assembled to form the VLP. The VLPs so formed include
symmetrically repeated, non-natural, non-covalent polypeptide-polypeptide interfaces that
orient a first assembly and a second assembly into a VLP, such as one with an icosahedral
symmetry. Thus, in one embodiment the first polypeptide and second polypeptides (that is, the
two polypeptides of the core of the VLP) are selected from the group consisting of SEQ ID
NOS:1-51. In each case, an N-terminal methionine residue present in the full length protein but
may be removed to make a fusion is not included in the sequence. The identified residues in
Table 1 are numbered beginning with an N-terminal methionine (not shown). In various
embodiments, one or more additional residues are deleted from the N-terminus and/or

additional residues are added to the N-terminus (e.g. to form a helical extension).
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TABLE 1
Name Component | Amino Acid Sequence Identified
Multimer interface
residues
I53-34A trimer EGMDPLAVLAESRLLPLLTVRGGEDLAGLATVLELMGVGA I53-34A:
SEQ ID LEITLRTEKGLEALKALRKSGLLLGAGTVRSPKEAEAALE 28,32,36,37
NO:1 AGAAFLVSPGLLEEVAALAQARGVPYLPGVLTPTEVERAL ,186,188,19
ALGLSALKFFPAEPFQGVRVLRAYAEVFPEVRFLPTGGIK 1,192,195
EEHLPHYAALPNLLAVGGSWLLQGDLAAVMKKVKAAKALL
SPQAPG
I53-34B pentamer TKKVGIVDTTFARVDMAEAATRTLKALSPNIKIIRKTVPG I53-34B:
SEQ ID IKDLPVACKKLLEEEGCDIVMALGMPGKAEKDKVCAHEAS 19,20,23,24
NO: 2 LGLMLAQLMTNKHIIEVFVHEDEAKDDDELDILALVRAIE ,27,109,113
HAANVYYLLFKPEYLTRMAGKGLRQGREDAGPARE ,116,117,12
0,124,148
I53-40A pentamer TKKVGIVDTTFARVDMASAATILTLKMESPNIKIIRKTVPG I53-40A:
SEQ ID IKDLPVACKKLLEEEGCDIVMALGMPGKAEKDKVCAHEAS 20,23,24,27
NO: 3 LGLMLAQLMTNKHIIEVFVHEDEAKDDAELKILAARRAIE ,28,109,112
HALNVYYLLFKPEYLTRMAGKGLRQGFEDAGPARE ,113,116,12
0,124
I53-40B trimer STINNQLKALKVIPVIAIDNAEDIIPLGKVLAENGLPAAE I53-40B:
SEQ ID ITFRSSAAVKAIMLLRSAQPEMLIGAGTILNGVQALAAKE 47,51,54,58
NO: 4 AGATFVVSPGENPNTVRACQIIGIDIVPGVNNPSTVEAAL , 74,102
EMGLTTLKFFPAEASGGISMVKSLVGPYGDIRLMPTGGIT
PSNIDNYLAIPQVLACGGTWMVDKKLVTNGEWDEIARLTR
EIVEQVNP
I53-47A trimer PIFTLNTNIKATDVPSDEFLSLTSRLVGLILSKPGSYVAVH I53-47A:
SEQ ID INTDQQLSFGGSTNPAAFGTLMSIGGIEPSKNRDHSAVLE 22,25,29,72
NO:5 DHLNAMLGIPKNRMYIHFVNLNGDDVGWNGTTF ,79,86,87
I53-47B pentamer NQHSHKDYETVRIAVVRARWHADIVDACVEAFEIAMAAIG I53-47B:
SEQ ID GDRFAVDVEDVPGAYEIPLHARTLAETGRYGAVLGTAEVV 28,31,35,36
NO: 6 NGGIYRHEFVASAVIDGMMNVQLSTGVPVLSAVLTPHRYR ,39,131,132
DSAEHHRFFAAHFAVKGVEAARACIEI LAAREKIAA ,135,139,14
6
I53-50A trimer EELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVHLIEITFE I53-50A:
SEQ ID TVPDADTVIKALSVLKEKGAIIGAGTVTSVEQCRKAVESG 25,29,33,54
NO:7 AEFIVSPHLDEEISQFCKEKGVEFYMPGVMT PTELVKAMKL , 57
GHTILKLFPGEVVGPQFVKAMKGPFPNVKFVPTGGVNLDN
VCEWFKAGVLAVGVGSALVKGTPDEVREKAKAFVEKIRGC
TE
I53-50B pentamer NQHSHKDYETVRIAVVRARWHAEIVDACVSAFEAAMADIG I53-50B:
SEQ ID GDRFAVDVEDVPGAYEIPLHARTLAETGRYGAVLGTAEVV 24,28,36,12
NO: 8 NGGIYRHEFVASAVIDGMMNVQLSTGVPVLSAVLTPHRYR 4,125,127,1
DSDAHTLLFLALFAVKGMEAARACVEI LAAREKIAA 28,129,
131,132,133
,135,139
I53-51A trimer FTKSGDDGNTNVINKRVGKDSPLVNFLGDLDELNSEFIGFA I53-51A:
SEQ ID ISKIPWEDMKKDLERVQVELFEIGEDLSTQSSKKKIDESY 80,83,86,87
NO: 9 VLWLLAATAIYRIESGPVKLEVIPGGSEEASVLHVTRSVA ,88,90,91,9
RRVERNAVKYTKELPEINRMIIVYLNRLSSLLFAMALVAN 4,166,172,1
KRRNQSEKIYEIGKSW 76
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Name Component | Amino Acid Sequence Identified
Multimer interface
residues
I53-51B pentamer NQHSHKDYETVRIAVVRARWHADIVDQCVRAFEEAMADAG I53-51B:
SEQ ID GDRFAVDVFDVPGAYEIPLHARTLAETGRYGAVLGTAFVV 31,35,36,40
NO:10 NGGIYRHEFVASAVIDGMMNVQLSTGVPVLSAVLTPHRYR ,122,124,12
SSREHHEFFREHFMVKGVEAAAACITILAAREKIAA 8,131,135,1
39,143,146,
147
I52-03A pentamer GHTKGPTPQOHDGSALRIGIVHARWNKTIIMPLLIGTIAK I52-03A:
SEQ ID LLECGVKASNIVVQSVPGSWELPIAVQRLYSASQLQTPSS 28,32,36,39
NO:11 GPSLSAGDLLGSSTTDLTALPTTTASSTGPFDALIAIGVL , 44,49
IKGETMHFEYIADSVSHGLMRVQLDTGVPVIFGVLTVLTD
DQAKARAGVIEGSHNHGEDWGLAAVEMGVRRRDWAAGKTE
I52-03B dimer YEVDHADVYDLFYLGRGKDYAAEASDIADLVRSRTPEASS I52-03B:
SEQ ID LLDVACGTGTHLEHFTKEFGDTAGLELSEDMLTHARKRLP 94,115,116,
NO:12 DATLHQGDMRDFQLGRKFSAVVSMESSVGYLKTVAELGAA 206,213
VASFAEHLEPGGVVVVEPWWEPETFADGWVSADVVRRDGR
TVARVSHSVREGNATRMEVHFTVADPGKGVRHFSDVHLIT
LEFHOQREYEAAFMAAGLRVEYLEGGPSGRGLEFVGVPA
I52-32A dimer GMKEKEFVLIITHGDFGKGLLSGAEVIIGKQENVHTVGLNL I52-32A:
SEQ ID GDNIEKVAKEVMRIIIAKLAEDKEIIIVVDLFGGSPEFNIA 47,49,53,54
NO:13 LEMMKTFDVKVITGINMPMLVELLTSINVYDTTELLENIS ,57,58,61,8
KIGKDGIKVIEKSSLKM 3,87,88
I52-32B pentamer KYDGSKLRIGILHARWNLEIIAALVAGAIKRLQEFGVKAE I52-32B:
SEQ ID NITIIETVPGSFELPYGSKLFVEKQKRLGKPLDAITIPIGVL 19,20,23,30
NO:14 IKGSTMHFEYICDSTTHQLMKLNFELGIPVIFGVLTCLTD ,40
EQAEARAGLIEGKMHNHGEDWGAAAVEMATKEN
I52-33A pentamer AVKGLGEVDQKYDGSKLRIGILHARWNRKIILALVAGAVL I52-33A:
SEQ ID RLLEFGVKAENIIIETVPGSFELPYGSKLEFVEKQKRLGKP 33,41,44,50
NO:15 LDATIIPIGVLIKGSTMHFEYICDSTTHQLMKLNFELGIPV
IFGVLTCLTDEQAEARAGLIEGKMHNHGEDWGAAAVEMAT
KEN
I52-33B dimer GANWYLDNESSRLSFTSTKNADIAEVHRFLVLHGKVDPKG I52-33B:
SEQ ID LAEVEVETESISTGIPLRDMLLRVLVEQVSKEFPVAQINAQ ©l,63,66,67
NO:16 LDMRPINNLAPGAQLELRLPLTVSLRGKSHSYNAELLATR , 72,147,148
LDERRFQVVTLEPLVIHAQDFDMVRAFNALRLVAGLSAVS , 154,155
LSVPVGAVLIFTAR
I32-06A dimer TDYIRDGSAIKALSFAITILAEADLRHIPQDLORLAVRVIH I32-06A:
SEQ ID ACGMVDVANDLAFSEGAGKAGRNALLAGAPILCDARMVAE 9,12,13,14,
NO:17 GITRSRLPADNRVIYTLSDPSVPELAKKIGNTRSAAALDL 20,30,33,34
WLPHIEGSIVAIGNAPTALFRLFELLDAGAPKPALIIGMP
VGFVGAAESKDELAANSRGVPYVIVRGRRGGSAMTAAAVN
ALASERE
I32-06B trimer ITVFGLKSKLAPRREKLAEVIYSSLHLGLDIPKGKHAIRFE I32-06B:
SEQ ID LCLEKEDFYYPFDRSDDYTVIEINLMAGRSEETKMLLIFL 24,71,73,76
NO:18 LFIALERKLGIRAHDVEITIKEQPAHCWGEFRGRTGDSARD ,77,80,81,8
LDYDIYV 4,85,88,114
,118
I32-19A trimer GSDLOQKLORFSTCDISDGLLNVYNIPTGGYFPNLTAISPP I32-19A:
SEQ ID ONSSIVGTAYTVLFAPIDDPRPAVNYIDSVPPNSILVLAL 208,213,218
NO:19 EPHLOSQFHPFIKITQAMYGGLMSTRAQYLKSNGTVVEGR | ,222,225,22

IRDVDEHRTLNHPVFAYGVGSCAPKAVVKAVGTNVQLKIL
TSDGVTQTICPGDYIAGDNNGIVRIPVQETDISKLVTYIE
KSIEVDRLVSEAIKNGLPAKAAQTARRMVLKDYI

6,229,233

49

SUBSTITUTE SHEET (RULE 26)




WO 2023/225562 PCT/US2023/067127
Name Component | Amino Acid Sequence Identified
Multimer interface
residues
I32-19B dimer SGMRVYLGADHAGYELKQATIAFLKMTGHEPIDCGALRYD I32-19B:
SEQ ID ADDDYPAFCIAAATRTVADPGSLGIVLGGSGNGEQIAANK 20,23,24,27
NO:20 VPGARCALAWSVQTAALAREHNNAQLIGIGGRMHTLEEAL ,117,118,12
RIVKAFVTTPWSKAQRHQRRIDILAEYERTHEAPPVPGAP 2,125
A
I32-28A trimer GDDARIAAIGDVDELNSQIGVLLAEPLPDDVRAALSAIQH I32-28A:
SEQ ID DLFDLGGELCIPGHAAITEDHLLRLALWLVHYNGQLPPLE 60,61,64,67
NO:21 EFILPGGARGAALAHVCRTVCRRAERSIKALGASEPLNIA ,68,71,110,
PAAYVNLLSDLLFVLARVLNRAAGGADVLWDRTRAH 120,123,124
,128
I32-28B dimer ILSAEQSFTLRHPHGQAAALAFVREPAAALAGVQRLRGLD I32-28B:
SEQ ID SDGEQVWGELLVRVPLLGEVDLPFRSEIVRTPQGAELRPL 35,36,54,12
NO:22 TLTGERAWVAVSGQATAAEGGEMAFAFQFQAHLATPEAEG 2,129,137,1
EGGAAFEVMVOAAAGVTLLLVAMALPQGLAAGLPPA 40,141,144,
148
I53- pentamer TKKVGIVDTTFARVDMASAAILTLKMESPNIKIIRKTVPG I53-40A:
40A.1 IKDLPVACKKLLEEEGCDIVMALGMPGKKEKDKVCAHEAS 20,23,24,27
SEQ ID LGLMLAQLMTNKHIIEVFVHEDEAKDDAELKILAARRAIE ,28,109,112
NO:23 HALNVYYLLFKPEYLTRMAGKGLRQGFEDAGPARE ,113,116,12
0,124
I53- trimer DDINNQLKRLKVIPVIAIDNAEDIIPLGKVLAENGLPAAE I53-40B:
40B.1 ITFRSSAAVKAIMLLRSAQPEMLIGAGTILNGVQALAAKE 47,51,54,58
SEQ ID AGADFVVSPGENPNTVRACQIIGIDIVPGVNNPSTVEQAL , 74,102
NO:24 EMGLTTLKFFPAEASGGISMVKSLVGPYGDIRLMPTGGIT
PDNIDNYLAIPQVLACGGTWMVDKKLVRNGEWDEIARLTR
EIVEQVNP
I53- trimer PIFTLNTNIKADDVPSDFLSLTSRLVGLILSKPGSYVAVH I53-47A:
47A.1 INTDOQOLSFGGSTNPAAFGTLMSIGGIEPDKNRDHSAVLE 22,25,29,72
SEQ ID DHLNAMLGIPKNRMYIHEFVNLNGDDVGWNGTTEF ,79,86,87
NO:25
I53- trimer PIFTLNTNIKADDVPSDFLSLTSRLVGLILSEPGSYVAVH I53-47A:
47A.1Neg INTDQQLSFGGSTNPAAFGTLMSIGGIEPDKNEDHSAVLE 22,25,29,72
T2 DHLNAMLGIPKNRMYIHFVDLDGDDVGWNGTTF ,79,86,87
SEQ ID
NO:26
I53- pentamer NQHSHKDHETVRIAVVRARWHADIVDACVEAFEIAMAAIG I53-47B:
47B.1 GDRFAVDVEDVPGAYEIPLHARTLAETGRYGAVLGTAEFVV 28,31,35,36
SEQ ID NGGIYRHEFVASAVIDGMMNVQLDTGVPVLSAVLTPHRYR ;39,131,132
NO:27 DSDEHHRFFAAHFAVKGVEAARACIEILNAREKIAA ,135,139,14
6
I53- pentamer NQHSHKDHETVRIAVVRARWHADIVDACVEAFEIAMAAIG I53-47B:
47B.1Neg GDRFAVDVEDVPGAYEIPLHARTLAETGRYGAVLGTAEVV 28,31,35, 36
T2 DGGIYDHEFVASAVIDGMMNVQLDTGVPVLSAVLTPHEYE ;39,131,132
SEQ ID DSDEDHEFFAAHFAVKGVEAARACIEILNAREKIAA ,135,139,14
NO:28 6
I53- trimer EELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVHLIEITF I53-50A:
50A.1 TVPDADTVIKALSVLKEKGAIIGAGTVTSVEQCRKAVESG 25,29,33,54
SEQ ID AEFIVSPHLDEEISQFCKEKGVFYMPGVMT PTELVKAMKL ;57
NO:29 GHDILKLFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDN

VCEWFKAGVLAVGVGDALVKGDPDEVREKAKKFVEKIRGC
TE
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I53- trimer EELFKKHKIVAVLRANSVEEATEKAVAVFAGGVHLIEITFE I53-50A:
50A.1Neg TVPDADTVIKALSVLKEKGAIIGAGTVTSVEQCRKAVESG 25,29,33,54
T2 AEFIVSPHLDEEISQFCKEKGVEFYMPGVMT PTELVKAMKL , 57
SEQ ID GHDILKLFPGEVVGPEFVEAMKGPFPNVKFVPTGGVDLDD
NO:30 VCEWFDAGVLAVGVGDALVEGDPDEVREDAKEFVEEIRGC
TE
I53- trimer EELFKKHKIVAVLRANSVEEATIEKAVAVFAGGVHLIEITFE I53-50A:
50A.1Pos TVPDADTVIKALSVLKEKGAIIGAGTVTSVEQCRKAVESG 25,29,33,54
Tl AEFIVSPHLDEEISQFCKEKGVEFYMPGVMT PTELVKAMKL , 57
SEQ ID GHDILKLFPGEVVGPQFVKAMKGPFPNVKFVPTGGVNLDN
NO:31 VCKWFKAGVLAVGVGKALVKGKPDEVREKAKKFVKKIRGC
TE
I53- pentamer NOQHSHKDHETVRIAVVRARWHAEIVDACVSAFEAAMRDIG I53-50B:
50B.1 GDRFAVDVFDVPGAYEIPLHARTLAETGRYGAVLGTAFVV 24,28,36,12
SEQ ID NGGIYRHEFVASAVIDGMMNVQLDTGVPVLSAVLTPHRYR 4,125,127,1
NO: 32 DSDAHTLLFLALFAVKGMEAARACVEILAAREKIAA 28,129,131,
132,133,135
, 139
I53- pentamer NQHSHKDHETVRIAVVRARWHAEIVDACVSAFEAAMRDIG I53-50B:
50B.1Neg GDRFAVDVFDVPGAYEIPLHARTLAETGRYGAVLGTAEVV 24,28,36,12
T2 DGGIYDHEFVASAVIDGMMNVQLDTGVPVLSAVLTPHEYE 4,125,127,1
SEQ ID DSDADTLLFLALFAVKGMEAARACVEILAAREKIAA 28,129,131,
NO: 33 132,133,135
,139
I53- trimer NOHSHKDHETVRIAVVRARWHAEIVDACVSAFEAAMRDIG I53-50B:
50B.4Pos GDRFAVDVFDVPGAYEIPLHARTLAETGRYGAVLGTAFVV 24,28,36,12
T1 NGGIYRHEFVASAVINGMMNVQLNTGVPVLSAVLTPHNYD 4,125,127,1
SEQ ID KSKAHTLLFLALFAVKGMEAARACVEI LAAREKIAA 28,129,131,
NO: 34 132,133,135
,139
I53-40A pentamer TKKVGIVDTTFARVDMASAAILTLKMESPNIKIIRKTVPG
genus IKDLPVACKKLLEEEGCDIVMALGMPGK (A/K) EKDKVCA
SEQ ID HEASLGLMLAQLMTNKHIIEVFVHEDEAKDDAELKILAAR
NO: 35 RAIEHALNVYYLLFKPEYLTRMAGKGLRQGFEDAGPARE
I53-40B trimer (S/D) (T/D) INNQLK (A/R) LKVIPVIAIDNAEDIIPLG
genus KVLAENGLPAAEITFRSSAAVKAIMLLRSAQPEMLIGAGT
SEQ ID ILNGVQALAAKEAGA (T/D) FVVSPGFNPNTVRACQIIGI
NO:36 DIVPGVNNPSTVE (A/Q) ALEMGLTTLKFFPAEASGGISM
VKSLVGPYGDIRLMPTGGITP (S/D)NIDNYLAIPQVLAC
GGTWMVDKKLV (T/R) NGEWDEIARLTREIVEQVNP
I53-47A trimer PIFTLNTNIKA (T/D)DVPSDFLSLTSRLVGLILS (K/E)
genus PGSYVAVHINTDQQLSFGGSTNPAAFGTLMSIGGIEP (S/
SEQ ID D) KN (R/E) DHSAVLFDHLNAMLGIPKNRMYIHFV (N/D)
NO: 37 L (N/D) GDDVGWNGTTF
I53-47B pentamer NQHSHKD (Y/H) ETVRIAVVRARWHADIVDACVEAFEIAM
genus AATGGDRFAVDVEFDVPGAYEI PLHARTLAETGRYGAVLGT
SEQ ID AFVV(N/D)GGIY (R/D) HEFVASAVIDGMMNVQL (S/D)
NO:38 TGVPVLSAVLTPH (R/E)Y(R/E)DS (A/D)E(H/D)H (R
/E) FFAAHFAVKGVEAARACIEIL (A/N) AREKIAA
I53-50A trimer EELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVHLIEITF
genus TVPDADTVIKALSVLKEKGAIIGAGTVTSVEQCRKAVESG
SEQ ID AEFIVSPHLDEEISQFCKEKGVEYMPGVMT PTELVKAMKL
NO: 39 GH (T/D) ILKLEPGEVVGP (Q/E) FV (K/E) AMKGPFPNV
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KFVPTGGV (N/D) LD (N/D) VC (E/K) WF (K/D) AGVLAV
GVG (S/K/D)ALV (K/E) G (T/D/K) PDEVRE (K/D) AK (
A/E/K)FV(E/K) (K/E) IRGCTE

I53-50B
genus
SEQ ID
NO:40

pentamer

NQHSHKD (Y/H) ETVRIAVVRARWHAEIVDACVSAFEAAM
(A/R) DIGGDRFAVDVFDVPGAYEIPLHARTLAETGRYGA
VLGTAFVV (N/D)GGIY (R/D)HEFVASAVI (D/N) GMMN
VQL (S/D/N) TGVPVLSAVLTPH (R/E/N) Y (R/D/E) (D
/K)S (D/K)A (H/D) TLLFLALFAVKGMEAARACVEILAA
REKIAA

T32-28A
SEQ ID
NO:41

dimer

GEVPIGDPKELNGMEIAAVYLQPIEMEPRGIDLAASLADI
HLEADIHALKNNPNGFPEGFWMPYLTIAYALANADTGAIK
TGTLMPMVADDGPHYGANIAMEKDKKGGFGVGTYALTFLI
SNPEKQGFGRHVDEETGVGKWFEPFVVTYFFKYTGTPK

T32-28B
SEQ ID
NO:42

trimer

SQAIGILELTSIAKGMELGDAMLKSANVDLLVSKTISPGK
FLLMLGGDIGAIQQAIETGTSQAGEMLVDSLVLANIHPSV
LPAISGLNSVDKRQAVGIVETWSVAACISAADLAVKGSNV
TLVRVHMAFGIGGKCYMVVAGDVLDVAAAVATASLAAGAK
GLLVYASIIPRPHEAMWRQMVEG

T33-09A
SEQ ID
NO:43

trimer

EEVVLITVPSALVAVKIAHALVEERLAACVNIVPGLTSIY
RWQGSVVSDHELLLLVKTTTHAFPKLKERVKALHPYTVPE
IVALPTAEGNREYLDWLRENTG

T33-09B
SEQ ID
NO:44

trimer

VRGIRGAITVEEDTPAAILAATIELLLKMLEANGIQSYEE
LAAVIFTVTEDLTSAFPAEAARLIGMHRVPLLSAREVPVP
GSLPRVIRVLALWNTDTPQDRVRHVYLNEAVRLRPDLESA
Q

T33-15A
SEQ ID
NO:45

trimer

SKAKIGIVTVSDRASAGITADISGKAIILALNLYLTSEWE
PIYQVIPDEQDVIETTLIKMADEQDCCLIVTTGGTGPAKR
DVTPEATEAVCDRMMPGFGELMRAESLKEVPTAILSRQTA
GLRGDSLIVNLPGDPASISDCLLAVFPAIPYCIDLMEGPY
LECNEAMIKPFRPKAK

T33-15B
SEQ ID
NO: 46

trimer

VRGIRGAITVNSDTPTSIIIATILLLEKMLEANGIQSYEE
LAAVIFTVTEDLTSAFPAEAARQIGMHRVPLLSAREVPVP
GSLPRVIRVLALWNTDTPQODRVRHVYLSEAVRLRPDLESA
Q

T33-21A
SEQ ID
NO:47

trimer

RITTKVGDKGSTRLEFGGEEVWKDSPIIEANGTLDELTSFEFI
GEAKHYVDEEMKGILEEIQNDIYKIMGEIGSKGKIEGISE
ERIAWLLKLILRYMEMVNLKSFVLPGGTLESAKLDVCRTI
ARRALRKVLTVTREFGIGAEAAAYLLALSDLLFLLARVIE
IEKNKLKEVRS

T33-21B
SEQ ID
NO:48

trimer

PHLVIEATANLRLET SPGELLEQANKALFASGQFGEADIK
SREVTLEAYRQGTAAVERAYLHACLSILDGRDIATRTLLG
ASLCAVLAEAVAGGGEEGVQVSVEVREMERLSYAKRVVAR
OR

T33-28A
SEQ ID
NO:49

trimer

ESVNTSFLSPSLVTIRDEDNGQFAVLRIGRTGEPADKGDI
DLCLDKMIGVRAAQIFLGDDTEDGFKGPHIRIRCVDIDDK
HTYNAMVYVDLIVGTGASEVERETAEEEAKLALRVALQVD
IADEHSCVTQFEMKLREELLSSDSFHPDKDEYYKDFL

T33-28B
SEQ ID
NO:50

trimer

PVIQTFVSTPLDHHKRLLLAIIYRIVTRVVLGKPEDLVMM
TFHDSTPMHFEFGSTDPVACVRVEALGGYGPSEPEKVTSIV
TAAITAVCGIVADRIFVLYFSPLHCGWNGTNF
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Multimer interface
residues

T33-31A | trimer EEVVLITVPSALVAVKIAHALVEERLAACVNIVPGLTSIY

SEQ 1D REEGSVVSDHELLLLVKT TTDAFPKLKERVKELHPYEVPE

NO: 51 IVALPIAEGNREYLDWLRENTG

I53-50A | trimer EELFKKHKIVAVLRANSVEEATEKAVAVFAGGVHLIEITF

ACys TVPDADTVIKALSVLKEKGAI IGAGTVTSVEQARKAVESG

SEQ ID AEFIVSPHLDEEISQFAKEKGVFYMPGVMT PTELVKAMKL

NO: 53 GHT I LKLFPGEVVGPQFVKAMKGPFPNVKFVPTGGVNLDN
VAEWFKAGVLAVGVGSALVKGTPDEVREKAKAFVEKIRGA
TE

T33 dn2A NLAEKMYKAGNAMYRKGQYTIATIAYTLALLKDPNNAEAW

SEQ 1D YNLGNAAYKKGEYDEATEAYQKALELDPNNAEAWYNT.GNA

NO: 135 YYKQGDYDEATEYYKKALRLDPRNVDATENLIEAEEKQG

T33 dn2B EEAELAYLLGELAYKLGEYRTIATRAYRIALKRDPNNAEAW

SEQ 1D YNLGNAYYKQGDYREATRYYLRALKLDPENAEAWYNT.GNA

NO: 136 LYKQGKYDLAT IAYQAALEEDPNNAEAKONL.GNAKQKQG

T33 dnb5A NSAEAMYKMGNAAYKQGDYILATIAYLLALEKDPNNAEAW

SEQ 1D YNLGNAAYKQGDYDEATEYYQKALELDPNNAEAWYNT.GNA

NO: 137 YYKQGDYDEATEYYEKALELDPNNAEALKNLLEATAEQD

T33 dn5A TDPLAVILYIATLKAEKS IARAKAAEALGKIGDERAVEPL

SEQ 1D IKALKDEDALVRAAAADALGQIGDERAVEPLIKALKDEEG

NO: 138 LVRASAATALGQTIGDERAVQPLIKALTDERDLVRVAAAVA
LGRIGDEKAVRPLIIVLKDEEGEVREAAATALGSIGGERV
RAAMEKLAERGT GFARKVAVNYLETHK

T33 dnl0 EEAELAYLLGELAYKLGEYRIATRAYRIALKRDPNNAEAW

A SEQ ID YNLGNAYYKQGDYDEATEYYQKALELDPNNAEAWYNT.GNA

NO: 139 YYKQGDYDEATEYYEKALELDPENLEALONLLNAMDKOG

T33 dnl0 IEEVVAEMIDILAES SKKSTEELARAADNKTTEKAVAEAT

B SEQ ID EEIARLATAATQLIEALAKNLASEEFMARAT SATAELAKK

NO: 140 ATEATYRLADNHTTDTFMARATAATANLAVTAT LATAALA
SNHTTEEFMARATSATAELAKKATEAT YRLADNHTTDKFM
AAATEATALLATLAT LATALLASNHTTEKFMARATMATAT
LAAKATEATIYRLADNHTSPTYIEKAIEATEKIARKATKAT
EMLAKNITTEEYKEKAKKIIDIIRKLAKMATKKLEDNRT

I53 dn5A KYDGSKLRIGILHARWNAEI I LALVLGALKRLQEFGVKRE

SEQ ID NITIIETVPGSFELPYGSKLFVEKQKRLGKPLDAIIPIGVL

NO: 141 IKGSTMHFEYICDSTTHQLMKLNFELGI PVIFGVLTCLTD
EQAEARAGLIFEGKMHNHGEDWGAAAVEMATKEN

I53 dn5B EEAELAYLLGELAYKLGEYRIATRAYRIALKRDPNNAEAW

SEQ ID YNLGNAYYKQGRYREATEYYQKALELDPNNAEAWYNL.GNA

NO: 142 YYERGEYEEATEYYRKALRLDPNNADAMONLLNAKMREE

[0230] Table 1 provides the amino acid sequence of the first polypeptide and second

polypeptides of embodiments of the present disclosure. In each case, the pairs of sequences

together form an I53 multimer with icosahedral symmetry. The right hand column in Table 1

identifies the residue numbers in each illustrative polypeptide that were identified as present at

the interface of resulting assembled virus-like particles (i.e.: “identified interface residues”). As
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can be seen, the number of interface residues for the illustrative polypeptides of SEQ ID NO:1-
34 range from 4-13. In various embodiments, the first polypeptide and second polypeptides
comprise an amino acid sequence that is at least 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, or 99% identical over its length, and identical at least at 1, 2, 3, 4, 5, 6,
7,8,9, 10, 11, 12, or 13 identified interface positions (depending on the number of interface
residues for a given polypeptide), to the amino acid sequence of a polypeptide selected from
the group consisting of SEQ ID NOS: 1-34. SEQ ID NOs: 35-51 represent other amino acid
sequences of the first polypeptide and second polypeptides from embodiments of the present
disclosure. In other embodiments, the first polypeptide and/or second polypeptides comprise an
amino acid sequence that is at least 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%, 98%, or 99% identical over its length, and identical at least at 20%, 25%, 30%, 33%, 35%,
40%, 45%, 50%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, or 100% of the identified interface
positions, to the amino acid sequence of a polypeptide selected from the group consisting of
SEQ ID NOS:1-51.

[0231] As is the case with proteins in general, the polypeptides are expected to tolerate
some variation in the designed sequences without disrupting subsequent assembly into virus-
like particles: particularly when such variation comprises conservative amino acid substitutions.
As used here, “conservative amino acid substitution” means that: hydrophobic amino acids
(Ala, Cys, Gly, Pro, Met, Val, Ile, Leu) can only be substituted with other hydrophobic amino
acids; hydrophobic amino acids with bulky side chains (Phe, Tyr, Trp) can only be substituted
with other hydrophobic amino acids with bulky side chains; amino acids with positively
charged side chains (Arg, His, Lys) can only be substituted with other amino acids with
positively charged side chains; amino acids with negatively charged side chains (Asp, Glu) can
only be substituted with other amino acids with negatively charged side chains; and amino acids
with polar uncharged side chains (Ser, Thr, Asn, Gln) can only be substituted with other amino
acids with polar uncharged side chains.

[0232] In some cases, a non-conservative amino acid substitution may be preferred, for
example, for eradication of a flexible portion of the native RSV F protein secondary structure
is desired, for example, by adding a cysteine residue (or vice versa). “Non-conservative
substitution” refers to the substitution of an amino acid in one class with an amino acid from

another class; for example, substitution of an Ala with Asp, Asn, Glu, or Gln. Additional non-
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limiting examples of non-conservative substitutions include the substitution of a non-polar
(hydrophobic) amino acid residue such as isoleucine, valine, leucine, alanine, methionine for a
polar (hydrophilic) residue such as cysteine, glutamine, glutamic acid or lysine and/or a polar
residue for a non-polar residue. Substitutions of D-Cys for D-Ala, D-Ser, or D-Tyr (or another
residue) may be used to remove intramolecular disulfide bonds, which may, in some cases
improve protein stability or expression. Substitutions to D-Cys may be used to generate
disulfide bonds that stability a protein or lock a protein into a desired conformation.
[0233] In various embodiments of the VLPs of the invention, the first polypeptide and
second polypeptides, or the vice versa, comprise polypeptides with the amino acid sequence
selected from the following pairs, or modified versions thereof (i.e., permissible modifications
as disclosed for the polypeptides of the invention: isolated polypeptides comprising an amino
acid sequence that is at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least
92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least
99%, or 100% over its length, and/or identical at least at one identified interface position, to the
amino acid sequence indicated by the SEQ ID NO):

SEQ ID NO:1 and SEQ ID NO:2 (I53-34A and 153-34B);

SEQ ID NO:3 and SEQ ID NO:4 (I53-40A and 153-40B);

SEQ ID NO:3 and SEQ ID NO:24 (I53-40A and 153-40B.1);

SEQ ID NO:23 and SEQ ID NO:4 (I53-40A.1 and I53-40B);

SEQ ID NO:35 and SEQ ID NO:36 (I53-40A genus and I53-40B genus);

SEQ ID NO:5 and SEQ ID NO:6 (I53-47A and 153-47B);

SEQ ID NO:5 and SEQ ID NO:27 (I53-47A and 153-47B.1);

SEQ ID NO:5 and SEQ ID NO:28 (I53-47A and 153-47B.1NegT2);

SEQ ID NO:25 and SEQ ID NO:6 (I53-47A.1 and 153-47B);

SEQ ID NO:25 and SEQ ID NO:27 (I53-47A.1 and I53-47B.1);

SEQ ID NO:25 and SEQ ID NO:28 (I53-47A.1 and I53-47B.1NegT2);

SEQ ID NO:26 and SEQ ID NO:6 (I53-47A.1NegT2 and 153-47B);

SEQ ID NO:26 and SEQ ID NO:27 (I153-47A.1NegT2 and I53-47B.1);

SEQ ID NO:26 and SEQ ID NO:28 (I53-47A.1NegT2 and 153-47B.1NegT2);

SEQ ID NO:37 and SEQ ID NO:38 (I53-47A genus and 153-47B genus);

SEQ ID NO:7 and SEQ ID NO:8 (I53-50A and 153-50B);
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31B))

SEQ ID NO:7 and SEQ ID NO:32 (I53-50A and 153-50B.1);

SEQ ID NO:7 and SEQ ID NO:33 (I53-50A and I53-50B.1NegT2);

SEQ ID NO:7 and SEQ ID NO:34 (I53-50A and I53-50B.4PosT1);

SEQ ID NO:29 and SEQ ID NO:8 (I53-50A.1 and I53-50B);

SEQ ID NO:29 and SEQ ID NO:32 (I53-50A.1 and I53-50B.1);

SEQ ID NO:29 and SEQ ID NO:33 (I53-50A.1 and 153-50B.1NegT2);

SEQ ID NO:29 and SEQ ID NO:34 (I53-50A.1 and I53-50B.4PosT1);

SEQ ID NO:30 and SEQ ID NO:8 (I53-50A.1NegT2 and 153-50B);

SEQ ID NO:30 and SEQ ID NO:32 (I53-50A.1NegT2 and I53-50B.1);

SEQ ID NO:30 and SEQ ID NO:33 (I53-50A.1NegT2 and I53-50B.1NegT?2);
SEQ ID NO:30 and SEQ ID NO:34 (I53-50A.1NegT2 and 153-50B.4PosT1);
SEQ ID NO:31 and SEQ ID NO:8 (I53-50A.1PosT1 and I153-50B);

SEQ ID NO:31 and SEQ ID NO:32 (I53-50A.1PosT1 and I53-50B.1);

SEQ ID NO:31 and SEQ ID NO:33 (I53-50A.1PosT1 and 153-50B.1NegT?2);
SEQ ID NO:31 and SEQ ID NO:34 (I53-50A.1PosT1 and I53-50B.4PosT1);
SEQ ID NO:39 and SEQ ID NO:40 (IS3-50A genus and [53-50B genus);
SEQ ID NO:9 and SEQ ID NO:10 (IS3-51A and I53-51B);

SEQ ID NO:11 and SEQ ID NO:12 (I52-03 A and 152-03B);

SEQ ID NO:13 and SEQ ID NO:14 (I52-32A and 152-32B);

SEQ ID NO:15 and SEQ ID NO:16 (I52-33A and 152-33B)

SEQ ID NO:17 and SEQ ID NO:18 (I32-06A and 132-06B);

SEQ ID NO:19 and SEQ ID NO:20 (I32-19A and 132-19B);

SEQ ID NO:21 and SEQ ID NO:22 (I32-28 A and 132-28B);

SEQ ID NO:23 and SEQ ID NO:24 (I53-40A.1 and 153-40B.1);

SEQ ID NO:41 and SEQ ID NO:42 (T32-28A and T32-28B);

SEQ ID NO:43 and SEQ ID NO:44 (T33-09A and T33-09B);

SEQ ID NO:45 and SEQ ID NO:46 (T33-15A and T33-15B);

SEQ ID NO:47 and SEQ ID NO:48 (T33-21A and T33-21B);

SEQ ID NO:49 and SEQ ID NO:50 (T33-28A and T32-28B); and

SEQ ID NO:51 and SEQ ID NO:44 (T33-31A and T33-09B (also referred to as T33-
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[0234] In some embodiments, the one or more RSV and/or hMPV F proteins, or antigenic
fragments thereof, are expressed as a fusion protein with the first multimerization domain. In
some embodiments, the first multimerization domain and the RSV and/or hMPV F protein
ectodomain are joined by a linker sequence. In some embodiments, the linker sequence
comprises a foldon, wherein the foldon sequence is EKAAKAEEAARK (SEQ ID NO: 125).
[0235] Non-limiting examples of designed protein complexes useful in protein-based VLPs
of the present disclosure include those disclosed in U.S. Patent No. 9,630,994; Int’l Pat. Pub
No. WO02018187325A1; U.S. Pat. Pub. No. 2018/0137234 A1, U.S. Pat. Pub. No.
2019/0155988 A2, each of which is incorporated herein in its entirety.
[0236] In various embodiments of the VLPs of the disclosure, the multimerization domains
are polypeptides with the amino acid sequence selected from the following pairs, or modified
versions thereof (i.e., permissible modifications as disclosed for the polypeptides of the
invention: isolated polypeptides comprising an amino acid sequence that is at least 75%, at least
80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least
95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% over its length, and/or
identical at least at one identified interface position, to the amino acid sequence indicated by
the SEQ ID NO):

SEQ ID NO: 135 and SEQ ID NO: 136 (T33_dn2A and T33_dn2B);

SEQ ID NO: 137 and SEQ ID NO: 138 (T33_dn5A and T33_dn5B);

SEQ ID NO: 139 and SEQ ID NO: 140 (T33_dn10A and T33_dn10B); or

SEQ ID NO: 141 and SEQ ID NO: 142 (I53 dn5A and 153 dn5B).
Antigenic Proteins
[0237] The present disclosure provides protein-based VLP vaccines for RSV and/or hMPV
in humans or animals (in particular pets, agricultural animals, and any animal linked to spread
of the disease). The present disclosure relates to incorporation of any of antigenic fragment of
hMPYV F protein—e. g., the ectodomain or an antigenic fragment thereof—into VLP vaccines.
Guidance is particularly available from studies of the immune response to infection or
vaccination, such as isolation of binding or neutralizing antibodies, genetic analysis of F protein
sequence, structural studies of antigenic proteins and antibodies, and most particularly clinical
and veterinary experience with subunit vaccines. Subunit vaccine for RSV or hMPV can be

adapted for use with the VLPs of the present disclosure by employing the display modalities
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provided above. The disclosure refers to the ectodomain of RSV or hMPV F but it will be
understood that portions of the transmembrane domain may be included.
[0238] The term “antigenic fragment” refers to any fragment of a protein that generates an
immune response (humoral or T cell response) to the protein in vivo. The antigenic fragment
may be a linear epitope, discontinuous epitope, or a conformation epitope (e.g., a folded
domain). The antigenic fragment may preserve the secondary, tertiary, and/or quaternary
structure of the full-length protein. In some embodiments, the antigenic fragment comprises a
neutralizing epitope. In such cases, the VLP may generate a neutralizing antibody response.
Antigenic fragments may be designed computationally, such as by predicting the secondary
structure and rationally removing N- or C-terminal unstructured regions or internally loops, or
entire structural elements (alpha helices and/or beta sheets). FIG. 2 provides an illustrative
secondary structure map. In some embodiments, the ectodomain comprises a truncation or
deletion of some or all of the N-terminal signal peptide (e.g., MSWKVVIIFSLLITPQHGL
(SEQ ID NO: 133) or MSWKVMIIISLLITPQHGL (SEQ ID NO: 134).
[0239] In some embodiments, the hMPV F protein ectodomain is a C-terminal truncation.
In some embodiments, the hMPV F protein ectodomain sequence terminates at residue 470,
471, 472, 473, 474, 475, 476, 477, 478, 479, 480, 481, 482, 483, 484, 485, 486, 487, 488, 489,
or 490 of the native sequence.
[0240] The native sequence of the A strain hMPV F protein (GenBank AY145297) is
shown below with the signal sequence underlined and italicized and the transmembrane and
intracellular portion underlined (SEQ ID NO: 56):

1 MSWRKVVIIFS

41

81
121
lel
201
241
281
321
361
401
441
481
521

LLITPQHGLK

TGWYTNVETL
LKTVSADQLA
GVAIAKTIRL
AVRELKDFVS
LNVVRQFSDN
IKLMLENRAM
TPCWIVKAAP
PNEKDCETRG
CKVSTGRHPI
KQLNKGCSYI
PVSSSFDPIK
LSSAEKGNTG
TGAPPELSGV

EVGDVENLTC
REEQIENPRQ
ESEVTAIKNA
KNLTRAINKN
AGITPAISLD
VRRKGFGILI
SCSGKKGNYA
DHVFCDTAAG
SMVALSPLGA
TNQDADTVTI
FPEDQFNVAL
FIIVIILIAV

ESYLEESCST
SDGPSLIKTE
SREVLGAIAL
LKTTNEAVST
KCDIDDLKMA
LMTDAELARA
GVYGSSVIYM
CLLREDQGWY
INVAEQSKEC
LVACYKGVSC
DNTVYQLSKV
DQVFENIENS
LGSSMILVST

ITEGYLSVLR
LDLTKSALRE
GVATAAAVTA
LGNGVRVLAT
VSFSQFNRRF
VSNMPTSAGQ
VQLPIFGVID
CONAGSTVYY
NINISTTNYP
SIGSNRVGII
EGEQHVIKGR
QALVDQSNRI
FITIKKTKKP

TNNGFIPHS

(SEQ ID NO:
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[0241] The native signal sequence is post-translationally cleaved when the protein is
expressed. The native signal sequence may be replaced with another signal sequence for
expression of the ectodomain, or in some embodiments no signal sequence is used. Thus, in

some embodiments, the hMPV F protein ectodomain is SEQ ID NO: 57, or a variant thereof:

1
41
81

121
16l
201
241
281
321
361
401
441
481
521

TGWYTNVETL
LKTVSADQLA
GVAIAKTIRL
AVRELKDFVS
LNVVRQFSDN
IKLMLENRAM
TPCWIVKAAP
PNEKDCETRG
CKVSTGRHPI
KQLNKGCSYI
PVSSSFDPIK
LSSAEKGNTG

K
EVGDVENLTC
REEQIENPRQ
ESEVTAIKNA
KNLTRAINKN
AGITPAISLD
VRRKGFGILI
SCSGKKGNYA
DHVFCDTAAG
SMVALSPLGA
TNQDADTVTI
FPEDQFNVAL
F

ESYLEESCST
SDGPSLIKTE
SREVLGAIAL
LKTTNEAVST
KCDIDDLKMA
ILMTDAELARA
GVYGSSVIYM
CLLREDQGWY
INVAEQSKEC
LVACYKGVSC
DNTVYQLSKV
DQVFENIENS

(SEQ ID NO:

ITEGYLSVLR
LDLTKSALRE
GVATAAAVTA
LGNGVRVLAT
VSFSQFNRRF
VSNMPTSAGQ
VQLPIFGVID
CONAGSTVYY
NINISTTNYP
SIGSNRVGII
EGEQHVIKGR
QALVDQSNRI

57)

[0242]
91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least

In some embodiments, the hMPV F protein ectodomain shares at least 90%, at least

98%, at least 99%, or 100% sequence identity to SEQ ID NO: 57, or an antigenic fragment
thereof.
[0243]
the hMPV F protein ectodomain shares at least 90%, at least 91%, at least 92%, at least 93%,
at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100%

Further hAMPV F protein sequences are provided in Table 2. In some embodiments,

sequence identity to an ectodomain in Table 2, or an antigenic fragment thereof.
[0244] Various signal sequences can be used, paired with the native ectodomain sequence
or swapped between different hMPV sequences. Thus, in some embodiments, the antigen
comprises a sequence that shares at least 90%, at least 91%, at least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% sequence
identity to a signal sequence in Table 2.

[0245] The hMPV F protein may comprise one or more substitutions.

[0246]  Illustrative substitutions include A185P, Q100R, S101R, T127C, N153C, V84C,
A140C, A147C, A249C, N97G, P98G, R99G, Q100G, S101G, R102G, A63C,K188C,K450C,

S470C, G106 deletion, A113C, A120C, A339C, Q426C, T160F, Q100K, S101A, I177L,
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K450A, S470A, G294E, T365C, V463C, L219K, H368N, , and/or V2311 relative to SEQ ID
NO: 57. Thus, in various embodiments, the hMPV F protein ectodomain comprises one or more
substitutions selected from this list.

[0247] Tllustrative substitutions include V84C, A140C, A147C, N97G, P98G, Q100G,
S101G, R102G, A63C, K188C, K450C, S470C, R99G, Al113C, A120C, A339C, Q426C,
T160F, Q100K, S101A, Q100R, S10IR, G106 deletion, SIOIR, A185P, 1177L, and G294E
relative to SEQ ID NO: 57. Thus, in various embodiments, the hMPV F protein ectodomain
comprises one or more substitutions selected from this list.

[0248]  Illustrative substitutions include V84C, A140C, A147C, N97G, P98G, Q100G,
S101G, R102G, A63C, K188C, K450C, S470C, R99G, A113C, A120C, A339C, Q426C,
T160F, Q100K, S101A, Q100R, S101R, G106 deletion, SIOIR, A185P, I1177L, and G294E.
Thus, in various embodiments, the hMPV F protein ectodomain comprises two or more
substitutions selected from this list.

[0249] Illustrative substitutions include A185P, Q100R, S101R, T127C, N153C, T365C,
V463C, L219K, V2311, G294E, N153C, N97G, P98G, R99G, Q100G, S101G, and R102G.
Thus, in various embodiments, the hMPV F protein ectodomain comprises one or more
substitutions selected from this list.

[0250] lustrative substitutions include A185P, Q100R, S101R, T127C, N153C, T365C,
V463C, L219K, V2311, G294E, N153C, N97G, P98G, R99G, Q100G, S101G, and R102G.
Thus, in various embodiments, the hMPV F protein ectodomain comprises two or more
substitutions selected from this list.

[0251] In some embodiments, the hMPV F protein ectodomain comprises the substitutions
Q100R and S101R. In some embodiments, the hMPV F protein ectodomain comprises the
substitutions A185P, Q100R, and SI10IR. In some embodiments, the hMPV F protein
ectodomain comprises the substitutions A185P, T127C, N153C, Q100R, and S101R. In some
embodiments, the hMPV F protein ectodomain comprises the substitutions V84C, A140C,
A147C, A249C, N97G, P98G, R99G, Q100G, S101G, and R102G. In some embodiments, the
hMPV F protein ectodomain comprises the substitutions A63C, A140C, A147C, K188C,
K450C, S470C, N97G, P98G, R99G, Q100G, S101G, and R102G. In some embodiments, the
hMPV F protein ectodomain comprises the substitutions and deletion A63C, A140C, A147C,
K188C, G106 deletion, N97G, P98G, R99G, Q100G, S101G, and R102G. In some
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embodiments, the hMPV F protein ectodomain comprises the substitutions A113C, A120C,
A339C, Q426C, T160F, T177L, Q100K, and S101A. In some embodiments, the hMPV F
protein ectodomain comprises the substitutions V84C, A140C, A147C, A249C, Q100R, and
S101R. In some embodiments, the htMPV F protein ectodomain comprises the substitutions
A63C, A140C, A147C, K188C, K450C, S470C, QI00R, and S101R. In some embodiments,
the hMPV F protein ectodomain comprises the substitutions and deletion A63C, A140C,
Al147C, K188C, G106 deletion, QI100R, and SI0IR. In some embodiments, the hMPV F
protein ectodomain comprises the substitutions A113C, A120C, A339C, Q426C, T160F,
1177L, Q100R, and S101R. In some embodiments, the hMPV F protein ectodomain comprises
the substitutions A185P, A113C, A339C, Q100R, and S101R. In some embodiments, the
hMPV F protein ectodomain comprises the substitutions A185P, T160F, 1177L, Q100R, and
S101R. In some embodiments, the hMPV F protein ectodomain comprises the substitutions
A185P, A113C, A339C, T160F, 1177L, Q100R, and S101R. In some embodiments, the hMPV
F protein ectodomain comprises the substitutions A63C, K188C, N97G, P98G, R99G, Q100G,
S101G, and R102G. In some embodiments, the hMPV F protein ectodomain comprises the
substitutions A63C, K188C, K450A, S470A, N97G, P98G, R99G, Q100G, S101G, and R102G.
In some embodiments, the hMPV F protein ectodomain comprises the substitutions A63C,
A140C, A147C, K188C, G294E, N97G, P98G, R99G, Q100G, S101G, and R102G. In some
embodiments, the hMPV F protein ectodomain comprises the substitutions A63C, A140C,
A147C, K188C, K450C, S470C, N97G, P98G, R99G, Q100G, S101G, R102G, and G294E. In
some embodiments, the hMPV F protein ectodomain comprises the substitutions A63C,
K188C, N97G, P98G, R99G, Q100G, S101G, R102G, and G294E. In some embodiments, the
hMPV F protein ectodomain comprises the substitutions T127C, N153C, T365C, V463C,
A185P, L219K, V2311, G294E, H368N, Q100R, and S101R. In some embodiments, the AMPV
F protein ectodomain comprises the substitutions A63C, A140C, A147C, K188C, K450C,
S470C, N97G, P98G, R99G, Q100G, S101G, and R102G. In some embodiments, the hAMPV F
protein ectodomain comprises the substitutions V84C, A140C, A147C, A249C, N97G, P98G,
R99G, Q100G, S101G, and R102G. In some embodiments, the hMPV F protein ectodomain
comprises the substitutions T127C, N153C, T365C, V463C, A185P, L219K, V2311, G294E,
N97G, P98G, R99G, Q100G, S101G, H368N, and R102G.
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[0252] In some embodiments, the substitutions have the intended effect on the VLP, it being
understood that the intended effect is not achieved in every embodiment of the VLP having that
substitution. In some embodiments, the intended effect is increased expression in a production
cell line (Mas et al. PLoS Pathog. 12: e1005859 (2016)). In some embodiments, the intended
effect is to stabilize a post-fusion or pre-fusion form of the hMPV F protein ectodomain (Battles
et al. Nat Commun. 8:1528 (2017)). In some embodiments, the intended effect is binding
neutralizing antibodies against hMPV F protein. The antigen may further comprise a Leucine
at the N-terminus, as set forth in SEQ ID NOs: 146-178.

Table 2. Tllustrative hMPV Protein F Ectodomain Antigenic Variants

Ectodomain hMPV C-term F

SEQID Antigen protein
NO: Mutations Termination

Residue

58 KESYLEESCSTITEGYLSVLRTGWYTNVET LEVGDVENLTCAD A185P, 481
GPSLIKTELDLTKSALRELRTVSADQLAREEQIENPRRRRFVL Q100R,
GAIALGVATAAAVTAGVAIAKTIRLESEVTAIKNALKKTNEAV S101R
STLGNGVRVLATAVRELKDFVSKNLTRAINKNKCDI PDLKMAV
SFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVSNM
PTSAGQIKLMLENRAMVRRKGFGFLIGVYGSSVIYMVQLPIFG
VIDTPCWIVKAAPSCSGKKGNYACLLREDQGWYCONAGSTVYY
PNEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKV
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLNKG
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV
KFPEDQFNVALDQVFESIENSQALVDQSNRIL

59 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCAD A185P, 472
GPSLIKTELDLTKSALRELRTVSADQLAREEQIENPRRRRFVL Q100R,
GAIALGVATAAAVTAGVAIAKTIRLESEVTAIKNALKKTNEAV
STLGNGVRVLATAVRELKDFVSKNLTRAINKNKCDI PDLKMAV 5101R
SFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVSNM
PTSAGQIKLMLENRAMVRRKGFGFLIGVYGSSVIYMVQLPIFG
VIDTPCWIVKAAPSCSGKKGNYACLLREDQGWYCQNAGSTVYY
PNEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKV
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGI IKQLNKG
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV
KFPEDQFNVALDQVFESIENSQA

60 KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCAD A185P, 489
GPSLIKTELDLTKSALRELRTVSADQLAREEQIENPRRRREVL Q100R,
GAIALGVATAAAVTAGVAIAKTIRLESEVTAIKNALKKTNEAV S101R
STLGNGVRVLATAVRELKDFVSKNLTRAINKNKCDI PDLKMAV
SFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVSNM
PTSAGQIKLMLENRAMVRRKGFGFLIGVYGSSVIYMVQLPIFG
VIDTPCWIVKAAPSCSGKKGNYACLLREDQGWYCONAGSTVYY
PNEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKV
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLNKG
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV
KFPEDQFNVALDQVFESIENSQALVDOSNRILS SAEKGNT

61 KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCAD Q100R, 472
GPSLIKTELDLTKSALRELRTVSADOLAREEQIENPRRRREVL S101R
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Ectodomain hMPV C-term F
SEQ ID Antigen protein
NO: Mutations Termination
Residue
GAIALGVATAAAVTAGVAIAKTIRLESEVIAIKNALKKTNEAV
STLGNGVRVLATAVRELKDFVSKNLTRATNKNKCDIADLKMAY
SFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVSNM
PTSAGQIKLMLENRAMVRRKGFGFLIGVYGSSVIYMVOLPIFG
VIDTPCWIVKAAPSCSGKKGN YACLLREDQGWYCONAGSTVYY
PNEKDCETRGDHVECDTAAGINVAEQSKECNINISTTNYPCKV
STGRHPTSMVALSPLGALVACYKGVSCSTGSNRVGT TKQLNKG
CSYITNODADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV
KFPEDQFNVALDOVFESTENSQA
62 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCAD A185P, 472
GPSLIKTELDLTKSALRELRTVSADQLAREEQT ENPRRRREVL T127C,
GATALGVATAARAVTAGVATAKCIRLESEVTATKNALKKTNEAV N153C
STLGCGVRVLATAVRELKDFVSKNLTRAINKNKCDI PDLKMAV ’
SFSOFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVSNM Q100R,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG S101R
VIDTPCWIVKAAPSCSGKKGNYACLLREDQGHYCONAGSTVYY
PNEKDCETRGDHVECDTAAGINVAEQSKECNINISTTNYPCKV
STGRNPISMVALSPLGALVACYKGVSCSTGSNRVGT TKQOLNKG
CSYITNODADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV
KFPEDQFNVALDOVFESTENSQA
63 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCTD V8ac, 472
GPSLIKTELDLTKSALRELKTCSADQLAREEQIEGGGGGGFVL A140C,
GATALGVATAARAVTAGTATAKTIRLESEVNATKGCLKTTNECY AATC
STLGNGVRVLATAVRELKEFVSKNLTSATINKNKCDIADLKMAV ’
SFSQFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVS YM A249C,
PTSAGQIKLMLENRCMVRRKGFGILIGVYGSSVIYMVQLPIFG N97G,
VIDTPCWIIKAAPSCSEKDGNYACLLREDQGWYCKNAGSTVYY | P98G, R99G,
PNDKDCETRGDHVFCDTAAGINVAEQSRECNINISTTNYPCKV | 100G,
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGT IKOLPKG S101G,
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPI
KFPEDQFNVALDOVFESIENSQA R102G
64 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCTD V8ac, 438
GPSLIKTELDLTKSALRELKTCSADQLAREEQIEGGGGGGFVL A140C,
GATALGVATAARAVTAGTIATAKTIRLESEVNATKGCLKTTNECY AATC
STLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDIADLKMAV ’
SFSQFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVS YM A249C,
PTSAGQIKLMLENRCMVRRKGFGILIGVYGSSVIYMVQLPIFG N97G,
VIDTPCWIIKAAPSCSEKDGNYACLLREDQGWYCKNAGSTVYY | P98G, R99G,
PNDKDCETRGDHVFCDTAAGINVAEQSRECNINISTTNYECKV | 100G,
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGI IKOLPKG $101G
CSYTITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPT ’
KFPEDQFNVALDQOVFESIENSQALVDQSNKILNSAESAT R102G
65 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCTD AG3C, 472
CPSLIKTELDLTKSALRELKTVSADQLAREEQT EGGGGGGFVL A140C,
GAIALGVATAAAVTAGIATAKTIRLESEVNAIKGCLKTTNECY ALA7C
STLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDIADLCMAV ’
SFSQOFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVSYM K188C,
PTSAGQTKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG K450C,
VIDTPCWIIKAAPSCSEKDGNYACLLREDQGWYCKNAGSTVYY S470C,
PNDKDCETRGDHVECDTAAGINVAEQSRECNINISTTNYPCKY N97G,
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKOLPKG | pgec pogg,
Q100G,
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Ectodomain hMPV C-term F
SEQ ID Antigen protein
NO: Mutations Termination
Residue
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPI S101G,
CFPEDQFNVALDQVFESIENCQA R102G
66 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCTD A63C, 488
CPSLIKTELDLTKSALRELKTVSADQLAREEQIEGGGGGGEFVL A140C,
GAIALGVATAAAVTAGIAIAKTIRLESEVNAIKGCLKTTNECV Al4TC
STLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDIADLCMAV '
SFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVS YM K188C,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG K450C,
VIDTPCWIIKAAPSCSEKDGNYACLLREDQGWYCKNAGSTVYY S470C,
PNDKDCETRGDHVFCDTAAGINVAEQSRECNINISTTNYPCKV N97G,
STGRHPTSMVALSPLGALVACYKGVSCSTGSNRVGITKQLPKG | pggc pogG
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPI
CFPEDQFNVALDQVFESIENCOALVDQSNKILNSAESAI gigigf
7’
R102G
67 KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCSD A63C, 472
CPSLIKTELDLTKSALRELKTVSADQLAREEQIEGGGGGGEVL A140C,
AIALGVATAAAVTAGVAIAKTIRLESEVIAIKNCLKTTNECVS AL47C
TLGNGVRVLATAVRELKDFVSKNLTSAINKNKCDIDDLCMAVS ’
FSQFNRRFLNVVRQFSDNAGI TPATSLDLMTDAELARAVSNMP K188C,
TSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGV G106
IDTPCWIIKAAPSCSGKKGNYACLLREDQGWYCQONAGSTVYYP deleted,
NEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKVS N97G,
TGRHPTSMVALS PLGALVACYKGVSCSTGSNRVGITKQINKGC | pggcs pogg,
SYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPIK
FPEDQFNVALDQVFENIENSQA gigggr
2
R102G
68 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCSD A63C, 488
CPSLIKTELDLTKSALRELKTVSADQLAREEQIEGGGGGGEVL A140C,
AIALGVATAAAVTAGVAIAKTIRLESEVIAIKNCLKTTNECVS Al4TC
TLGNGVRVLATAVRELKDFVSKNLTSAINKNKCDIDDLCMAVS '
FSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVSNMP K188C,
TSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGV G106
IDTPCWIIKAAPSCSGKKGNYACLLREDQGWYCQONAGSTVYYP deleted,
NEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKVS N97G,
TGRHPTSMVALSPLGALVACYKGVSCSTGSNRVGTTKQINKGC | pggc pggg.
SYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPIK
FPEDQFNVALDQVFENIENSQALVDQOSNRI LSSAESAI ?igig'
s
R102G
69 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCTD A113C, 472
GPSLIKTELDLTKSALRELKTVSADQLAREEQIENPRKARFVL A120C,
GAIALGVCTAAAVTCGIAIAKTIRLESEVNAIKGALKTTNEAV A330C
STLGNGVRVLAFAVRELKEFVSKNLTSALNKNKCDIADLKMAV ¢
SFSOFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVS YM Q426C,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG | T160F, I17L,
VIDTPCWIIKAAPSCSEKDGNYACLLREDQGWYCKNAGSTVYY Q100K,
PNDKDCETRGDHVFCDTACGINVAEQSRECNINISTTNYPCKV S101A
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGI IKQLPKG
CSYITNQDADTVTIDNTVYCLSKVEGEQHVIKGRPVSSSFDPI
KFPEDQFNVALDQVFESIENSQA
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Ectodomain hMPV C-term F
SEQ ID Antigen protein
NO: Mutations Termination
Residue
70 KESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCTD A113C, 488
GPSLIKTELDLTKSALRELKTVSADQLAREEQIENPRKARFVL A120C,
GAIALGVCTAAAVTCGIAIAKTIRLESEVNAIKGALKTTNEAV A339C
STLGNGVRVLAFAVRELKEFVSKNLTSALNKNKCDIADLKMAV ’
SFSOFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVSYM Q426C,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG T160F,
VIDTPCWIIKAAPSCSEKDGNYACLLREDQGWYCKNAGSTVYY 1177L,
PNDKDCETRGDHVFCDTACGINVAEQSRECNINISTTNYPCKV Q100K,
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLPKG S101A
CSYITNQDADTVTIDNTVYCLSKVEGEQHVIKGRPVSSSFDPI
KFPEDQFNVALDQVFESIENSQALVDQSNKILNSAESAI
71 MSWKVMIIISLLITPQHGLKESYLEESCSTITEGYLSVLRTGW V84C, 472
YTNVFTLEVGDVENLTCTDGPSLIKTELDLTKSALRELKTCSA A140C,
DQLAREEQIENPRRRRFVLGAIALGVATAAAVTAGIAIAKTIR AL47C
LESEVNAIKGCLKTTNECVSTLGNGVRVLATAVRELKEFVSKN ¢
LTSAINKNKCDIADLKMAVSFSQFNRRFLNVVRQFSDNAGITP A249C,
AISLDLMTDAELARAVSYMPTSAGQIKLMLENRCMVRRKGEGI Q100R,
LIGVYGSSVIYMVQLPIFGVIDTPCWIIKAAPSCSEKDGNYAC S101R
LLREDQGWYCKNAGSTVYYPNDKDCETRGDHVFCDTAAGINVA
EQSRECNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKG
VSCSIGSNRVGIIKQLPKGCSYITNQDADTVTIDNTVYQLSKV
EGEQHVIKGRPVSSSFDPIKFPEDQFNVALDQVFESIENSQA
72 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCTD A63C, 472
CPSLIKTELDLTKSALRELKTVSADQLAREEQIENPRRRRFVL A140C,
GAIALGVATAAAVTAGIAIAKTIRLESEVNAIKGCLKTTNECV Al4TC
STLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDIADLCMAV '
SFSQFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVS YM K188C,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG K450C,
VIDTPCWIIKAAPSCSEKDGNYACLLREDQGWYCKNAGSTVYY S470C,
PNDKDCETRGDHVFCDTAAGINVAEQSRECNINISTTNYPCKV Q100R,
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLPKG S101R
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPI
CFPEDQFNVALDQVFESIENCQA
73 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCSD A63C, 472
CPSLIKTELDLTKSALRELKTVSADQLAREEQIENPRRRRFVL A140C,
AIALGVATAAAVTAGVAIAKTIRLESEVIAIKNCLKTTNECVS Al4TC
TLGNGVRVLATAVRELKDFVSKNLTSAINKNKCDIDDLCMAVS '
FSOFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVSNMP K188C,
TSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGV G106
IDTPCWIIKAAPSCSGKKGNYACLLREDQGWYCQONAGSTVYYP deleted,
NEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKVS Q100R,
TGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLNKGC S101R
SYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPIK
FPEDQFNVALDQVFENIENSQA
74 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCTD A113C, 472
GPSLIKTELDLTKSALRELKTVSADQLAREEQIENPRRRRFVL A120C,
GAIALGVCTAAAVTCGIAIAKTIRLESEVNAIKGALKTTNEAV A339C
STLGNGVRVLAFAVRELKEFVSKNLTSALNKNKCDIADLKMAV ’
SFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVSYM Q426C,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG T160F,
VIDTPCWIIKAAPSCSEKDGNYACLLREDQGWYCKNAGSTVYY 1177L,
PNDKDCETRGDHVFCDTACGINVAEQSRECNINISTTNYPCKV
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NO: Mutations Termination
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STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLPKG Q100R,
CSYITNQDADTVTIDNTVYCLSKVEGEQHVIKGRPVSSSFDPI S101R
KFPEDQFNVALDQVFESIENSQA
75 KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCAD A185P, 472
GPSLIKTELDLTKSALRELRTVSADQLAREEQIENPRRRREFVL A113C,
GAIALGVCTAAAVTAGVAIAKTIRLESEVTAIKNALKKTNEAV A339C
STLGNGVRVLATAVRELKDFVSKNLTRAINKNKCDI PDLKMAV ’
SFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVSNM Q100R,
PTSAGQIKLMLENRAMVRRKGFGFLIGVYGSSVIYMVQLPIFG S101R
VIDTPCWIVKAAPSCSGKKGNYACLLREDQGWYCQNAGSTVYY
PNEKDCETRGDHVFCDTACGINVAEQSKECNINISTTNYPCKV
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGI IKQLNKG
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV
KFPEDQFNVALDQVFESIENSQA
76 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCAD A185P, 472
GPSLIKTELDLTKSALRELRTVSADQLAREEQIENPRRRREFVL T160F,
GAIALGVATAAAVTAGVAIAKTIRLESEVTAIKNALKKTNEAV 1771
STLGNGVRVLAFAVRELKDFVSKNLTRALNKNKCDI PDLKMAV !
SFSOFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVSNM Q100R,
PTSAGQIKLMLENRAMVRRKGFGFLIGVYGSSVIYMVQLPIFG S101R
VIDTPCWIVKAAPSCSGKKGNYACLLREDQGWYCONAGSTVYY
PNEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKV
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGI IKQLNKG
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV
KFPEDQFNVALDQVFESIENSQA
77 KESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCAD A185P, 472
GPSLIKTELDLTKSALRELRTVSADQLAREEQIENPRRRRFVL A113C,
GAIALGVCTAAAVTAGVAIAKTIRLESEVTAIKNALKKTNEAV A339¢C
STLGNGVRVLAFAVRELKDFVSKNLTRALNKNKCDI PDLKMAV ¢
SFSQFNRRFLNVVRQFSDNAGITPATISLDLMTDAELARAVSNM T160F,
PTSAGQIKLMLENRAMVRRKGFGFLIGVYGSSVIYMVQLPIFG 11771,
VIDTPCWIVKAAPSCSGKKGNYACLLREDQGWYCONAGSTVYY Q100R,
PNEKDCETRGDHVFCDTACGINVAEQSKECNINISTTNYPCKV S101R
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGI IKQLNKG
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV
KFPEDQFNVALDQVFESIENSQA
78 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCTD A63C, 472
CPSLIKTELDLTKSALRELKTVSADQLAREEQIEGGGGGGEVL K188C,
GAIALGVATAAAVTAGIAIAKTIRLESEVNAIKGALKTTNEAV NOTG
STLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDIADLCMAV ’
SFSOFNRRFLNVVRQFSDNAGITPATSILDLMTDAELARAVSYM | P98G, RI9G,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG Q100G,
VIDTPCWIIKAAPSCSEKDGNYACLLREDQGWYCKNAGSTVYY S101G,
PNDKDCETRGDHVFCDTAAGINVAEQSRECNINISTTNYPCKV R102G
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLPKG
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPI
KFPEDQFNVALDQVFESIENSQA
79 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCTD AG3C, 472
CPSLIKTELDLTKSALRELKTVSADQLAREEQIEGGGGGGFVL K188C,
GAIALGVATAAAVTAGIAIAKTIRLESEVNAIKGALKTTNEAV KASO0A
STLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDIADLCMAV ¢
SFSQFNRRFLNVVRQFSDNAGITPAIS LDLMTDAELARAVSYM S470A,
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PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG N97G,
VIDTPCWIIKAAPSCSEKDGNYACLLREDQGWYCKNAGSTVYY | pggG RO9G,
PNDKDCETRGDHVFCDTAAGINVAEQSRECNINISTTNYPCKV Q100G
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLPKG ’
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPT 51016,
AFPEDQFNVALDQVFESIENAQA R102G
80 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCSD A63C, 472
CPSLIKTELDLTKSALRELKTVSADQLAREEQIEGGGGGGFVL A140C,
GAIALGVATAAAVTAGVAIAKTIRLESEVTAIKNCLKTTNECV Al4TC
STLGNGVRVLATAVRELKDFVSKNLTSAINKNKCDIDDLCMAV ¢
SFSQFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVSNM K188C,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG G294E,
VIDTPCWIIKAAPSCSEKKGNYACLLREDQGWYCQNAGSTVYY N97G,
PNEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKV | pggG, R99G,
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLNKG Q100G
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPI ’
KFPEDQFNVALDQVFENIENSQA ;ﬂggz
81 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCAD A63C, 472
CPSLIKTELDLTKSALRELRTVSADQLAREEQIEGGGGGGEVL A140C,
GAIALGVATAAAVTAGVAIAKTIRLESEVTAIKNCLKKTNECV Al4TC
STLGNGVRVLATAVRELKDFVSKNLTRAINKNKCDIADLCMAV '
SFSQFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVSNM K188C,
PTSAGQIKLMLENRAMVRRKGFGFLIGVYGSSVIYMVQLPIFG K450C,
VIDTPCWIVKAAPSCSEKKGNYACLLREDQGWYCQONAGSTVYY S470C,
PNEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKV N97G,
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQOLNKG | bge= RggG
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV ’ !
CFPEDQFNVALDQVFESIENCQA Q1006,
S101G,
R102G,
G294E
82 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCAD A63C, 472
CPSLIKTELDLTKSALRELRTVSADQLAREEQIEGGGGGGEFVL K188C,
GAIALGVATAAAVTAGVAIAKTIRLESEVTAIKNALKKTNEAV NOTG
STLGNGVRVLATAVRELKDFVSKNLTRAINKNKCDIADLCMAV ’
SFSOFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVSNM | P98G, RISG,
PTSAGQIKLMLENRAMVRRKGFGFLIGVYGSSVIYMVQLPIFG Q1006G,
VIDTPCWIVKAAPSCSEKKGNYACLLREDQGWYCQONAGSTVYY S101G,
PNEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKV R102G,
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGI IKQLNKG G294F
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV
KFPEDQFNVALDQVFESIENSQA
83 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCAD T127C, 472
GPSLIKTELDLTKSALRELRTVSADQLAREEQIENPRRRRFVL N153C,
GAIALGVATAAAVTAGVAIAKCIRLESEVTAIKNALKKTNEAV T365C
STLGCGVRVLATAVRELKDFVSKNLTRAINKNKCDI PDLKMAV ’
SFSQFNRRFLNVVRQFSDNAGITPAISKDLMTDAELARAI SNM Va63C,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG A185P,
VIDTPCWIVKAAPSCSEKKGNYACLLREDQGWYCQNAGSTVYY L219K,
PNEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKV V231,
SCGRNPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLNKG G294E,
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Ectodomain hMPV C-term F
SEQ ID Antigen protein
NO: Mutations Termination
Residue
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV H368N,
KFPEDQFNVALDQCFESIENSQA Q100R,
S101R
84 KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCAD T127C, 490
GPSLIKTELDLTKSALRELRTVSADQLAREEQIENPRRRREFVL N153C,
GAIALGVATAAAVTAGVAIAKCIRLESEVTAIKNALKKTNEAV T365C
STLGCGVRVLATAVRELKDFVSKNLTRAINKNKCDI PDLKMAV ¢
SFSQFNRRFLNVVRQFSDNAGITPAISKDLMTDAELARAI SNM Va63C,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG A185P,
VIDTPCWIVKAAPSCSEKKGNYACLLREDQGWYCQNAGSTVYY L219K,
PNEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKV V231,
SCGRNPISMVALSPLGALVACYKGVSCSIGSNRVGI IKQLNKG G294E,
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV
KFPEDQFNVALDQCFESIENSQALVDQSNRILSSAEKGNTG H368N,
Q100R,
S101R
85 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCTD A63C, 472
CPSLIKTELDLTKSALRELKTVSADQLAREEQIEGGGGGGEFVL A140C,
GAIALGVATAAAVTAGIAIAKTIRLESEVNAIKGCLKTTNECV Al4TC
STLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDIADLCMAV '
SFSQFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVS YM K188C,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG K450C,
VIDTPCWIIKAAPSCSEKDGNYACLLREDQGWYCKNAGSTVYY S470C,
PNDKDCETRGDHVFCDTAAGINVAEQSRECNINISTTNYPCKV N97G
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLPKG | pgg s RQQG
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPI ’ ’
CFPEDQFNVALDQVFESIENCQA Q100G,
S101G,
R102G
86 KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCAD T127C, 472
GPSLIKTELDLTKSALRELRTVSADQLAREEQIENPRRRREFVL N153C,
GAIALGVATAAAVTAGVAIAKCIRLESEVTAIKNALKKTNEAV T365C
STLGCGVRVLATAVRELKDFVSKNLTRAINKNKCDI PDLKMAV ’
SFSQFNRRFLNVVRQFSDNAGITPAISKDLMTDAELARAT SNM V463C,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG A185P,
VIDTPCWIVKAAPSCSEKKGNYACLLREDQGWYCQNAGSTVYY L219K,
PNEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKV V231l
SCGRNPISMVALSPLGALVACYKGVSCSIGSNRVGI IKQLNKG G294E,
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV
KFPEDQFNVALDQCFESIENSQA Q100R,
S101R
87 KESYLEESCSTITEGYLSVLRTGWYTNVETLEVGDVENLTCAD T127C, 490
GPSLIKTELDLTKSALRELRTVSADQLAREEQIENPRRRRFVL N153C,
GAIALGVATAAAVTAGVAIAKCIRLESEVTAIKNALKKTNEAV T365C
STLGCGVRVLATAVRELKDFVSKNLTRAINKNKCDI PDLKMAV ¢
SFSOFNRRFLNVVRQFSDNAGITPATSKDLMTDAELARAT SNM Vae3C,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG A185P,
VIDTPCWIVKAAPSCSEKKGNYACLLREDQGWYCQNAGSTVYY L219K,
PNEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKV V231,
SCGRNPISMVALSPLGALVACYKGVSCSIGSNRVGI IKQLNKG G294E,
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV
KFPEDQFNVALDQCFESIENSQALVDQSNRILS SAEKGNTG
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Ectodomain hMPV C-term F
SEQ ID Antigen protein
NO: Mutations Termination
Residue
Q100R,
S101R
88 KESYLEESCSTITEGYLSVLRTGWYTNVET LEVGDVENLTCTD V84C, 472
GPSLIKTELDLTKSALRELKTCSADOLAREEQI EGGGGGGEVL A140C,
GATIALGVATAARAVTAGIATIAKTIRLESEVNATIKGCLKTTNECY ALaTC
STLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDIADLKMAV ’
SFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVS YM A249C,
PTSAGOIKLMLENRCMVRRKGFGILIGVYGSSVIYMVQLPIFG N97G,
VIDTPCWIIKAAPSCSEKDGNYACLLREDQGWYCKNAGSTVYY | P98G, R99G,
PNDKDCETRGDHVFCDTAAGINVAEQSRECNINISTTNYPCKV Q1006,
STGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKOLPKG 51016,
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPI
KFPEDQFNVALDOVFESIENSOA R102G
89 KESYLEESCSTITEGYLSVLRTGWYTNVET LEVGDVENLTCAD T127C, 472
GPSLIKTELDLTKSALRELRTVSADQLAREEQI EGGGGGGEVL N153C,
GAIALGVATAARAVTAGVAIAKCIRLESEVTAIKNALKKTNEAV T365C
STLGCGVRVLATAVRELKDFVSKNLTRAINKNKCDI PDLKMAV ’
SFSQOFNRRFLNVVRQFSDNAGITPAISKDLMTDAELARAT SNM V463C,
PTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFG A185P,
VIDTPCWIVKAAPSCSEKKGNYACLLREDQGWYCONAGSTVYY L219K,
PNEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKV v231l,
SCGRNPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLNKG GI94E
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV ’
KFPEDQFNVALDOCFESIENSQA N97G,
P98G, R99G,
Q100G,
S101G,
H368N,
R102G
90 KESYLEESCSTITEGYLSVLRTGWYTNVET LEVGDVENLTCAD T127C, 490
GPSLIKTELDLTKSALRELRTVSADQLAREEQI EGGGGGGEVL N153C,
GAIALGVATAAAVTAGVAIAKCIRLESEVTAIKNALKKTNEAV T365C
STLGCGVRVLATAVRELKDFVSKNLTRAINKNKCDI PDLKMAV ’
SFSQFNRRFLNVVRQFSDNAGITPAISKDLMTDAELARAT SNM V463C,
PTSAGOIKLMLENRAMVRRKGFGILIGVYGSSVIYMVOLPIFG A185P,
VIDTPCWIVKAAPSCSEKKGNYACLLREDQGWYCONAGSTVYY L219K,
PNEKDCETRGDHVFCDTAAGINVAEQSKECNINISTTNYPCKV V231,
SCGRNPISMVALSPLGALVACYKGVSCSIGSNRVGIIKOLNKG G294E,
CSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPV
KFPEDQFNVALDOCFESIENSQALVDQSNRILS SAEKGNTG N97G,
P98G, R99G,
Q100G,
S101G,
H368N,
R102G
[0253] Thus, in some embodiments, the hMPV F protein ectodomain shares at least 90%,

at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%,

69

SUBSTITUTE SHEET (RULE 26)




WO 2023/225562 PCT/US2023/067127

at least 98%, at least 99%, or 100% sequence identity to SEQ ID NOs: 58-90, or an antigenic
fragment thereof.

[0254] In some embodiments, the hMPV F protein comprises one or more furin cleavage
sites, optionally one or more copies of an Arg-X-X-Arg motif (SEQ ID NO: 52), such as the
native sequence RQSR (SEQ ID NO: 54). Where a furin cleavage site is present in the hMPV
ectodomain, expression yields may, in some cases, be increased by co-expression of furin, or
functional variant thereof, from a transfected plasmid or from a stably integrated polynucleotide
sequence in the host cell. In some embodiments, the furin cleavage site of hMPV F protein is
modified by mutating the RQSR (SEQ ID NO: 54) motif to RRRR (SEQ ID NO: 55), or
removed by substituting a Gly linker, or by making other amino acid substitutions.

[0255] hMPV neutralizing activity is mediated by antibodies recognizing both pre-fusion
and post-fusion F protein conformations and antibodies generated in an in vivo immunological
response can either selectively recognize pre-fusion specific or post-fusion specific sites, or can
recognize both the pre-fusion and post-fusion forms of F protein. Battles et al. Natr Commun.
8:1528 (2017). The DS7, MPV196, MPV201, and MPV314 neutralizing antibodies bind an
antigenic site accessible in both the pre-fusion and post-fusion forms of F protein, and is located
on the DI and DII head domains of the F protein. Wen et al. Nat Struct Mol Biol. 19(4):461-463
(2012); Bar-Peled et al. J Virol. 93:¢00342-19 (2019)). The MPES neutralizing antibody binds
an epitope on F protein spanning the DI, DII, and DIII subunits, forming contacts dependent on
the prefusion F conformation. Wen et al. Nat Microbiol. 2:16272 (2017). Several antigenic
epitopes are shared with the respiratory syncytial virus (RSV) F protein, such as for example,
the site III and site IV epitopes Huang et al. Front Immunol. 10:2778 (2019). These are
examples and not an exhaustive list of epitopes described for neutralization antibodies against
hMPYV F protein.

[0256] The neutralizing epitopes are generally conformation epitopes so peptides
corresponding to the epitopes do not bind the antibodies and thus do not induce neutralizing
titers. Neutralizing antibodies can be isolated from healthy donors that are seropositive for
hMPV, Battles et al., or can be generated by immunization in animal models, Gabriella et al. J
Virol. 81(2):698-707 (2007).

[0257] In some embodiments, the VLPs of the disclosure comprising an hMPV F protein

ectodomain can bind a neutralizing antibody against the hMPV F protein, also referred to as

70

SUBSTITUTE SHEET (RULE 26)



WO 2023/225562 PCT/US2023/067127

anti-hMPV F protein antibodies. In some embodiments, the VLPs described herein can bind
anti-hMPV F protein antibodies known to selectively bind the prefusion form of hMPV F
protein. Examples of antibodies that selectively bind the prefusion form of hMPV F protein
include, without limitation, the MF10 and MPES antibodies. In some embodiments, the VLPs
described herein bind anti-hMPV F protein antibodies known to selectively bind the postfusion
form of hMPV F protein. Examples of antibodies that selectively bind the postfusion form of
hMPV F protein include, without limitation, the MF1, MF2, MF3, MF11, MF17, MF18, and
MF19 antibodies. In some embodiments, the VLPs described herein can bind antibodies that
bind both the prefusion and postfusion forms of hMPV F protein. Examples of antibodies that
bind the prefusion and postfusion forms of hMPV F protein include, without limitation, the
MF9, MF12, MF14, MF15, MF16, and MF20 antibodies. In some embodiments, the VLPs
described herein bind one or more anti-hMPV F protein antibodies. In some embodiments, the
VLPs described herein bind two or more anti-hMPV F protein antibodies.

Multimerization Domains and Linkers

[0258] In some embodiments, the VLP comprises a trimeric assembly of antigens
comprising a first polypeptide comprising a first multimerization domain and a first polypeptide
comprising a second multimerization domain. The first multimerization domain comprises a
protein-protein interface that induces three copies of the first polypeptides to self-associate to
form trimeric building blocks. In VLPs that have two or more components, each copy of the
first multimerization domain further comprises a surface-exposed interface that interacts with
a complementary surface-exposed interface on the second multimerization domain. Similarly
stated, the second multimerization domain is adapted to multimerize with first multimerization
domain (of the first polypeptide of the first component). As described in King et al. (Nature
510, 103-108, 2014), Bale et al. (Science 353, 389-394, 2016), and patent publications
WO02014124301 Al and US20160122392 Al, the complementary protein-protein interface
between the first multimerization domains and second multimerization domains drives the
assembly of multiple copies of the trimeric assembly domain and second assembly domain into
a target VLP. In some embodiments, each copy of the trimeric assembly domains of the VLP
bears an antigenic protein, or antigenic fragment thereof, linked thereto (e.g., as a genetic
fusion); these VLPs display the proteins at full valency. In other embodiments, the VLPs of the

disclosure comprise one or more copies of first multimerization domains bearing antigens
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proteins, or antigenic fragments thereof (e.g., as genetic fusions) as well as one or more first
multimerization domains that do not bear antigenic proteins; these VLPs display the G proteins
at partial valency. The first multimerization domains can be any polypeptide sequence that
forms a trimer and interacts with a second multimerization domains to drive assembly to a target
VLP. In some embodiments, the VLP comprises first polypeptide and a second polypeptide
selected from those disclosed in US 20130274441 A1, US 2015/0356240 Al, US
2016/0122392 A1, WO 2018/187325 Al, each of which is incorporated by reference herein in
its entirety.

[0259] In some embodiments of the VLPs of the present disclosure, the antigenic protein
and the core of the VLP may be genetically fused such that they are both present in a single
polypeptide, also called a single chain polypeptide. The linkage between the protein and the
core allows the antigenic protein, or antigenic fragment thereof, to be displayed on the exterior
of the VLP. As such, the point of connection to the core should be on the exterior of the core of
the virus-like particle formed. A wide variety of polypeptide sequences can be used to link the
proteins, or antigenic fragments thereof and the core of the virus-like particle. In some cases
the linker comprises that polypeptide sequence. Any suitable linker polypeptide can be used. In
some embodiments, the linker imposes a rigid relative orientation of the antigenic protein (e.g.
ectodomain) or antigenic fragment thereof to the core. In some embodiments, the linker flexibly
links the antigenic protein (e.g. ectodomain) or antigenic fragment thereof to the core. In some
embodiments, the linker includes additional trimerization domains (e.g., the foldon domain of
T4 fibritin) to assist in stabilizing the trimeric form of the F protein—e.g,
GYIPEAPRDGQAYVRKDGEWVLLSTFL (SEQ ID NO: 91) or a functional variant thereof.
[0260] In some embodiments, the linker may comprise a Gly-Ser linker (i.e. a linker
consisting of glycine and serine residues) of any suitable length. In some embodiments, the
Gly-Ser linker may be 3,4, 5,6,7,8,9,10, 11, 12,13, 14, 15, 16, 17, 18, 19, 20, or more amino
acids in length. In some embodiments, the Gly-Ser linker may comprise or consist of the amino
acid sequence of GSGGSGSGSGGSGSG (SEQ ID NO: 127), GGSGGSGS (SEQ ID NO: 128)
or GSGGSGSG (SEQ ID NO: 129). In some embodiments, the linker comprises the sequence
GSGSGSG (SEQ ID NO: 130). In some embodiments, the linker comprises the sequence
GSGSGSGSGSGSGSG (SEQ ID NO: 131). In some embodiments, the linker comprises the
sequence GSGGSGSGSGGS (SEQ ID NO: 126).
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In some embodiments of the VLPs of the present disclosure, the first component may

optionally contain a poly-His tag, HHHHHH (SEQ ID NO: 143).

Table 3A and Table 3B show illustrative examples of the VLP sequences described

herein. The sequences comprise a multimerization domain, an RSV or hMPV F protein

ectodomain, a linker, a poly-His tag, and a signal sequence. The signal and poly-His tag

sequences are underlined and optionally included in the sequence.

Table 3A

Component
Type

Description

Mutations

Sequence

Comp A-RSV
fusion

DS-Cavl-
T33-15B

SEQ ID NO:
146

QNITEEFYQSTCSAVSKGYLSALRTGWYTS
VITIELSNIKENKCNGTDAKVKLIKQELDKY
KNAVTELQLLMQSTPATNNRARRELPRFMN|
'YTLNNAKKTNVTLSKKRKRRFLGFLLGVGS
ATASGVAVCKVLHLEGEVNKIKSALLSTNK
AVVSLSNGVSVLTFKVLDLKNYIDKQLLPIL
INKQSCSISNIETVIEFQQKNNRLLEITREFSV
NAGVTTPVSTYMLTNSELLSLINDMPITNDQ
KKLMSNNVQIVRQQSYSIMCIIKEEVLAYVV
QLPLYGVIDTPCWKLHTSPLCTTNTKEGSNI
CLTRTDRGWYCDNAGSVSFFPQAETCKVQS
NRVFCDTMNSLTLPSEVNLCNVDIFNPKYD
CKIMTSKTDVSSSVITSLGAIVSCYGKTKCT
ASNKNRGIKTFSNGCDYVSNKGVDTVSVG
NTLYYVNKQEGKSLYVKGEPIINFYDPLVFP
SDEFDASISQVNEKINQSLAFIRKSDELLGGS
MVRGIRGAITVNSDTPTSIIIATILLLEKMLEA
NGIQSYEELAAVIFTVTEDLTSAFPAEAARQI
GMHRVPLLSAREVPVPGSLPRVIRVLALWN
TDTPQDRVRHVYLSEAVRLRPDLESAQ

Comp A-RSV
fusion

DS-Cavl-
foldon-I53-
50A

SEQ ID NO:
147

QNITEEFY QSTCSAVSKGYLSALRTGWYTS
VITIELSNIKENKCNGTDAKVKLIKQELDKY
KNAVTELQLLMQSTPATNNRARRELPRFMN
YTLNNAKKTNVTLSKKRKRRFLGFLLGVGS
ATIASGVAVCKVLHLEGEVNKIKSALLSTNK
AVVSLSNGVSVLTFKVLDLKNYIDKQLLPIL
NKQSCSISNIETVIEFQQKNNRLLEITREFSV

INAGVTTPVSTYMLTNSELLSLINDMPITNDQ
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Component
Type

Description

Mutations

Sequence

KKLMSNNVQIVRQQSYSIMCIIKEEVLAYVV
QLPLYGVIDTPCWKLHTSPLCTTNTKEGSNI
CLTRTDRGWYCDNAGSVSFFPQAETCKVQS
NRVFCDTMNSLTLPSEVNLCNVDIFNPKYD
CKIMTSKTDVSSSVITSLGAIVSCYGKTKCT
ASNKNRGIIKTFSNGCDYVSNKGVDTVSVG
INTLYYVNKQEGKSLY VKGEPIINFYDPLVFP
SDEFDASISQVNEKINQSLAFIRGYIPEAPRD
GQAYVRKDGEWVLLSTFLGSGSHHHHHHH
[HGGSGGSGSEKAAKAEEAARKMEELFKKH
KIVAVLRANSVEEAIEKAVAVFAGGVHLIEI
TFTVPDADTVIKALSVLKEKGAIIGAGTVTS
VEQCRKAVESGAEFIVSPHLDEEISQFCKEK
GVFYMPGVMTPTELVKAMKLGHTILKLFPG
EVVGPQFVKAMKGPFPNVKFVPTGGVNLD
INVCEWFKAGVLAVGVGSALVKGTPDEVRE
[KAKAFVEKIRGCTE

Comp A-RSV
fusion

DS-Cavl1-153-
50A

SEQ ID NO:
148

QNITEEFYQSTCSAVSKGYLSALRTGWYTS
VITIELSNIKENKCNGTDAKVKLIKQELDKY
KNAVTELQLLMQSTPATNNRARRELPRFMN
'Y TLNNAKKTNVTLSKKRKRRFLGFLLGVGS
ATASGVAVCKVLHLEGEVNKIKSALLSTNK
AVVSLSNGVSVLTFKVLDLKNYIDKQLLPIL
NKQSCSISNIETVIEFQQKNNRLLEITREFSV
NAGVTTPVSTYMLTNSELLSLINDMPITNDQ
KKLMSNNVQIVRQQSYSIMCIIKEEVLAYVV
QLPLYGVIDTPCWKLHTSPLCTTNTKEGSNI
CLTRTDRGWYCDNAGSVSFFPQAETCKVQS
INRVFCDTMNSLTLPSEVNLCNVDIFNPKYD
CKIMTSKTDVSSSVITSLGAIVSCYGKTKCT
ASNKNRGIKTFSNGCDYVSNKGVDTVSVG
NTLYYVNKQEGKSLYVKGEPIINFYDPLVFP
SDEFDASISQVNEKINQSLAFIRGGSGGSGSE
KAAKAEEAARKMEELFKKHKIVAVLRANS
VEEAIEKAVAVFAGGVHLIEITFTVPDADTV
IKALSVLKEKGATIGAGTVTSVEQCRKAVES
GAEFIVSPHLDEEISQFCKEKGVFYMPGVMT
PTELVKAMKLGHTILKLFPGEVVGPQFVKA
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Component
Type

Description

Mutations

Sequence

MKGPFPNVKFVPTGGVNLDNVCEWFKAGV
LAVGVGSALVKGTPDEVREKAKAFVEKIRG
CTE

Comp A-RSV
fusion

DS-Cavl-132-
28A

SEQ ID NO:
149

QNITEEFYQSTCSAVSKGYLSALRTGWYTS
VITIELSNIKENKCNGTDAKVKLIKQELDKY
KNAVTELQLLMQSTPATNNRARRELPRFMN|
'Y TLNNAKKTNVTLSKKRKRRFLGFLLGVGS
ATASGVAVCKVLHLEGEVNKIKSALLSTNK
AVVSLSNGVSVLTFKVLDLKNYIDKQLLPIL
INKQSCSISNIETVIEFQQKNNRLLEITREFSV
NAGVTTPVSTYMLTNSELLSLINDMPITNDQ
KKLMSNNVQIVRQQSYSIMCIIKEEVLAYVV
QLPLYGVIDTPCWKLHTSPLCTTNTKEGSNI
CLTRTDRGWYCDNAGSVSFFPQAETCKVQS
INRVFCDTMNSLTLPSEVNLCNVDIFNPKYD
CKIMTSKTDVSSSVITSLGAIVSCYGKTKCT
ASNKNRGIKTFSNGCDYVSNKGVDTVSVG
NTLYYVNKQEGKSLYVKGEPIINFYDPLVFP
SDEFDASISQVNEKINQSLAFIRKSDELLGGS
GGSGSDDARIAAIGDVDELNSQIGVLLAEPL
PDDVRAALSAIQHDLFDLGGELCIPGHAAIT
EDHLLRLALWLVHYNGQLPPLEEFILPGGA
RGAALAHVCRTVCRRAERSIKALGASEPLNI
APAAYVNLLSDLLFVLARVLNRAAGGADV
LWDRTRAH

Comp A-RSV
fusion

DS-Cavl-
foldon-15GS-
HelExt-153-
50A (F14)

SEQ ID NO:
150

QNITEEFYQSTCSAVSKGYLSALRTGWYTS
VITIELSNIKENKCNGTDAKVKLIKQELDKY
KNAVTELQLLMQSTPATNNRARRELPRFMN
'Y TLNNAKKTNVTLSKKRKRRFLGFLLGVGS
ATASGVAVCKVLHLEGEVNKIKSALLSTNK
AVVSLSNGVSVLTFKVLDLKNYIDKQLLPIL
INKQSCSISNIETVIEFQQKNNRLLEITREFSV
NAGVTTPVSTYMLTNSELLSLINDMPITNDQ
KKLMSNNVQIVRQQSYSIMCIIKEEVLAYVV
QLPLYGVIDTPCWKLHTSPLCTTNTKEGSNI
CLTRTDRGWYCDNAGSVSFFPQAETCKVQS
INRVFCDTMNSLTLPSEVNLCNVDIFNPKYD
CKIMTSKTDVSSSVITSLGAIVSCYGKTKCT
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Component
Type

Description

Mutations

Sequence

ASNKNRGIIKTFSNGCDYVSNKGVDTVSVG
INTLYYVNKQEGKSLY VKGEPIINFYDPLVFP
SDEFDASISQVNEKINQSLAFIRGYIPEAPRD
GQAYVRKDGEWVLLSTFLGSGGSGSGSGG
SGSGEKAAKAEEAARKMEELFKKHKIVAVL
RANSVEEAIEKAVAVFAGGVHLIEITFTVPD
ADTVIKALSVLKEKGAIIGAGTVTSVEQCRK
AVESGAEFIVSPHLDEEISQFCKEKGVFYMP
GVMTPTELVKAMKLGHTILKLFPGEVVGPQ
FVKAMKGPFPNVKFVPTGGVNLDNVCEWF
KAGVLAVGVGSALVKGTPDEVREKAKAFV
EKIRGCTE

Comp A-RSV
fusion

CompA-RSV-
02

SEQ ID NO:
151

none

QNITEEFY QSTCSAVSKGYLSALRTGWYTS
VITIELSNIKENKCNGTDAKVKLIKQELDKY
KNAVTELQLLMQSTPATNNRARRELPRFMN
YTLNNAKKTNVTLSKKRKRRFLGFLLGVGS
ATIASGVAVCKVLHLEGEVNKIKSALLSTNK
AVVSLSNGVSVLTFKVLDLKNYIDKQLLPIL
NKQSCSISNIETVIEFQQKNNRLLEITREFSV
NAGVTTPVSTYMLTNSELLSLINDMPITNDQ
KKLMSNNVQIVRQQSYSIMCIIKEEVLAYVV
QLPLYGVIDTPCWKLHTSPLCTTNTKEGSNI
CLTRTDRGWYCDNAGSVSFFPQAETCKVQS
NRVFCDTMNSLTLPSEVNLCNVDIFNPKYD
CKIMTSKTDVSSSVITSLGAIVSCY GKTKCT
ASNKNRGIKTFSNGCDYVSNKGVDTVSVG
NTLYYVNKQEGKSLYVKGEPIINFYDPLVFP
SDEFDASISQVNEKINQSLAFIRKSDELLGSG
GSGSGSGGSEKAAKAEEAARKMEELFKKH
KIVAVLRANSVEEAIEKAVAVFAGGVHLIEI
TFTVPDADTVIKALSVLKEKGAIIGAGTVTS
VEQCRKAVESGAEFIVSPHLDEEISQFCKEK
GVFYMPGVMTPTELVKAMKLGHTILKLFPG|
EVVGPQFVKAMKGPFPNVKFVPTGGVNLD
NVCEWFKAGVLAVGVGSALVKGTPDEVRE
KAKAFVEKIRGCTE
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Component
Type

Description

Mutations

Sequence

RSVF

DS-Cavl-
foldon

SEQ ID NO:

152

QNITEEFYQSTCSAVSKGYLSALRTGWYTS
[VITIELSNIKENKCNGTDAKVKLIKQELDKY
KNAVTELQLLMQSTPATNNRARRELPRFMN
YTLNNAKKTNVTLSKKRKRRFLGFLLGVGS
AIASGVAVCKVLHLEGEVNKIKSALLSTNK
AVVSLSNGVSVLTFKVLDLKNYIDKQLLPIL
INKQSCSISNIETVIEFQQKNNRLLEITREFSV
INAGVTTPVSTYMLTNSELLSLINDMPITNDQ
KKLMSNNVQIVRQQSYSIMCIIKEEVLAYVV
QLPLYGVIDTPCWKLHTSPLCTTNTKEGSNI
CLTRTDRGWYCDNAGSVSFFPQAETCKVQS
INRVFCDTMNSLTLPSEVNLCNVDIFNPKYD
CKIMTSKTDVSSSVITSLGAIVSCYGKTKCT
ASNKNRGIIKTFSNGCDYVSNKGVDTVSVG
INTLYYVNKQEGKSLY VKGEPIINFYDPLVFP
SDEFDASISQVNEKINQSLAFIRKSDELLGYI
PEAPRDGQAY VRKDGEWVLLSTFL

Comp A-RSV
fusion

DS-Cavl-
foldon-T33-
31A

SEQ ID NO:

153

QNITEEFYQSTCSAVSKGYLSALRTGWYTS
VITIELSNIKENKCNGTDAKVKLIKQELDKY
KNAVTELQLLMQSTPATNNRARRELPRFMN
'Y TLNNAKKTNVTLSKKRKRRFLGFLLGVGS
ATASGVAVCKVLHLEGEVNKIKSALLSTNK
AVVSLSNGVSVLTFKVLDLKNYIDKQLLPIL
NKQSCSISNIETVIEFQQKNNRLLEITREFSV
NAGVTTPVSTYMLTNSELLSLINDMPITNDQ
KKLMSNNVQIVRQQSYSIMCIIKEEVLAYVV
QLPLYGVIDTPCWKLHTSPLCTTNTKEGSNI
CLTRTDRGWYCDNAGSVSFFPQAETCKVQS
INRVFCDTMNSLTLPSEVNLCNVDIFNPKYD
CKIMTSKTDVSSSVITSLGAIVSCYGKTKCT
ASNKNRGIKTFSNGCDYVSNKGVDTVSVG
NTLYYVNKQEGKSLYVKGEPIINFYDPLVFP
SDEFDASISQVNEKINQSLAFIRKSDELLGYI
PEAPRDGQAY VRKDGEWVLLSTFLGGSME
EVVLITVPSALVAVKIAHALVEERLAACVNI
VPGLTSIYREEGSVVSDHELLLLVKTTTDAF
PKLKERVKELHPYEVPEIVALPIAEGNREYL
DWLRENTG
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Mutations

Sequence

QNITEEFYQSTCSAVSKGYLSALRTGWYTS
[VITIELSNIKENKCNGTDAKVKLIKQELDKY
KNAVTELQLLMQSTPATNNRARRELPRFMN
YTLNNAKKTNVTLSKKRKRRFLGFLLGVGS
AIASGVAVCKVLHLEGEVNKIKSALLSTNK
AVVSLSNGVSVLTFKVLDLKNYIDKQLLPIL
INKQSCSISNIETVIEFQQKNNRLLEITREFSV
INAGVTTPVSTYMLTNSELLSLINDMPITNDQ
KKLMSNNVQIVRQQSYSIMCIIKEEVLAYVV
QLPLYGVIDTPCWKLHTSPLCTTNTKEGSNI
CLTRTDRGWYCDNAGSVSFFPQAETCKVQS
INRVFCDTMNSLTLPSEVNLCNVDIFNPKYD
CKIMTSKTDVSSSVITSLGAIVSCYGKTKCT
ASNKNRGIIKTFSNGCDYVSNKGVDTVSVG
INTLYYVNKQEGKSLY VKGEPIINFYDPLVFP
SDEFDASISQVNEKINQSLAFIRKSDELLGGS
MEEVVLITVPSALVAVKIAHALVEERLAAC
[VNIVPGLTSIYREEGSVVSDHELLLLVKTTT
DAFPKLKERVKELHPYEVPEIVALPIAEGNR
EYLDWLRENTG

Component Description
Type P
DS-Cavl-
Comp A-RSV T33-31A
fusion SEQ ID NO:
154
DS-Cavl-
foldon-T33-
Comp A-RSV 15B
fusion
SEQ ID NO:
155

QNITEEFY QSTCSAVSKGYLSALRTGWYTS
VITIELSNIKENKCNGTDAKVKLIKQELDKY
KNAVTELQLLMQSTPATNNRARRELPRFMN
YTLNNAKKTNVTLSKKRKRRFLGFLLGVGS
ATIASGVAVCKVLHLEGEVNKIKSALLSTNK
AVVSLSNGVSVLTFKVLDLKNYIDKQLLPIL
NKQSCSISNIETVIEFQQKNNRLLEITREFSV
NAGVTTPVSTYMLTNSELLSLINDMPITNDQ
KKLMSNNVQIVRQQSYSIMCIIKEEVLAYVV
QLPLYGVIDTPCWKLHTSPLCTTNTKEGSNI
CLTRTDRGWYCDNAGSVSFFPQAETCKVQS
NRVFCDTMNSLTLPSEVNLCNVDIFNPKYD
CKIMTSKTDVSSSVITSLGAIVSCYGKTKCT
ASNKNRGIKTFSNGCDYVSNKGVDTVSVG
NTLYYVNKQEGKSLYVKGEPIINFYDPLVFP
SDEFDASISQVNEKINQSLAFIRKSDELLGYI
PEAPRDGQAY VRKDGEWVLLSTFLGGSMV
RGIRGAITVNSDTPTSIIIATILLLEKMLEANG
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Component
Type

Description

Mutations

Sequence

IQSYEELAAVIFTVTEDLTSAFPAEAARQIG
MHRVPLLSAREVPVPGSLPRVIRVLALWNT
DTPQDRVRHVYLSEAVRLRPDLESAQ

CompA

I53-50A-Acys

SEQ ID NO:
145

C74A, C98A,
C163A, C201A

MEELFKKHKIVAVLRANSVEEAIEKAVAVF
AGGVHLIEITFTVPDADTVIKALSVLKEKGA
IIGAGTVTSVEQARKAVESGAEFIVSPHLDE
EISQFAKEKGVFYMPGVMTPTELVKAMKL
GHTILKLFPGEVVGPQFVKAMKGPFPNVKF
[VPTGGVNLDNVAEWFKAGVLAVGVGSALV
KGTPDEVREKAKAFVEKIRGATE

CompA

153_dn5B

SEQ ID NO:
156

EEAELAYLLGELAYKLGEYRIAIRAYRIALK
RDPNNAEAWYNLGNAYYKQGRYREAIEYY
QKALELDPNNAEAWYNLGNAYYERGEYEE
AIEYYRKALRLDPNNADAMQNLLNAKMRE
E

Signal
sequence

SEQ ID NO:
157

MELLILKANAITTILTAVTFCFASG

Signal
sequence

SEQ ID NO:
158

MELLILKANVIATILTAVTFCFASS

Signal
sequence

SEQ ID NO:
159

MSWKVVIIFSLLITPQHG

RSVF

(Ectodomain)

RSV F protein
DS-Cavl

SEQ ID NO:
160

S155C, S290C,
S190F, V207L

QNITEEFYQSTCSAVSKGYLSALRTGWYTS
VITIELSNIKENKCNGTDAKVKLIKQELDKY
KNAVTELQLLMQSTPATNNRARRELPRFMN
'YTLNNAKKTNVTLSKKRKRRFLGFLLGVGS
ATASGVAVCKVLHLEGEVNKIKSALLSTNK
AVVSLSNGVSVLTFKVLDLKNYIDKQLLPIL
INKQSCSISNIETVIEFQQKNNRLLEITREFSV
NAGVTTPVSTYMLTNSELLSLINDMPITNDQ
KKLMSNNVQIVRQQSYSIMCIIKEEVLAYVV
QLPLYGVIDTPCWKLHTSPLCTTNTKEGSNI
CLTRTDRGWYCDNAGSVSFFPQAETCKVQS
INRVFCDTMNSLTLPSEVNLCNVDIFNPKYD
CKIMTSKTDVSSSVITSLGAIVSCYGKTKCT
ASNKNRGIKTFSNGCDYVSNKGVDTVSVG
NTLYYVNKQEGKSLY VKGEPIINFYDPLVFP

SDEFDASISQVNEKINQSLAFIRKSDELL
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Mutations

Sequence

QNITEEFYQSTCSAVSKGYLSALRTGWYTS
VITIELSNIKENKCNGTDAKVKLIKQELDKY
KNAVTELQLLMQSTPATNNRARRELPRFMN|
YTLNNAKKTNVTLSKKRKRRFLGFLLGVGS
ATASGVAVSKVLHLEGEVNKIKSALLSTNK
AVVSLSNGVSVLTSKVLDLKNYIDKQLLPIV
INKQSCSISNIETVIEFQQKNNRLLEITREFSV
NAGVTTPVSTYMLTNSELLSLINDMPITNDQ
KKLMSNNVQIVRQQSYSIMSIIKEEVLAYVV
QLPLYGVIDTPCWKLHTSPLCTTNTKEGSNI
CLTRTDRGWYCDNAGSVSFFPQAETCKVQS
INRVFCDTMNSLTLPSEVNLCNVDIFNPKYD
CKIMTSKTDVSSSVITSLGAIVSCYGKTKCT
ASNKNRGIIKTFSNGCDYVSNKGVDTVSVG
NTLYYVNKQEGKSLYVKGEPIINFYDPLVFP
SDEFDASISQVNEKINQSLAFIRKSDELL

QNITEEFYQSTCSAVSRGYFSALRTGWYTS
VITIELSNITETKCNGTDTKVKLIKQELDKYK]
NAVTELQLELMONTPAANNRARREAPQHMN
YTINTTRNENVSISKKRKRRFLGFLLGVGSA
TASGIAVSKVLHLEGEVNKIKNALLSTNKAY
[VSLSNGVSVLTSKVLDLEKNYINNQLLPIVNG
OSCRIFNIETVIEFQOKNSRLLEITREFSVNA

GVTTPLSTYMLTNSELLSLINDMPITNDQKK
LMSSNVOQIVRQOSYSIMSIKEEVLAYVVQL
PIY GVIDTPCWKLHTSPLCTTNIKEGSNICLT
RTDRGWYCDNAGSVSFFPQADTCRKVOSNR
VECDTMNSLTLPSEVSLONTDIFNSKYDCKI
MTSKTDISSSVITSLGAIVSCYGKTKCTASN

FNRGHKTESNGCDYVSNKGVDTVSVGNTL
YYVNKLEGKNLYVKGEPINYYDPLVFPSDE
FDASISQVNEKINGSLAFIRKSDELL

WO 2023/225562
C t
OI;;)g:en Description
RSV F protein
Ectodomain SEQ ID NO:
178
RSV-BF
protein
Ectodomain
SEQ ID NO:
161
RSV-BF
protein
Ectodomain (stabilized)
SEQ ID NO:
162

S155C, S290C,
S190F, V207L

QNITEEFYQSTCSAVSRGYFSALRTGWYTS
VITIELSNITETKCNGTDTKVELIKQELDKYK]
NAVTELQLLMONTPAANNRARREAPQHMN
YTINTTRNENVSISKKREKRRFLGFLLGVGSA
TASGIAVCKVLHLEGEVNKIKNALLSTNEAV
VSLSNGVSVLTFKVLDLKNYINNQLLPILNG
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Component Description Mutations Sequence
Type
QSCRIFNIETVIEFQQKNSRLLEITREFSVNA
FYTTPLSTYMLTNSELLSLINDMPITNDQKK
LMSSNVQIVRQOSYSIMCIIKEEVLAYVV(QL
PIYGVIDTPCWERLHTSPLCTTNIKEGSNICLT
RTDRGWYCDNAGSVSFFPQADTCRVQSNR
VFCDTMNSLTLPSEVSLOCNTDIFNSKYDCKI
MTSKTDISSSVITSLGAIVSCYGKTKCTASN
KMNRGHKTFSNGCDYVSNKGVDTVSVGNTL
YYVNKLEGKNLYVKGEPONYYDPLVEPSDE
FDASISQVNEKINQSLAFIRKSDELL
Linker
(SEQ ID NO: Gly-Ser GSGGSGSGSGGSGSG
127)
Linker
(SEQ ID NO: Gly-Ser GSGGSGSGSGGS
126)
Linker
(SEQ ID NO: Gly-Ser GGSGGSGS
128)
Linker
(SEQ ID NO: Gly-Ser GSGGSGSG
129)
Linker
SEQ ID NO: Extension EKAAKAEEAAR
163
Linker
(SEQ ID NO Extension EKAAKAEEAARK
125)
Trimerization
(SEQ ID NO: Foldon GYIPEAPRDGQAYVRKDGEWVLLSTFL
91)
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Component
Type

Description

Mutations

Sequence

CompB

I53-50B

SEQ ID NO:
164

MNQHSHKDYETVRIAVVRARWHAEIVDAC

[VSAFEAAMADIGGDRFAVDVFDVPGAYEIP

LHARTLAETGRYGAVLGTAFVVNGGIYRHE
FVASAVIDGMMNVQLSTGVPVLSAVLTPHR
YRDSDAHTLLFLALFAVKGMEAARACVEIL
AAREKIAA

CompB

I53-50B.1

SEQ ID NO:
165

MNQHSHKDHETVRIAVVRARWHAEIVDAC
VSAFEAAMRDIGGDRFAVDVFDVPGAYEIP
LHARTLAETGRYGAVLGTAFVVNGGIYRHE
FVASAVIDGMMNVQLDTGVPVLSAVLTPH
RYRDSDAHTLLFLALFAVKGMEAARACVEI
LAAREKIAA

CompB

153-50A

SEQ ID NO:
166

none

MEELFKKHKIVAVLRANSVEEAIEKAVAVF
AGGVHLIEITFTVPDADTVIKALSVLKEKGA
IIGAGTVITSVEQCRKAVESGAEFIVSPHLDEE
ISQFCKEKGVFYMPGVMTPTELVKAMKLG
HTILKLFPGEVVGPQFVKAMKGPFPNVKFV
PTGGVNLDNVCEWFKAGVLAVGVGSALVK
GTPDEVREKAKAFVEKIRGCTE

CompB

I53-
50B.1NegT2

SEQ ID NO:
167

INQHSHKDHETVRIAVVRARWHAEIVDACV
SAFEAAMRDIGGDRFAVDVFDVPGAYEIPL
HARTLAETGRYGAVLGTAFVVDGGIYDHEF
VASAVIDGMMNVQLDTGVPVLSAVLTPHE
[YEDSDADTLLFLALFAVKGMEAARACVEIL
AAREKIAA

CompB

I53-
50B.4PosT1

SEQ ID NO:
168

HOY, R38A,
N96D, N105S,
N109R, D111R,
K122D, K124D

MNQHSHKDHETVRIAVVRARWHAEIVDAC
[VSAFEAAMRDIGGDRFAVDVFDVPGAYEIP
LHARTLAETGRYGAVLGTAFVVNGGIYRHE
FVASAVINGMMNVQLNTGVPVLSAVLTPH
INYDKSKAHTLLFLALFAVKGMEAARACVEI
LAAREKIAA

CompB

T33-15B

SEQ ID NO:
169

MVRGIRGAITVNSDTPTSHIATILLLEKMLEA
INGIQSYEELAAVIFTVTEDLTSAFPAEAARQI
GMHRVPLLSAREVPVPGSLPRVIRVLALWN
TDTPQDRVRHVYLSEAVRLRPDLESAQ
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Component
Type

Description

Mutations

Sequence

CompB

132-28A

SEQ ID NO:
170

MGDDARIAAIGDVDELNSQIGVLLAEPLPD
DVRAALSAIQHDLFDLGGELCIPGHAAITED
HLLRLALWLVHYNGQLPPLEEFILPGGARG
AALAHVCRTVCRRAERSIKALGASEPLNIAP
AAYVNLLSDLLFVLARVLNRAAGGADVLW
[DRTRAH

CompB

T33-31A

SEQ ID NO:
171

MEEVVLITVPSALVAVKIAHALVEERLAAC

[VNIVPGLTSIYREEGSVVSDHELLLLVKTTT

DAFPKLKERVKELHPYEVPEIVALPIAEGNR
EYLDWLRENTG

CompB

153 _dnSA

SEQ ID NO:
172

KYDGSKLRIGILHARWNAEIILALVLGALKR
LOQEFGVKRENIIETVPGSFELPY GSKLFVEK
QKRLGKPLDAINIPIGVLIKGSTMHFEYICDST
THQLMKLNFELGIPVIFGVLTCLTDEQAEAR
AGLIEGKMHNHGEDWGAAAVEMATKFN

Comp A-RSV
B fusion

DS-Cavl-
T33-15B

SEQ ID NO:
179

OMNITEEFYQSTCSAVSRGYFSALRTGWYTS
VITIELSNITETKCNGTDTEVKLIKQELDKYX]
NAVTELQLLMOQNTPAANNRARREAPOQHMN
Y TINTTRKNLENVSISKKRKRRFLGFLLGVGSA
TASGIAVCKVLHLEGEVNEIKNALLSTNKAV
[VSLANGVSVLTFRKVLDLENYINNQLLPILNQ
QSCRIFNIETVIEFQOQRKNSRLLEITREFSVNA
GYTTPLSTYMLTNSELLSLINDMPITNDQRK
LMSSNVOIVROQSYSIMCHKEEVLAYVVQL
PTY GVIDTPCWKLHTSPLCTINIKEGSNICLT
RTDRGWYCDNAGSVSFFPOQADTCKVSNR
VECDTMNSLTLPSEVSLCNTDIFNSKYDCK]
MTSKTDISSSVITSLGAIVSCYGRTRCTASN
KNRGHKTFSNGCDYVSNKGVDTVSVGNTL
YYVNKLEGKNLYVKGEPIINYYDPLVEPSDE
FDASISQVNEKINGSLAFIRKSDELLGGSMV
RGIRGAITVNSDTPTSHIATILLLEKMLEANG
IQSYEELAAVIFTVTEDLTSAFPAEAARQIG
MHRVPLLSAREVPVPGSLPRVIRVLALWNT
DTPQDRVRHVYLSEAVRLRPDLESAQ

Comp A-RSV
B fusion

DS-Cavl-
foldon-153-

ONITEEFYQSTCSAVSRGYFSALRTGWYTS
VITIELSNITETKCNGTDTEKVKLIKGELDKYK|
(NAVTELOLLMONTPAANNRARREAPOHMN
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Mutations

Sequence

YTINTTRNENVSISKKREKRRFLGFLLGVGSA
TASGIAVCKVLHLEGEVNKIKNALLSTNEKAV
VSLSNGVSVLTFKVLDLKNYINNQLLPILNG
QOSCRIFNIETVIEFQOKNSRLLEITREFSVNA
GVTTPLSTYMLTNSELLSLINDMPITNDOQKK
LMSSNVOQIVRQOSYSIMCHKEEVLAYVVQL
PIYGVIDTPCWELHTSPLCTTNIKEGSNICLT
RTDRGWYCDNAGSVSFFPQADTCEVQSNR
VEFCDTMNSLTLPSEVSLONTRIFNSKYDCKI
MTSKTDISSSVITSLGAIVSCYGKTKCTASN
KNRGHKTEFSNGCDYVSNKGVDTVSVGNTL
YYVNKLEGKNLYVEGEPHNYYDPLVEPSDE
FDASISQVNEKINQSLAFIRGYIPEAPRDGQA
'Y VRKDGEWVLLSTFLGSGSHHHHHHHHGG
SGGSGSEKAAKAEEAARKMEELFKKHKIVA
[VLRANSVEEAIEKAVAVFAGGVHLIEITFTV
PDADTVIKALSVLKEKGAIIGAGTVTSVEQC
RKAVESGAEFIVSPHLDEEISQFCKEKGVFY
MPGVMTPTELVKAMKLGHTILKLFPGEVVG
PQFVKAMKGPFPNVKFVPTGGVNLDNVCE
WFKAGVLAVGVGSALVKGTPDEVREKAKA
FVEKIRGCTE

WO 2023/225562
C t
m;;)g:en Description
S50A
SEQ ID NO:
180
DS-Cavl-I153-
Comp A-RSV S0A
B fusion SEQ ID NO:
181

ONITEEFYQSTCSAVSRGYFSALRTGWYTS
VITIELSNITETKCNGTDTRVKLIKQELDKYK
NAVTELOLLMOQNTPAANNRARREAPQHMN
Y TINTTKNLNVSISKKRKRRFLGFLLGVGSA
ASGIAVCKVEHLEGEVNKIKNALLSTNKAY
VSLSNGVSVLTFKVLDLKNYINNQLLPILNQ
QSCRIFNIETVIEFQOKNSRLLEITREFSVNA

GYTTPLSTYMLTNSELLSLINDMPITNDQKK
LMSSNVQIVROQOSY SIMCIIKEEVLAYVV(L
PIYGVIDTPCWKLHTSPLCTTNIKEGSNICLT
RTDRGWYCDNAGSVSFFPOADTCKVQSNR
VFCDTMNSLTLPSEVSLOCNTDIFNSKYDCK]
PMTSKTDISSSVITSLGAIVSCYGKTKCTASN

KNRGHETFSNGCDYVSNKGVDTVEVGNTL
Y VNKLEGKNLY VK GEPINYYDPLVEPSDE

FDASISQVNEKINQSLAFIRGGSGGSGSEKA
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Mutations

Sequence

AKAEEAARKMEELFKKHKIVAVLRANSVEE|
AIEKAVAVFAGGVHLIEITFTVPDADTVIKA
LSVLKEKGAIIGAGTVTSVEQCRKAVESGAE
FIVSPHLDEEISQFCKEKGVFYMPGVMTPTE
LVKAMKLGHTILKLFPGEVVGPQFVKAMK
GPFPNVKFVPTGGVNLDNVCEWFKAGVLA
VGVGSALVKGTPDEVREKAKAFVEKIRGCT
E

QNITEEFYQSTCSAVSRGYFSALRTGWYTS
VITIELSNITETKCONGTDTKVELIKQELDKYK|
NAVTELQLLMONTPAANNRARREAPQHMN
YTINTTKNLNVSISKERKRRFLGFLLGVGSA
TASGIAVCKVELHLEGEVNEIKNALLSTNKAY
VSLSNGVSVLETFKVLDLENYINNQLLPILNG
QSCRIFNIETVIEFQQKNSRLLEITREFSVNA
GYVTTPLSTYMLTNSELLSLINDMPITNDQKK
LMSSNVQIVROQOSYSIMCHKEEVLAYVV(L
PIYGVIDTPCWKLHTSPLOCTTNIKEGSNICLT
RTDRGWYCUDNAGSVSFFPOADTCKV(SNR
VFCEOTMINSLTLPSEVSLCNTDIFNSKYDCKI
MTSKTDISSSVITSLGAIVSCYGRTRCTASN
KNRGHKTFSNGCDYVSNKGVDTVSVGNTL
YYVNKLEGENLYVKGEPIINYYDPLVFPSDE
FDASISQVNEKINQSLAFIRKSDELLGGSGGS
GSDDARIAAIGDVDELNSQIGVLLAEPLPDD
VRAALSAIQHDLFDLGGELCIPGHAAITEDH
LLRLALWLVHYNGQLPPLEEFILPGGARGA
ALAHVCRTVCRRAERSIKALGASEPLNIAPA
AYVNLLSDLLFVLARVLNRAAGGADVLWD
RTRAH

WO 2023/225562
C t
m;;)g:en Description
DS-Cav1-132-
Comp A-RSV 28A
B fusion SEQ ID NO:
182
DS-Cavl-
foldon-15GS-
HelExt-153-
Comp A-RSV | 50A (F14)
B fusion
SEQ ID NO:
183

QNITEEFYQSTCSAVSRGYFSALRTGWYTS
VITIELSNITETKCNGTDTKVKLIKQELDK YK
NAVTELGLLMONTPAANNRARREAPQHMN
YTINTTKNENVSISKKRKRRFEGFLLGVGSA
IASGIAVCKVLHLEGEVNEKIKNALLSTNKAYV
VSLSNGVSVLTFKVLDLKNYINNQLLPILNG
OSCRIFNIETVIEFQOKNSRLLEITREFSVNA
SVTTPLSTYMLTNSELLSLINDMPITNDOQKK
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Component
Type

Description

Mutations

Sequence

EMSSNVQIVROQOSYSIMCHKEEVEAYVVQL
PIYGVIDTPCWRLHTSPLCTTNIKEGSNICLT
RTDRGWYCDNAGSVSFFPQADTCKV(SNR
VECDTMNSLTLPSEVSLONTDIFNSKYDCKI
MMTSKTDISSSVITSLGAIVSCYGETKCTASN
KNRGHKTFSNGCDYVSNKGVDTVSVGNTL
YYVNKLEGENLYVKGEPIINYYDPLVIPSDE
FDASISQVNERINGSLAFIRGYIPEAPRDGQA
Y VRKDGEWVLLSTFLGSGGSGSGSGGSGSG
EKAAKAEEAARKMEELFKKHKIVAVLRAN
SVEEAIEKAVAVFAGGVHLIEITFTVPDADT
VIKALSVLKEKGAIIGAGTVTSVEQCRKAVE
SGAEFIVSPHLDEEISQFCKEKGVFYMPGVM
TPTELVKAMKLGHTILKLFPGEVVGPQFVK
AMKGPFPNVKFVPTGGVNLDNVCEWFKAG
VLAVGVGSALVKGTPDEVREKAKAFVEKIR
GCTE

Comp A-RSV
B fusion

CompA-RSV-
02

SEQ ID NO:
184

none

ONITEEFYQSTCSAVSRGYFSALRTGWYTS
VITIELSNITETKCNGTDTKVKLIKQELDKYK]
NAVTELOLLMONTPAANNRARREAPQHMN
Y TINTTENLNVSISKKRKRRFLGFLLGVGSA
TASGIAVCKVLHLEGEVNKIKNALLSTNKAV
VSLSNGVSVLTFKVLDLKNYINNQLLPILNG
QSCRIFNIETVIEFQOKNSRLLEITREFSVNA

GVTTPLSTYMLTNSELLSLINDMPITNDQKK
LMSSNVQIVROQSYSIMCIIKEEVLAYVVOL
PIYGVIDTPCWKLHTSPLCTTNIKEGSNICLT
RTDRGWYCDNAGSVSFFPQADTCKVOSNR
VECDTMNSLTLPSEVSLONTDIFNSKYDCKI
MTSKTDISSSVITSLGAIVSCYGKTKCTASN

KNRGIKTFSNGCDYVSNKGVDTVSVGNTL
VY VNKLEGKNLY VKGEPIINY YDPLVFPSDE
FDASISQVNEKINQSLAFIRKSDELLGSGGSG
SGSGGSEKAAKAEEA ARKMEELFKKHKIVA
VLRANSVEEAIEKAVAVFAGGVHLIEITFTV
PDADTVIKALSVLKEKGAIIGAGTVTSVEQC
RKAVESGAEFIVSPHLDEEISQFCKEKGVFY

MPGVMTPTELVKAMKLGHTILKLFPGEVV(]

86

SUBSTITUTE SHEET (RULE 26)



WO 2023/225562

PCT/US2023/067127

Component
Type

Description

Mutations

Sequence

POQFVKAMKGPFPNVKFVPTGGVNLDNVCE
WFKAGVLAVGVGSALVKGTPDEVREKAKA
FVEKIRGCTE

RSV BF

DS-Cavl-
foldon

SEQ ID NO:
185

ONITEEFYQSTCSAVSRGYFSALRTGWYTS
VITIELSNITETKCNGTDTRVKLIKQELDKYK
NAVTELQLLMONTPAANNRARREAPQHMN
Y TINTTENENVSISKKRERRFLGFLLGYVGSA
TASGIAVCKVEHLEGEVNKIKNALLSTNEAY
VSLSNGVSVLTFKVLDLKNYINNQLLPILNQ
QSCRIFNIETVIEFQOKNSRLLEITREFSVNA
GYTTPLSTYMETNSELLSLINDMPITNDQKK
LMSSNVOIVRQOSYSIMCIHKFEVEAYVVQL
PTY GVIDTPCWKLHTSPLCTTNIKEGSNICLT
RTDRGWYCDNAGSVSFFPQADTCKVQSKNR
VEFCDTMNSLTLPSEVSLONTERIFNSKYDCKI
MTSKTDISSSVITSLGAIVSCYGKTKCTASN
KNRGHEKTFSNGCDYVSNKGVDTVEVGNTL
YYVNKLEGKNLYVKGEPINYYDPLVFPSDE
FDASISQVNEKINQSLAFIRKSDELLGYIPEA
[PRDGQAYVRKDGEWVLLSTFL

Comp A-RSV
B fusion

DS-Cavl-
foldon-T33-
31A

SEQ ID NO:

186

QNITEEFYQSTCSAVSRGYFSALRTGWYTS
VITIELSNITETKCNGTDTKVKLIKQELDKYK]
NAVTELQLLMOQNTPAANNRARREAPQHMN
YTINTTENLNVSISKKRERRFLGFLLGVGSA
ASGIAVCKVLHLEGEVNKIKNALLSTNEAY
VSLSNGVSVLTFKVLDLKNYINNOQLLPILNQ
QSCRIFNIETVIEFQOKNSRLLEITREFSVNA

GYTITPLSTYMETNSELLSLINDMPITNDQKK
LMSSNYVQIVRQOSYSIMCIIKEEVEAYVVQL
PTY GVIDTPCWEKLHTSPLCTTNIKEGSNICLT
RTDRGWYCDNAGSVSFFPQADTCKVQSKNR
VECDTMNSLTLPSEVSLONTDIFNSKYDCKI
MTSKTDISSSVITSLGAIVSCYGEKTKCTASN

KNRGHEKTESNGCDYVSNKGVDTVEVGNTL
YYVNKLEGKNLYVKGEPINYYDPLVFPSDE
FDASISQVNEKINQSLAFIRKSDELLGYIPEA
PRDGQAY VRKDGEWVLLSTFLGGSMEEVV

LITVPSALVAVKIAHALVEERLAACVNIVPG
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Component
Type

Description

Mutations

Sequence

LTSIYREEGSVVSDHELLLLVKTTTDAFPKL
KERVKELHPYEVPEIVALPIAEGNREYLDWL
RENTG

Comp A-RSV
B fusion

DS-Cavl-
T33-31A

SEQ ID NO:
187

ONITEEFYQSTCSAVSRGYFSALRTGWYTS
VITIELSNITETKCNGTDTRVKLIKQELDKYK
NAVTELQLLMONTPAANNRARREAPQHMN
Y TINTTENENVSISKKRERRFLGFLLGYVGSA
TASGIAVCKVEHLEGEVNKIKNALLSTNEAY
VSLSNGVSVLTFKVLDLKNYINNQLLPILNQ
QSCRIFNIETVIEFQOKNSRLLEITREFSVNA
GYTTPLSTYMETNSELLSLINDMPITNDQKK
LMSSNVOIVRQOSYSIMCIHKFEVEAYVVQL
PTY GVIDTPCWKLHTSPLCTTNIKEGSNICLT
RTDRGWYCDNAGSVSFFPQADTCKVQSKNR
VEFCDTMNSLTLPSEVSLONTERIFNSKYDCKI
MTSKTDISSSVITSLGAIVSCYGKTKCTASN
KNRGHEKTFSNGCDYVSNKGVDTVEVGNTL
YYVNKLEGKNLYVKGEPINYYDPLVFPSDE
FDASISQVNEKINQSLAFIRKSDELLGGSMEE
VVLITVPSALVAVKIAHALVEERLAACVNIV
PGLTSIYREEGSVVSDHELLLLVKTTTDAFP
KLKERVKELHPYEVPEIVALPIAEGNREYLD
WLRENTG

Comp A-RSV
B fusion

DS-Cavl-
foldon-T33-
15B

SEQ ID NO:
188

ONITEEFYQSTCSAVSRGYFSALRTGWYTS
VITIELSNITETKCNGTDTRVKLIKGQELDKYK
NAVTELOLLMONTPAANNRARREAPQHMN
Y TINTTEKNLNVSISKKRKRRFLGFLLGVGSA
[ASGIAVCKVEHLEGEVNKIKNALLSTNKAY
VSLSNGVSVLTFRVLDLKNYINNQLEPIENG
QSCRIFNIETVIEFQOKNSRLLEITREFSVNA

GVTTPLSTYMLTNSELLSLINDMPITNDQKK
LMSSNVOIVRQOSY SIMCIKEEVEAYVVQL
PIYGVIDTPCWEKLHTSPLCTTNIKEGSNICLT
RTDRGWYCDNAGSVSFFPOADTCKVQSNR
VFCDTMNSLTLPSEVSLOCNTDIFNSKYDCK]
MTSKTDISSSVITSLGAIVSCYGKTKCTASN

KNRGHETFSNGCDYVSNKGYVDTVSVGNTL

Y Y VNKLEGKNLYVKGEPHUNYYDPLVFPSDE
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Component

Description Mutations Sequence
Type p q

FDASISQVNEKINQGSLAFIRKSDELL.GYIPEA
PRDGQAY VRKDGEWVLLSTFLGGSMVRGI
RGAITVNSDTPTSIITATILLLEKMLEANGIQS
[YEELAAVIFTVTEDLTSAFPAEAARQIGMHR
[VPLLSAREVPVPGSLPRVIRVLALWNTDTPQ
DRVRHVYLSEAVRLRPDLESAQ

[0261] In some embodiments, the RSV protein ectodomain comprises the substitutions
S46G, K66E, 176V, K77E, K80E, N88C , E92C, E92D, Q98C, A149C, E161G, E161P,
E161Q, S173P, N175P, S182P, G184N, V185N, K201Q, L2031, K209Q, S215P, S238C,
254C, Q279C, Q361C, K421N, N426S, N428C, K465E, K465Q, Y458C, K508E, or any
combination thereof. In some embodiments, the RSV protein ectodomain comprises the
substitutions Q98C and Q361 C, A149C and Y458C, N183GC and N428C, N88C and
N254C, E92C and N254C, and/or S238C and Q279C, or any combination thereof.

Table 3B. Illustrative Amino Acid Sequences of VLPs of the Disclosure

Construct SEQ ID

name NO: Amino Acid Sequence

KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCADGPSLIKTELDLT
KSALRELRTVSADQLAREEQIENPRRRREVLGATIALGVATAAAVTAGVAIAKTIR
LESEVTAIKNALKKTNEAVSTLGNGVRVLATAVRELKDEVSKNLTRAINKNKCDI
PDLKMAVSFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVSNMPTSAG
QIKLMLENRAMVRRKGFGFLIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCSG
KKGNYACLLREDQGWYCQONAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSKE
hMPV001 92 CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLN
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKEFPEDQEFNVA
LDQVFESIENSQALVDQSNRILGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHK
IVAVLRANSVEEATIEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGATIIG
AGTVTSVEQARKAVESGAEFIVSPHLDEEISQFAKEKGVEYMPGVMT PTELVKAM
KLGHTILKLFPGEVVGPQFVKAMKGPFPNVKFVPTGGVNLDNVAEWFKAGVLAVG
VGSALVKGTPDEVREKAKAFVEKIRGATELE

LKESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCADGPSLIKTELDL
TKSALRELRTVSADQLAREEQIENPRRRRFVLGAIALGVATAAAVTAGVAIAKTI
RLESEVTAIKNALKKTNEAVSTLGNGVRVLATAVRELKDEVSKNLTRAINKNKCD
IPDLKMAVSEFSQFNRRFLNVVRQFSDNAGITPAI SLDLMTDAELARAVSNMPTSA
GQIKLMLENRAMVRRKGEFGFLIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
hMPV002 93 GKKGNYACLLREDQGWYCQONAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSK
ECNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKEFPEDQENV
ALDQVFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRAN
SVEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVE
QARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGVMTPTELVKAMKLGHTILK
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LFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVAEWEFKAGVLAVGVGSALVKG
TPDEVREKAKAFVEKIRGATELE

LKESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCADGPSLIKTELDL
TKSALRELRTVSADQLAREEQIENPRRRREFVLGAIALGVATAAAVTAGVAIAKTI
RLESEVTAIKNALKKTNEAVSTLGNGVRVLATAVRELKDEVSKNLTRAINKNKCD
IPDLKMAVSFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVSNMPTSA
GQIKLMLENRAMVRRKGEFGFLIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
GKKGNYACLLREDQGWYCQNAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSK
ECNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKFPEDQENV
ALDQVFESIENSQALVDOSNRILSSAEKGNTGGSGGSGSGSGGSEKAAKAEEAAR
KMEELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVHLIEITFTVPDADTVIKALS
VLKEKGAIIGAGTVTSVEQARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGV
MTPTELVKAMKLGHTILKLFPGEVVGPQFVKAMKGPEFPNVKEVPTGGVNLDNVAE
WEFKAGVLAVGVGSALVKGTPDEVREKAKAFVEKIRGATELE

LKESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCADGPSLIKTELDL
TKSALRELRTVSADQLAREEQIENPRRRRFVLGAIALGVATAAAVTAGVAIAKTI
RLESEVTAIKNALKKTNEAVSTLGNGVRVLATAVRELKDEVSKNLTRAINKNKCD
IADLKMAVSFSQFNRRFLNVVRQFSDNAGITPAI SLDLMTDAELARAVSNMPTSA
GQIKLMLENRAMVRRKGFGFLIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
GKKGNYACLLREDQGWYCQNAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSK
ECNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKFPEDQENV
ALDQVFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRAN
SVEEAIEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVE
QARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGVMTPTELVKAMKLGHTILK
LFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVAEWEFKAGVLAVGVGSALVKG
TPDEVREKAKAFVEKIRGATELE

LKESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCADGPSLIKTELDL
TKSALRELRTVSADQLAREEQIENPRRRRFVLGAIALGVATAAAVTAGVAIAKCI
RLESEVTAIKNALKKTNEAVSTLGCGVRVLATAVRELKDEVSKNLTRAINKNKCD
IPDLKMAVSEFSQFNRRFLNVVRQFSDNAGITPAI SLDLMTDAELARAVSNMPTSA
GQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
GKKGNYACLLREDQGWYCQNAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSK
ECNINISTTNYPCKVSTGRNPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKEFPEDQENV
ALDQVFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRAN
SVEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVE
QARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGVMTPTELVKAMKLGHTILK
LFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVAEWFKAGVLAVGVGSALVKG
TPDEVREKAKAFVEKIRGATELE

KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCTDGPSLIKTELDLT
KSALRELKTCSADQLAREEQIEGGGGGGEFVLGATALGVATAAAVTAGIATAKTIR
LESEVNAIKGCLKTTNECVSTLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDI
ADLKMAVSEFSQFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVSYMPTSAG
QIKLMLENRCMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIIKAAPSCSE
KDGNYACLLREDQGWYCKNAGSTVYYPNDKDCETRGDHVECDTAAGINVAEQSRE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLP
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPIKFPEDQEFNVA
LDQVFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRANS
VEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQ
ARKAVESGAEFIVSPHLDEEISQFAKEKGVEYMPGVMTPTELVKAMKLGHTILKL
FPGEVVGPQFVKAMKGPFPNVKFVPTGGVNLDNVAEWFKAGVLAVGVGSALVKGT
PDEVREKAKAFVEKIRGATELE

WO 2023/225562
hMPV003 94
hMPV004 95
hMPV005 96
hMPV006 97
hMPV007 98

KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCTDGPSLIKTELDLT
KSALRELKTCSADQLAREEQIEGGGGGGEFVLGATIALGVATAAAVTAGIATAKTIR
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LESEVNAIKGCLKTTNECVSTLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDI
ADLKMAVSFSQFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVSYMPTSAG
QIKLMLENRCMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIIKAAPSCSE
KDGNYACLLREDQGWYCKNAGSTVYYPNDKDCETRGDHVEFCDTAAGINVAEQSRE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLP
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPIKFPEDQENVA
LDQVFESIENSQALVDQSNKILNSAESAIGSGGSGSGSGGSEKAAKAEEAARKME
ELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLK
EKGAIIGAGTVTSVEQARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGVMTP
TELVKAMKLGHTILKLFPGEVVGPQFVKAMKGPEFPNVKEVPTGGVNLDNVAEWEFK
AGVLAVGVGSALVKGTPDEVREKAKAFVEKIRGATELE

KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCTDCPSLIKTELDLT
KSALRELKTVSADQLAREEQIEGGGGGGEVLGATALGVATAAAVTAGIATAKTIR
LESEVNAIKGCLKTTNECVSTLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDI
ADLCMAVSEFSQFNRRFLNVVRQFSDNAGITPATISLDLMTDAELARAVSYMPTSAG
QIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIIKAAPSCSE
KDGNYACLLREDQGWYCKNAGSTVYYPNDKDCETRGDHVECDTAAGINVAEQSRE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLP
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPICFPEDQFNVA
LDQVFESIENCQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRANS
VEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQ
ARKAVESGAEFIVSPHLDEEISQFAKEKGVEYMPGVMTPTELVKAMKLGHTILKL
FPGEVVGPQFVKAMKGPFPNVKFVPTGGVNLDNVAEWFKAGVLAVGVGSALVKGT
PDEVREKAKAFVEKIRGATELE

KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCTDCPSLIKTELDLT
KSALRELKTVSADQLAREEQIEGGGGGGEFVLGATIALGVATAAAVTAGIATAKTIR
LESEVNAIKGCLKTTNECVSTLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDI
ADLCMAVSFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVSYMPTSAG
QIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWITIKAAPSCSE
KDGNYACLLREDQGWYCKNAGSTVYYPNDKDCETRGDHVFCDTAAGINVAEQSRE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLP
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPICFPEDQEFNVA
LDQVFESIENCQALVDOSNKILNSAESAIGSGGSGSGSGGSEKAAKAEEAARKME
ELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLK
EKGAIIGAGTVTSVEQARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGVMTP
TELVKAMKLGHTILKLEFPGEVVGPQFVKAMKGPEFPNVKEVPTGGVNLDNVAEWEK
AGVLAVGVGSALVKGTPDEVREKAKAFVEKIRGATELE

LKESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCSDCPSLIKTELDL
TKSALRELKTVSADQLAREEQIEGGGGGGFVLAIALGVATAAAVTAGVAIAKTIR
LESEVTAIKNCLKTTNECVSTLGNGVRVLATAVRELKDEVSKNLTSAINKNKCDI
DDLCMAVSEFSQFNRREFLNVVRQFSDNAGITPAISLDLMTDAELARAVSNMPTSAG
QIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWITIKAAPSCSG
KKGNYACLLREDQGWYCQONAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSKE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLN
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPIKFPEDQEFNVA
LDQVFENIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRANS
VEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQ
ARKAVESGAEFIVSPHLDEEISQFAKEKGVFYMPGVMTPTELVKAMKLGHTILKL
FPGEVVGPQFVKAMKGPEFPNVKEVPTGGVNLDNVAEWFKAGVLAVGVGSALVKGT
PDEVREKAKAFVEKIRGATELE

WO 2023/225562
hMPV008 99
hMPV009 100
hMPV010 101
hMPV011 102

LKESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCSDCPSLIKTELDL
TKSALRELKTVSADQLAREEQIEGGGGGGFVLAIALGVATAAAVTAGVAIAKTIR
LESEVTAIKNCLKTTNECVSTLGNGVRVLATAVRELKDEVSKNLTSAINKNKCDI
DDLCMAVSEFSQFNRREFLNVVRQEFSDNAGITPAISLDLMTDAELARAVSNMPTSAG
QIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIIKAAPSCSG
KKGNYACLLREDQGWYCONAGSTVYYPNEKDCETRGDHVFCDTAAGINVAEQSKE
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CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLN
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPIKFPEDQENVA
LDQVFENIENSQALVDQSNRILSSAESAIGSGGSGSGSGGSEKAAKAEEAARKME
ELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLK
EKGAIIGAGTVTSVEQARKAVESGAEFIVSPHLDEEI SQFAKEKGVEFYMPGVMTP
TELVKAMKLGHTILKLFPGEVVGPQFVKAMKGPEFPNVKEFVPTGGVNLDNVAEWEFK
AGVLAVGVGSALVKGTPDEVREKAKAFVEKIRGATELE

hMPV012

103

KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCTDGPSLIKTELDLT
KSALRELKTVSADQLAREEQIENPRKARFVLGATALGVCTAAAVTCGIATAKTIR
LESEVNAIKGALKTTNEAVSTLGNGVRVLAFAVRELKEFVSKNLTSALNKNKCDI
ADLKMAVSEFSQFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVSYMPTSAG
QIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIIKAAPSCSE
KDGNYACLLREDQGWYCKNAGSTVYYPNDKDCETRGDHVEFCDTACGINVAEQSRE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLP
KGCSYITNQDADTVTIDNTVYCLSKVEGEQHVIKGRPVSSSFDPIKFPEDQEFNVA
LDQVFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRANS
VEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQ
ARKAVESGAEFIVSPHLDEEISQFAKEKGVEYMPGVMTPTELVKAMKLGHTILKL
FPGEVVGPQFVKAMKGPFPNVKFVPTGGVNLDNVAEWFKAGVLAVGVGSALVKGT
PDEVREKAKAFVEKIRGATELE

hMPV013

104

KESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCTDGPSLIKTELDLT
KSALRELKTVSADQLAREEQIENPRKARFVLGATALGVCTAAAVTCGIATAKTIR
LESEVNAIKGALKTTNEAVSTLGNGVRVLAFAVRELKEFVSKNLTSALNKNKCDI
ADLKMAVSEFSQFNRRFLNVVRQEFSDNAGITPATISLDLMTDAELARAVSYMPTSAG
QIKLMLENRAMVRRKGEFGILIGVYGSSVIYMVQLPIFGVIDTPCWIIKAAPSCSE
KDGNYACLLREDQGWYCKNAGSTVYYPNDKDCETRGDHVECDTACGINVAEQSRE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLP
KGCSYITNQDADTVTIDNTVYCLSKVEGEQHVIKGRPVSSSFDPIKFPEDQFNVA
LDQVFESIENSQALVDOSNKILNSAESAIGSGGSGSGSGGSEKAAKAEEAARKME
ELFKKHKIVAVLRANSVEEATIEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLK
EKGAIIGAGTVTSVEQARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGVMTP
TELVKAMKLGHTILKLFPGEVVGPQFVKAMKGPFPNVKEFVPTGGVNLDNVAEWEFK
AGVLAVGVGSALVKGTPDEVREKAKAFVEKIRGATELE

hMPV014

105

KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCTDGPSLIKTELDLT
KSALRELKTCSADQLAREEQIENPRRRREVLGATALGVATAAAVTAGIAIAKTIR
LESEVNAIKGCLKTTNECVSTLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDI
ADLKMAVSEFSQFNRREFLNVVRQFSDNAGITPAISLDLMTDAELARAVSYMPTSAG
QIKLMLENRCMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWITIKAAPSCSE
KDGNYACLLREDQGWYCKNAGSTVYYPNDKDCETRGDHVEFCDTAAGINVAEQSRE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLP
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPIKFPEDQEFNVA
LDQVFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRANS
VEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQ
ARKAVESGAEFIVSPHLDEEISQFAKEKGVEFYMPGVMTPTELVKAMKLGHTILKL
FPGEVVGPQFVKAMKGPEFPNVKEFVPTGGVNLDNVAEWEFKAGVLAVGVGSALVKGT
PDEVREKAKAFVEKIRGATELE

hMPV015

106

KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCTDCPSLIKTELDLT
KSALRELKTVSADQLAREEQIENPRRRREVLGATIALGVATAAAVTAGIAIAKTIR
LESEVNAIKGCLKTTNECVSTLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDI
ADLCMAVSEFSQFNRREFLNVVRQFSDNAGITPAISLDLMTDAELARAVSYMPTSAG
QIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIIKAAPSCSE
KDGNYACLLREDQGWYCKNAGSTVYYPNDKDCETRGDHVEFCDTAAGINVAEQSRE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLP
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPICFPEDQENVA
LDQVFESIENCQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRANS
VEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQ
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ARKAVESGAEFIVSPHLDEEISQFAKEKGVFYMPGVMTPTELVKAMKLGHTILKL
FPGEVVGPQFVKAMKGPEFPNVKEVPTGGVNLDNVAEWFKAGVLAVGYGSALVKGT
PDEVREKAKAFVEKIRGATELE

LKESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCSDCPSLIKTELDL
TKSALRELKTVSADQLAREEQIENPRRRRFVLAIALGVATAAAVTAGVAIAKTIR
LESEVTAIKNCLKTTNECVSTLGNGVRVLATAVRELKDEVSKNLTSAINKNKCDI
DDLCMAVSFEFSQFNRREFLNVVRQEFSDNAGITPAISLDLMTDAELARAVSNMPTSAG
QIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIIKAAPSCSG
KKGNYACLLREDQGWYCONAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSKE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLN
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPIKFPEDQENVA
LDQVFENIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRANS
VEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQ
ARKAVESGAEFIVSPHLDEEISQFAKEKGVEFYMPGVMTPTELVKAMKLGHTILKL
FPGEVVGPQFVKAMKGPEFPNVKEVPTGGVNLDNVAEWFKAGVLAVGVGSALVKGT
PDEVREKAKAFVEKIRGATELE

KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCTDGPSLIKTELDLT
KSALRELKTVSADQLAREEQIENPRRRREVLGATIALGVCTAAAVTCGIAIAKTIR
LESEVNAIKGALKTTNEAVSTLGNGVRVLAFAVRELKEFVSKNLTSALNKNKCDI
ADLKMAVSEFSQFNRRFLNVVRQFSDNAGITPATSLDLMTDAELARAVSYMPTSAG
QIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIIKAAPSCSE
KDGNYACLLREDQGWYCKNAGSTVYYPNDKDCETRGDHVEFCDTACGINVAEQSRE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLP
KGCSYITNQDADTVTIDNTVYCLSKVEGEQHVIKGRPVSSSFDPIKFPEDQEFNVA
LDQVFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRANS
VEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQ
ARKAVESGAEFIVSPHLDEEISQFAKEKGVEYMPGVMTPTELVKAMKLGHTILKL
FPGEVVGPQFVKAMKGPFPNVKFVPTGGVNLDNVAEWFKAGVLAVGVGSALVKGT
PDEVREKAKAFVEKIRGATELE

LKESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCADGPSLIKTELDL
TKSALRELRTVSADQLAREEQIENPRRRREFVLGAIALGVCTAAAVTAGVAIAKTI
RLESEVTAIKNALKKTNEAVSTLGNGVRVLATAVRELKDEVSKNLTRAINKNKCD
IPDLKMAVSEFSQFNRRFLNVVRQFSDNAGITPAI SLDLMTDAELARAVSNMPTSA
GQIKLMLENRAMVRRKGEFGFLIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
GKKGNYACLLREDQGWYCQNAGSTVYYPNEKDCETRGDHVEFCDTACGINVAEQSK
ECNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKFPEDQENV
ALDQVFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRAN
SVEEAIEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVE
QARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGVMTPTELVKAMKLGHTILK
LFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVAEWEFKAGVLAVGVGSALVKG
TPDEVREKAKAFVEKIRGATELE

WO 2023/225562
hMPVO16 107
hMPV017 108
hMPV018 109
hMPV019 110

LKESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCADGPSLIKTELDL
TKSALRELRTVSADQLAREEQIENPRRRRFVLGAIALGVATAAAVTAGVAIAKTI
RLESEVTATKNALKKTNEAVSTLGNGVRVLAFAVRELKDEVSKNLTRALNKNKCD
IPDLKMAVSEFSQFNRRFLNVVRQFSDNAGITPAI SLDLMTDAELARAVSNMPTSA
GQIKLMLENRAMVRRKGFGFLIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
GKKGNYACLLREDQGWYCQNAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSK
ECNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKFPEDQENV
ALDQVFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRAN
SVEEAIEKAVAVFAGGVHLIEITEFTVPDADTVIKALSVLKEKGAIIGAGTVTSVE
QARKAVESGAEFIVSPHLDEEI SQFAKEKGVEFYMPGVMTPTELVKAMKLGHTILK
LFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVAEWEFKAGVLAVGVGSALVKG
TPDEVREKAKAFVEKIRGATELE
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hMPV020

111

LKESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCADGPSLIKTELDL
TKSALRELRTVSADQLAREEQIENPRRRRFVLGAIALGVCTAAAVTAGVAIAKTI
RLESEVTAIKNALKKTNEAVSTLGNGVRVLAFAVRELKDEVSKNLTRALNKNKCD
IPDLKMAVSEFSQFNRRFLNVVRQFSDNAGITPAI SLDLMTDAELARAVSNMPTSA
GQIKLMLENRAMVRRKGEFGFLIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
GKKGNYACLLREDQGWYCQONAGSTVYYPNEKDCETRGDHVFCDTACGINVAEQSK
ECNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKEFPEDQENV
ALDQVFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRAN
SVEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVE
QOARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGVMTPTELVKAMKLGHTILK
LFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVAEWFKAGVLAVGVGSALVKG
TPDEVREKAKAFVEKIRGATELE

hMPV021

112

KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCTDCPSLIKTELDLT
KSALRELKTVSADQLAREEQIEGGGGGGEFVLGATALGVATAAAVTAGIATAKTIR
LESEVNAIKGALKTTNEAVSTLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDI
ADLCMAVSEFSQFNRRFLNVVRQFSDNAGITPATISLDLMTDAELARAVSYMPTSAG
QIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIIKAAPSCSE
KDGNYACLLREDQGWYCKNAGSTVYYPNDKDCETRGDHVFCDTAAGINVAEQSRE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLP
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPIKFPEDQFNVA
LDQVFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRANS
VEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQ
ARKAVESGAEFIVSPHLDEEISQFAKEKGVEFYMPGVMTPTELVKAMKLGHTILKL
FPGEVVGPQFVKAMKGPFPNVKFVPTGGVNLDNVAEWFKAGVLAVGVGSALVKGT
PDEVREKAKAFVEKIRGATELE

hMPV022

113

KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCTDCPSLIKTELDLT
KSALRELKTVSADQLAREEQIEGGGGGGEFVLGATIALGVATAAAVTAGIAIAKTIR
LESEVNAIKGALKTTNEAVSTLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDI
ADLCMAVSEFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVSYMPTSAG
QIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWITIKAAPSCSE
KDGNYACLLREDQGWYCKNAGSTVYYPNDKDCETRGDHVEFCDTAAGINVAEQSRE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLP
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPIAFPEDQEFNVA
LDOQVFESIENAQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRANS
VEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQ
ARKAVESGAEFIVSPHLDEEISQFAKEKGVEFYMPGVMTPTELVKAMKLGHTILKL
FPGEVVGPQFVKAMKGPEFPNVKEFVPTGGVNLDNVAEWEFKAGVLAVGVGSALVKGT
PDEVREKAKAFVEKIRGATELE

hMPV023

114

LKESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCSDCPSLIKTELDL
TKSALRELKTVSADQLAREEQIEGGGGGGFVLGAIALGVATAAAVTAGVAIAKTI
RLESEVTAIKNCLKTTNECVSTLGNGVRVLATAVRELKDEVSKNLTSAINKNKCD
IDDLCMAVSESQFNRRFLNVVRQFSDNAGITPAI SLDLMTDAELARAVSNMPTSA
GQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIIKAAPSCS
EKKGNYACLLREDQGWYCQNAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSK
ECNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPIKFPEDQENV
ALDQVFENIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRAN
SVEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVE
QARKAVESGAEFIVSPHLDEEI SQFAKEKGVEFYMPGVMTPTELVKAMKLGHTILK
LFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVAEWFKAGVLAVGVGSALVKG
TPDEVREKAKAFVEKIRGATELE

hMPV024

115

LKESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCADCPSLIKTELDL
TKSALRELRTVSADQLAREEQIEGGGGGGFVLGAIALGVATAAAVTAGVAIAKTI
RLESEVTAIKNCLKKTNECVSTLGNGVRVLATAVRELKDEFVSKNLTRAINKNKCD
IADLCMAVSFSQFNRRFLNVVROQFSDNAGITPAISLDLMTDAELARAVSNMPTSA
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GQIKLMLENRAMVRRKGFGFLIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
EKKGNYACLLREDQGWYCQNAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSK
ECNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVCFPEDQENV
ALDQVFESIENCQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRAN
SVEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVE
QARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGVMTPTELVKAMKLGHTILK
LFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVAEWFKAGVLAVGVGSALVKG
TPDEVREKAKAFVEKIRGATELE

hMPV025

116

LKESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCADCPSLIKTELDL
TKSALRELRTVSADQLAREEQIEGGGGGGFVLGAIALGVATAAAVTAGVAIAKTI
RLESEVTAIKNALKKTNEAVSTLGNGVRVLATAVRELKDEVSKNLTRAINKNKCD
IADLCMAVSFSQFNRRFLNVVRQFSDNAGITPAI SLDLMTDAELARAVSNMPTSA
GQIKLMLENRAMVRRKGEFGFLIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
EKKGNYACLLREDQGWYCQONAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSK
ECNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKEFPEDQENV
ALDQVFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRAN
SVEEAIEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVE
QOARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGVMTPTELVKAMKLGHTILK
LFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVAEWFKAGVLAVGVGSALVKG
TPDEVREKAKAFVEKIRGATELE

hMPV026

117

LKESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCADGPSLIKTELDL
TKSALRELRTVSADQLAREEQIENPRRRREFVLGAIALGVATAAAVTAGVAIAKCI
RLESEVTAIKNALKKTNEAVSTLGCGVRVLATAVRELKDEVSKNLTRAINKNKCD
IPDLKMAVSFSQFNRRFLNVVRQFSDNAGITPAISKDLMTDAELARAISNMPTSA
GQIKLMLENRAMVRRKGEFGILIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
EKKGNYACLLREDQGWYCQNAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSK
ECNINISTTNYPCKVSCGRNPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKFPEDQENV
ALDQCFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRAN
SVEEAIEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVE
QARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGVMTPTELVKAMKLGHTILK
LFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVAEWEKAGVLAVGVGSALVKG
TPDEVREKAKAFVEKIRGATELE

hMPV027

118

LKESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCADGPSLIKTELDL
TKSALRELRTVSADQLAREEQIENPRRRRFVLGAIALGVATAAAVTAGVAIAKCI
RLESEVTATIKNALKKTNEAVSTLGCGVRVLATAVRELKDEVSKNLTRAINKNKCD
IPDLKMAVSEFSQFNRRFLNVVRQFSDNAGITPAI SKDLMTDAELARAISNMPTSA
GQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
EKKGNYACLLREDQGWYCQNAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSK
ECNINISTTNYPCKVSCGRNPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKFPEDQENV
ALDQCFESIENSQALVDQOSNRILSSAEKGNTGGSGGSGSGSGGSEKAAKAEEAAR
KMEELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVHLIEITFTVPDADTVIKALS
VLKEKGAIIGAGTVTSVEQARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGV
MTPTELVKAMKLGHTILKLFPGEVVGPQFVKAMKGPEFPNVKEVPTGGVNLDNVAE
WFKAGVLAVGVGSALVKGTPDEVREKAKAFVEKIRGATELE

hMPV028

119

KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCTDCPSLIKTELDLT
KSALRELKTVSADQLAREEQIEGGGGGGEVLGAIALGVATAAAVTAGIAIAKTIR
LESEVNAIKGCLKTTNECVSTLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDI
ADLCMAVSFEFSQFNRREFLNVVRQEFSDNAGITPAISLDLMTDAELARAVSYMPTSAG
QIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIIKAAPSCSE
KDGNYACLLREDQGWYCKNAGSTVYYPNDKDCETRGDHVEFCDTAAGINVAEQSRE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLP
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPICFPEDQEFNVA
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LDQVFESIENCQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRANS
VEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQ
CRKAVESGAEFIVSPHLDEEISQFCKEKGVFYMPGVMTPTELVKAMKLGHTILKL
FPGEVVGPQFVKAMKGPEFPNVKEFVPTGGVNLDNVCEWEFKAGVLAVGVGSALVKGT
PDEVREKAKAFVEKIRGCTELE

hMPV029

120

LKESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCADGPSLIKTELDL
TKSALRELRTVSADQLAREEQIENPRRRRFVLGAIALGVATAAAVTAGVAIAKCI
RLESEVTAIKNALKKTNEAVSTLGCGVRVLATAVRELKDEFVSKNLTRAINKNKCD
IPDLKMAVSFSQFNRRFLNVVRQFSDNAGITPAI SKDLMTDAELARAISNMPTSA
GQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
EKKGNYACLLREDQGWYCQONAGSTVYYPNEKDCETRGDHVFCDTAAGINVAEQSK
ECNINISTTNYPCKVSCGRNPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKEFPEDQENV
ALDQCFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRAN
SVEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVE
QCRKAVESGAEFIVSPHLDEEI SQFCKEKGVEYMPGVMTPTELVKAMKLGHTILK
LFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVCEWFKAGVLAVGVGSALVKG
TPDEVREKAKAFVEKIRGCTELE

hMPV030

121

LKESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCADGPSLIKTELDL
TKSALRELRTVSADQLAREEQIENPRRRREFVLGAIALGVATAAAVTAGVAIAKCI
RLESEVTAIKNALKKTNEAVSTLGCGVRVLATAVRELKDEVSKNLTRAINKNKCD
IPDLKMAVSFSQFNRRFLNVVRQFSDNAGITPAI SKDLMTDAELARAISNMPTSA
GQIKLMLENRAMVRRKGEFGILIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
EKKGNYACLLREDQGWYCQONAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSK
ECNINISTTNYPCKVSCGRNPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKFPEDQENV
ALDQCFESIENSQALVDQSNRILSSAEKGNTGGSGGSGSGSGGSEKAAKAEEAAR
KMEELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVHLIEITFTVPDADTVIKALS
VLKEKGAIIGAGTVTSVEQCRKAVESGAEFIVSPHLDEEI SQFCKEKGVEYMPGV
MTPTELVKAMKLGHTILKLFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVCE
WFKAGVLAVGVGSALVKGTPDEVREKAKAFVEKIRGCTELE

hMPV031

122

KESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCTDGPSLIKTELDLT
KSALRELKTCSADQLAREEQIEGGGGGGEFVLGATIALGVATAAAVTAGIAIAKTIR
LESEVNAIKGCLKTTNECVSTLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDI
ADLKMAVSEFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELARAVSYMPTSAG
QIKLMLENRCMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWITIKAAPSCSE
KDGNYACLLREDQGWYCKNAGSTVYYPNDKDCETRGDHVFCDTAAGINVAEQSRE
CNINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQLP
KGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPIKFPEDQFNVA
LDQVFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRANS
VEEATEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQ
CRKAVESGAEFIVSPHLDEEISQFCKEKGVEFYMPGVMTPTELVKAMKLGHTILKL
FPGEVVGPQFVKAMKGPEFPNVKEFVPTGGVNLDNVCEWEFKAGVLAVGVGSALVKGT
PDEVREKAKAFVEKIRGCTELE

hMPV033

123

LKESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCADGPSLIKTELDL
TKSALRELRTVSADQLAREEQIEGGGGGGFVLGAIALGVATAAAVTAGVAIAKCI
RLESEVTATIKNALKKTNEAVSTLGCGVRVLATAVRELKDEVSKNLTRAINKNKCD
IPDLKMAVSEFSQFNRRFLNVVRQFSDNAGITPAI SKDLMTDAELARAISNMPTSA
GQIKLMLENRAMVRRKGFGILIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
EKKGNYACLLREDQGWYCQNAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSK
ECNINISTTNYPCKVSCGRNPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKFPEDQENV
ALDQCFESIENSQAGSGGSGSGSGGSEKAAKAEEAARKMEELFKKHKIVAVLRAN
SVEEAIEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVE
QARKAVESGAEFIVSPHLDEEI SQFAKEKGVEFYMPGVMTPTELVKAMKLGHTILK
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LFPGEVVGPQFVKAMKGPFPNVKEVPTGGVNLDNVAEWEFKAGVLAVGVGSALVKG
TPDEVREKAKAFVEKIRGATELE
LKESYLEESCSTITEGYLSVLRTGWYTNVEFTLEVGDVENLTCADGPSLIKTELDL
TKSALRELRTVSADQLAREEQIEGGGGGGFVLGAIALGVATAAAVTAGVAIAKCI
RLESEVTAIKNALKKTNEAVSTLGCGVRVLATAVRELKDEVSKNLTRAINKNKCD
IPDLKMAVSFSQFNRRFLNVVRQFSDNAGITPAI SKDLMTDAELARAISNMPTSA
GQIKLMLENRAMVRRKGEFGILIGVYGSSVIYMVQLPIFGVIDTPCWIVKAAPSCS
EKKGNYACLLREDQGWYCQNAGSTVYYPNEKDCETRGDHVEFCDTAAGINVAEQSK
hMPV034 124 ECNINISTTNYPCKVSCGRNPISMVALSPLGALVACYKGVSCSIGSNRVGIIKQL
NKGCSYITNQDADTVTIDNTVYQLSKVEGEQHVIKGRPVSSSFDPVKFPEDQENV
ALDQCFESIENSQALVDOSNRILSSAEKGNTGGSGGSGSGSGGSEKAAKAEEAAR
KMEELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVHLIEITFTVPDADTVIKALS
VLKEKGAIIGAGTVTSVEQARKAVESGAEFIVSPHLDEEI SQFAKEKGVEYMPGV
MTPTELVKAMKLGHTILKLFPGEVVGPQFVKAMKGPEFPNVKEVPTGGVNLDNVAE
WEFKAGVLAVGVGSALVKGTPDEVREKAKAFVEKIRGATELE

Assembly of VLPs

[0262] In some embodiments, a single component self-assembles into the VLP. In some
embodiments, one or more purified samples of first and second components for use in forming
a VLP are mixed in an approximately equimolar molar ratio in aqueous conditions (e.g., an I53-
50A/B isosahedral VLP). The first and second components (through the multimerization
domains and optionally through the ectodomains) interact with one another to drive assembly
of the target VLP. Successful assembly of the target VLP can be confirmed by analyzing the in
vitro assembly reaction by common biochemical or biophysical methods used to assess the
physical size of proteins or protein assemblies, including but not limited to size exclusion
chromatography, native (non-denaturing) gel electrophoresis, dynamic light scattering, multi-
angle light scattering, analytical ultracentrifugation, negative stain electron microscopy, cryo-
electron microscopy, or X-ray crystallography. If necessary, the assembled VLP can be purified
from other species or molecules present in the in vitro assembly reaction using preparative
techniques commonly used to isolate proteins by their physical size, including but not limited
to size exclusion chromatography, preparative ultracentrifugation, tangential flow filtration, or
preparative gel electrophoresis. The presence of the antigenic protein in the VLP can be
assessed by techniques commonly used to determine the identity of protein molecules in
aqueous solutions, including but not limited to SDS-PAGE, mass spectrometry, protein
sequencing, ELISA, surface plasmon resonance, biolayer interferometry, or amino acid
analysis. The accessibility of the protein on the exterior of the particle, as well as its
conformation or antigenicity, can be assessed by techniques commonly used to detect the

presence and conformation of an antigen, including but not limited to binding by monoclonal
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antibodies, conformation-specific monoclonal antibodies, surface plasmon resonance, biolayer
interferometry, or antisera specific to the antigen.

[0263] In various embodiments, the VLPs of the disclosure comprise two or more distinct
first polypeptides bearing different antigenic proteins as genetic fusions; these VLPs co-display
multiple different proteins on the same VLP. These multi-antigen VLPs are produced by
performing in vitro assembly with mixtures of two or more antigens each comprising a
multimerization domain. The fraction of each antigen in the mixture determines the average
valency of each antigenic protein in the resulting VLPs. The presence and average valency of
each antigen in a given sample can be assessed by quantitative analysis using the techniques
described above for evaluating the presence of antigenic proteins in full-valency VLPs.

[0264] In various embodiments, the VLPs are between about 20 nanometers (nm) to about
40 nm in diameter, with interior lumens between about 15 nm to about 32 nm across and pore
sizes in the protein shells between about 1 nm to about 14 nm in their longest dimensions.
[0265] In some embodiments, the VLPs have icosahedral symmetry. In such embodiment,
the VLP may comprise 60 copies of a first component and 60 copies of a second component.
In one such embodiment, the number of identical first polypeptides in each first assembly is
different than the number of identical first polypeptides in each second assembly. For example,
in some embodiments, the VLP comprises twelve first assemblies and twenty second
assemblies; in such embodiments, each first assembly may, for example, comprise five copies
of the identical first component, and each second assembly may, for example, comprise three
copies of the identical second component. In other embodiments, the VLP comprises twelve
first assemblies and thirty second assemblies; in such an embodiment, each first assembly may,
for example, comprise five copies of the identical first component, and each second assembly
may, for example, comprise two copies of the identical second component. In further
embodiments, the VLP comprises twenty first assemblies and thirty second assemblies; in this
embodiment, each first assembly may, for example, comprise three copies of the identical first
component, and each second assembly may, for example, comprise two copies of the identical
second component. All of these embodiments are capable of forming protein-based VLPs with
regular icosahedral symmetry.

[0266] In various further embodiments, oligomeric states of the first and second

multimerization domains are as follows:
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153-34A: trimer + [53-34B: pentamer;

153-40A: pentamer + 153-40B: trimer;

153-47A: trimer + 153-47B: pentamer;

153-50A: trimer + I153-50B: pentamer;

I53-51A: trimer + I53-51B: pentamer;

132-06A: dimer + I32-06B: trimer;

132-19A: trimer + 132-19B: dimer;

132-28 A: trimer + 132-28B: dimer;

152-03 A: pentamer + [52-03B: dimer;

152-32A: dimer + I52-32B: pentamer; and

152-33 A: pentamer + 152-33B: dimer
[0267] In some embodiments, the second multimerization domain of the second
polypeptide comprises a sequence that shares at least 95% identity to 153-50A or a variant
thereof:
153-50A

1 MEELFKKHKI VAVLRANSVE EATEKAVAVE AGGVHLIEIT
41 FTVPDADTVI KALSVLKEKG AIIGAGTVTS VEQCRKAVES
81 GAEFIVSPHL DEEISQFCKE KGVEYMPGVM TPTELVKAMK
121 LGHTILKLFP GEVVGPQFVK AMKGPEFPNVK FVPTGGVNLD
161 NVCEWFKAGV LAVGVGSALV KGTPDEVREK AKAFVEKIRG
201 CTE (SEQ ID NO:
144)

[0268] In some embodiments, the second multimerization domain shares at least 90%, at
least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at
least 98%, at least 99%, or 100% sequence identity to SEQ ID NO: 7 or SEQ ID NO: 144, or
an antigenic fragment thereof.

[0269] The 153-50A protein sequence has two intra-monomer disulfide bonds. In some
embodiments, the cysteine residues are mutated to residues that do not contain a thiol group
(e.g. alanine or serine). Removal of the thiol group may promote correct protein folding while
not impairing multimerization. In some embodiments, the multimerization domain of the first
polypeptide comprises an amino acid substitution at one or more of positions 74, 98, 163, and

201 relative to SEQ ID NO: 144, as shown here:
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153-50A

1 MEELFKKHKI VAVLRANSVE EAIEKAVAVE AGGVHLIEIT
41 FTVPDADTVI KALSVLKEKG AIIGAGTVTS VEQCRKAVES
81 GAEFIVSPHL DEEISQFCKE KGVEYMPGVM TPTELVKAMK

121 LGHTILKLEFP GEVVGPQFVK AMKGPFPNVK EVPTGGVNLD
161 NVCEWFKAGV LAVGVGSALV KGTPDEVREK AKAFVEKIRG
201 CTE (SEQ ID NO:

144)

[0270] In some embodiments, the multimerization domain of the first polypeptide
comprises an amino acid substitution of one or more of C74A, C98A, C163A, and C201A
relative to SEQ ID NO: 132. In some embodiments, the multimerization domain of the first

polypeptide comprises SEQ ID NO: 132 or a variant thereof.

I53-50A-Acys (disulfide-free form)

1 MEELFKKHKI VAVLRANSVE EATIEKAVAVFE AGGVHLIEIT
41 FTVPDADTVI KALSVLKEKG AIIGAGTVTS VEQARKAVES
81 GAEFIVSPHL DEEISQFAKE KGVEFYMPGVM TPTELVKAMK

121 LGHTILKLFP GEVVGPQFVK AMKGPEFPNVK FVPTGGVNLD
161 NVAEWFKAGV LAVGVGSALV KGTPDEVREK AKAFVEKIRG
201 ATE (SEQ ID NO:

132)

[0271] In some embodiments, the multimerization domain shares at least 90%, at least 91%,
at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,
atleast 99%, or 100% sequence identity to SEQ ID NO: 144 or SEQ ID NO: 132, or an antigenic
fragment thereof, and comprises one, two, three or four amino acid substitutions selected from
C74A, C98A, C163A, and C201A. Alternatively, the substitution may be of Cto A, T, S, L, 1,
or any amino acid other than C.

Nucleic Acids

[0272] In another aspect, the present disclosure provides isolated nucleic acids encoding an

antigen, a first component, and/or a second component, of the present disclosure. The isolated
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nucleic acid sequence may comprise RNA or DNA. As used herein, “isolated nucleic acids”
are those that have been removed from their normal surrounding nucleic acid sequences in the
genome or in cDNA sequences. Such isolated nucleic acid sequences may comprise additional
sequences useful for promoting expression and/or purification of the encoded protein, including
but not limited to polyA sequences, modified Kozak sequences, and sequences encoding
epitope tags, export signals, and secretory signals, nuclear localization signals, and plasma
membrane localization signals. It will be apparent to those of skill in the art, based on the
teachings herein, what nucleic acid sequences will encode the proteins of the disclosure.

[0273] In a further aspect, the present disclosure provides recombinant expression vectors
comprising the isolated nucleic acid of any embodiment or combination of embodiments of the
disclosure operatively linked a suitable control sequence. “Recombinant expression vector”
includes vectors that operatively link a nucleic acid coding region or gene to any control
sequences capable of effecting expression of the gene product. “Control sequences” operably
linked to the nucleic acid sequences of the disclosure are nucleic acid sequences capable of
effecting the expression of the nucleic acid molecules. The control sequences need not be
contiguous with the nucleic acid sequences, so long as they function to direct the expression
thereof. Thus, for example, intervening untranslated yet transcribed sequences can be present
between a promoter sequence and the nucleic acid sequences and the promoter sequence can
still be considered “operably linked” to the coding sequence. Other such control sequences
include, but are not limited to, polyadenylation signals, termination signals, and ribosome
binding sites. Such expression vectors can be of any type known in the art, including but not
limited to plasmid and viral-based expression vectors. The control sequence used to drive
expression of the disclosed nucleic acid sequences in a mammalian system may be constitutive
(driven by any of a variety of promoters, including but not limited to, CMV, SV40, RSV, actin,
EF) or inducible (driven by any of a number of inducible promoters including, but not limited
to, tetracycline, ecdysone, steroid responsive). The construction of expression vectors for use
in transfecting prokaryotic cells is also well known in the art, and thus can be accomplished via
standard techniques. (See, for example, Sambrook, Fritsch, and Maniatis, in: Molecular
Cloning, A Laboratory Manual, Cold Spring Harbor Laboratory Press, 1989; Gene Transfer
and Expression Protocols, pp. 109-128, ed. E.J. Murray, The Humana Press Inc., Clifton, N.J.),
and the Ambion 1998 Catalog (Ambion, Austin, TX). The expression vector must be replicable
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in the host organisms either as an episome or by integration into host chromosomal DNA. In a
preferred embodiment, the expression vector comprises a plasmid. However, the disclosure is
intended to include other expression vectors that serve equivalent functions, such as viral
vectors.

[0274] In another aspect, the present disclosure provides host cells that have been
transfected or transduced with the recombinant expression vectors disclosed herein, wherein
the host cells can be either prokaryotic or eukaryotic. The cells can be transiently or stably
transfected or transduced. Such transfection or transduction of expression vectors into
prokaryotic and eukaryotic cells can be accomplished via any technique known in the art,
including but not limited to standard bacterial transformations, calcium phosphate co-
precipitation, electroporation, or liposome mediated-, DEAE dextran mediated-, polycationic
mediated-, or viral mediated transfection. (See, for example, Molecular Cloning: A Laboratory
Manual (Sambrook, et al., 1989, Cold Spring Harbor Laboratory Press; Culture of Animal
Cells: A Manual of Basic Technique, 2nd Ed. (R.I. Freshney. 1987. Liss, Inc. New York, NY).
[0275] In another aspect, the disclosure provides a method of producing an antigen,
component, or VLP according to the disclosure. In some embodiments, the method comprises
the steps of (a) culturing a host according to this aspect of the disclosure under conditions
conducive to the expression of the polypeptide, and (b) optionally, recovering the expressed
polypeptide.

[0276] In some embodiments, the disclosure provides a method of manufacturing a vaccine,
comprising culturing a host cell comprising a polynucleotide comprising a sequence encoding
the antigen of the disclosure in a culture medium so that the host cell secretes the antigen into
the culture media; optionally purifying the antigen from the culture media;, mixing the antigen
with a second component, wherein the second component multimerizes with the antigen to form
a VLP; and optionally purifying the VLP.

[0277] In some embodiments, the disclosure provides method of manufacturing a vaccine,
comprising culturing a host cell comprising one or more polynucleotides comprising sequences
encoding both components of the VLP of any one of disclosure so that the host cell secretes the
first component and the second component into the culture media; and optionally purifying the

VLP from the culture media.

102

SUBSTITUTE SHEET (RULE 26)



WO 2023/225562 PCT/US2023/067127

[0278] Illustrative host cells in include E. coli cells, 293 and 293F cells, HEK293 cells, Sf9
cells, Chinese hamster ovary (CHO) cells and any other cell line used in the production of
recombinant proteins.

[0279] In various embodiments, the first component expresses at about 0.5 mg/mL, about
1.0 mg/mL, about 1.5 mg/mL, about 2.5 mg/mL, about 5 mg/mL, about 10 mg/mL, about 25
mg/mL, about 50 mg/mL, about 75 mg/mL, about 100 mg/mL, or greater in a method of
manufacturing according to the disclosure (e.g. 293F cells grown in suspension). In various
embodiments, the first component expresses at least 50%, at least 60%, at least 70%, at least
80%, at least 90%, or at least 95% of the expression level of an RSV and/or hMPV F protein
(optionally the same ectodomain as in the VLP) in the same or similar expression system. In
various embodiments, the first component expresses at least 105%, at least 110%, at least 115%,
at least 120%, at least 125%, at least 150%, at least 175%, or at least 200% of the expression
level of an RSV and/or hMPV F protein (optionally the same ectodomain as in the VLP) in the
same or similar expression system.

[0280] In some embodiments, the RSV and/or hMPV F protein ectodomain of the first
component is in the prefusion conformation, or a substantial fraction of the RSV and/or h(MPV
F protein ectodomain is in the prefusion conformation. In various embodiments, at least 50%,
at least 60%, at least 70%, at least 80%, at least 90%, or at least 95% of the RSV and/or hMPV
F protein ectodomain of the first component is in the prefusion conformation. In some
embodiments, the RSV and/or hMPV F protein ectodomain of the VLP is in the prefusion
conformation, or a substantial fraction of the RSV and/or hMPV F protein ectodomain is in the
prefusion conformation. In various embodiments, at least 50%, at least 60%, at least 70%, at
least 80%, at least 90%, or at least 95% of the RSV and/or hMPV F protein ectodomain of the
VLP is in the prefusion conformation.

[0281] In some embodiments, the fraction of RSV and//or hMPV F protein ectodomain in
the prefusion state is determined by binding to a conformation-specific antibody (e.g., D1-25
and 1112-1). In some embodiments, the fraction of hMPV F protein ectodomain in the first
component in the prefusion conformation is at least 105%, at least 110%, at least 115%, at least
120%, at least 125%, at least 150%, at least 175%, or at least 200% greater than the fraction in
areference component, or than the fraction in a reference protein not linked to a multimerization

domain. In some embodiments, the fraction of hMPV F protein ectodomain in the first
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component in the prefusion conformation is at least 105%, at least 110%, at least 115%, at least
120%, at least 125%, at least 150%, at least 175%, or at least 200% greater than the fraction in
a VLP (e.g., micelle VLP)

Vaccines and Administration

[0282] The disclosure also provides vaccines comprising the VLPs described herein. Such
compositions can be used to raise antibodies in a mammal (e.g a human). The vaccines
compositions of the disclosure typically include a pharmaceutically acceptable carrier, and a
thorough discussion of such carriers is available in Remington: The Science and Practice of
Pharmacy.

[0283] The pH of the composition is usually between about 4.5 to about 11, such as between
about 5 to about 11, between about 5.5 to about 11, between about 6 to about 11, between about
5 to about 10.5, between about 5.5 to about 10.5, between about 6 to about 10.5, between about
5 to about 10, between about 5.5 to about 10, between about 6 to about 10, between about 5 to
about 9.5, between about 5.5 to about 9.5, between about 6 to about 9.5, between about 5 to
about 9, between about 5.5 to about 9, between about 6 to about 9, between about 5 to about
8.5, between about 5.5 to about 8.5, between about 6 to about 8.5, between about 5 to about 8,
between about 5.5 to about 8, between about 6 to about 8, about 4.5, about 5, about 6.5, about
6, about 6.5, about 7, about 7.5, about 8, about 8.5, about 9, about 9.5, about 10, about 10.5,
about 11, etc. Stable pH may be maintained by the use of a buffer e.g. a Tris buffer, a citrate
buffer, phosphate buffer, or a histidine buffer. Thus a composition will generally include a
buffer.

[0284] In some embodiments, the pH of the formulation is between about pH 6.2 to about
pH 8.0. In some embodiments, the pH is about 6.2, about 6.4, about 6.6, about 6.8, about 7.0,
about 7.2, about 7.4, about 7.6, about 7.8, or about 8.0. Of course, the pH may also be within a
range of values. Thus, in some embodiments the pH is between about 6.2 and about 8.0, between
about 6.2 and 7.8, between about 6.2 and 7.6, between about 6.2 and 7.4, between about 6.2
and 7.2, between about 6.2 and 7.0, between about 6.2 and 6.8, between about 6.2 and about
6.6, or between about 6.2 and 6.4. In other embodiments, the pH is between 6.4 and about 8.0,
between about 6.4 and 7.8, between about 6.4 and 7.6, between about 6.4 and 7.4, between
about 6.4 and 7.2, between about 6.4 and 7.0, between about 6.4 and 6.8, or between about 6.4

and about 6.6. In still other embodiments, the pH is between about 6.6 and about 8.0, between
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about 6.6 and 7.8, between about 6.6 and 7.6, between about 6.6 and 7.4, between about 6.6
and 7.2, between about 6.6 and 7.0, or between about 6.6 and 6.8. In yet other embodiments, it
1s between about 6.8 and about 8.0, between about 6.8 and 7.8, between about 6.8 and 7.6,
between about 6.8 and 7.4, between about 6.8 and 7.2, or between about 6.8 and 7.0. In still
other embodiments, it is between about 7.0 and about 8.0, between about 7.0 and 7.8, between
about 7.0 and 7.6, between about 7.0 and 7.4, between about 7.0 and 7.2, between about 7.2
and 8.0, between about 7.2 and 7.8, between about 7.2 and about 7.6, between about 7.2 and
7.4, between about 7.4 and about 8.0, about 7.4 and about 7.6, or between about 7.6 and about
8.0.

[0285] In some embodiments, the formulation can include one or more salts, such as sodium
chloride, sodium phosphate, or a combination thereof. In general, each salt is present in the
formulation at about 10 mM to about 200 mM. Thus, in some embodiments, any salt that is
present is present at about 10 mM to about 200 mM, about 20 mM to about 200 mM, about 25
mM to about 200 mM, at about 30 mM to about 200 mM, at about 40 mM to about 200 mM, at
about 50 mM to about 200 mM, at about 75 mM to about 200 mM, at about 100 mM to about
200 mM, at about 125 mM to about 200 mM, at about 150 mM to about 200 mM, or at about
175 mM to about 200 mM. In other embodiments, any salt that is present is present at about 10
mM to about 175 mM, about 20 mM to about 175 mM, about 25 mM to about 175 mM, at about
30 mM to about 175 mM, at about 40 mM to about 175 mM, at about 50 mM to about 175 mM,
at about 75 mM to about 175 mM, at about 100 mM to about 175 mM, at about 125 mM to
about 175 mM, or at about 150 mM to about 175 mM. In still other embodiments, any salt that
is present is present at about 10 mM to about 150 mM, about 20 mM to about 150 mM, about
25 mM to about 150 mM, at about 30 mM to about 150 mM, at about 40 mM to about 150 mM,
at about 50 mM to about 150 mM, at about 75 mM to about 150 mM, at about 100 mM to about
150 mM, or at about 125 mM to about 150 mM. In yet other embodiments, any salt that is
present is present at about 10 mM to about 125 mM, about 20 mM to about 125 mM, about 25
mM to about 125 mM, at about 30 mM to about 125 mM, at about 40 mM to about 125 mM, at
about 50 mM to about 125 mM, at about 75 mM to about 125 mM, or at about 100 mM to about
125 mM. In some embodiments, any salt that is present is present at about 10 mM to about 100
mM, about 20 mM to about 100 mM, about 25 mM to about 100 mM, at about 30 mM to about
100 mM, at about 40 mM to about 100 mM, at about 50 mM to about 100 mM, or at about 75
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mM to about 100 mM. In yet other embodiments, any salt that is present is present at about 10
mM to about 75 mM, about 20 mM to about 75 mM, about 25 mM to about 75 mM, at about
30 mM to about 75 mM, at about 40 mM to about 75 mM, or at about 50 mM to about 75 mM.
In still other embodiments, any salt that is present is present at about 10 mM to about 50 mM,
about 20 mM to about 50 mM, about 25 mM to about 50 mM, at about 30 mM to about 50 mM,
or at about 40 mM to about 50 mM. In other embodiments, any salt that is present is present at
about 10 mM to about 40 mM, about 20 mM to about 40 mM, about 25 mM to about 40 mM,
at about 30 mM to about 40 mM, at about 10 mM to about 30 mM, at about 20 mM to about
30, at about 25 mM to about 30 mM, at about 10 mM to about 25 mM, at about 20 mM to about
25 mM, or at about 10 mM to about 20 mM. In some embodiments, the sodium chloride is
present in the formulation at about 100 mM. In some embodiments, the sodium phosphate is
present in the formulation at about 25 mM.

[0286] A composition may be sterile and/or pyrogen free. Compositions may be isotonic
with respect to humans.

[0287] Vaccine compositions may include an immunological adjuvant. Illustrative
adjuvants include the following: mineral-containing compositions; oil emulsions; squalene
emulsions; saponin formulations; virosomes and virus-like particles; bacterial or microbial
derivatives; bioadhesives and mucoadhesives; liposomes; polyoxyethylene ether and
polyoxyethylene ester formulations; polyphosphazene (pcpp); muramyl peptides;
imidazoquinolone compounds; thiosemicarbazone compounds; tryptanthrin compounds;
human immunomodulators; lipopeptides; benzonaphthyridines; microparticles;
immunostimulatory polynucleotide (such as ma or dna; e.g., cpg-containing oligonucleotides).
[0288] For example, the composition may include an aluminum salt adjuvant, an oil in
water emulsion (e.g. an oil-in-water emulsion comprising squalene, such as MF59® or AS03),
a TLR7 agonist (such as imidazoquinoline or imiquimod), or a combination thereof. Suitable
aluminum salts include hydroxides (e.g. oxyhydroxides), phosphates (e.g. hydroxyphosphates,
orthophosphates), (e.g. see chapters 8 & 9 of Vaccine Design. (1995) eds. Powell & Newman.
ISBN: 030644867X. Plenum), or mixtures thereof. The salts can take any suitable form (e.g.
gel, crystalline, amorphous, etc.), with adsorption of antigen to the salt being an example. The

I+

concentration of Al in a composition for administration to a patient may be less than Smg/ml

e.g. <4 mg/ml, <3 mg/ml, <2 mg/ml, <l mg/ml, etc. A preferred range is between 0.3 and 1
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mg/ml. A maximum of 0.85mg/dose is preferred. Aluminum hydroxide and aluminium
phosphate adjuvants are suitable for use with the disclosure.

[0289] Exemplary adjuvants that may be used in a pharmaceutical composition provided
herein include, but are not limited to, 3M-052, Adju-Phos™, Alhydrogel™, Adjumer™,
albumin-heparin microparticles, Algal Glucan, Algammulin, Alum, Antigen Formulation, AS-
2 adjuvant, ASO1, ASO3, autologous dendritic cells, autologous PBMC, Avridine™, B7-2,
BAK, BAY R1005, BECC TLR-4 agonists, Bupivacaine, Bupivacaine-HCl, BWZL, Calcitriol,
Calcium Phosphate Gel, CCRS peptides, CFA, Cholera holotoxin (CT) and Cholera toxin B
subunit (CTB), Cholera toxin Al-subunit-Protein A D-fragment fusion protein, CpG, CPG-
1018, CPG-1018 plus aluminum salt, CRL1005, Cytokine-containing Liposomes, D-
Murapalmitine, DDA, DHEA, Diphtheria toxoid, DL-PGL, DMPC, DMPG, DOC/Alum
Complex, Fowlpox, Freund’s Complete Adjuvant, Gamma Inulin, Gerbu Adjuvant, GM-CSF,
GMDP, hGM-CSF, hIL-12 (N222L), hTNF-alpha, IFA, IFN-gamma in pcDNA3, IL-12 DNA,
IL-12 plasmid, IL-12/GMCSF plasmid (Sykes), IL-2 in pcDNA3, IL-2/Ig plasmid, IL-2/Ig
protein, IL-4, IL-4 in pcDNA3, Imiquimod™, ImmTher™, Immunoliposomes Containing
Antibodies to Costimulatory Molecules, Interferon-gamma, Interleukin-1 beta, Interleukin-12,
Interleukin-2, Interleukin-7, ISCOM(s)™, Iscoprep 7.0.3™, Keyhole Limpet Hemocyanin,
Lipid-based Adjuvant, Liposomes, Loxoribine, LT(R192G), LT-OA or LT Oral Adjuvant, LT-
R192G, LTK63, LTK72, Matrix-M™ adjuvant, MF59, MONTANIDE ISA 51, MONTANIDE
ISA 720, MPL. ™., MPL-SE, MTP-PE, MTP-PE Liposomes, Murametide, Murapalmitine,
NAGO, nCT native Cholera Toxin, Non-Ionic Surfactant Vesicles, non-toxic mutant E112K of
Cholera Toxin mCT-E112K, p-Hydroxybenzoique acid methyl ester, pCIL-10, pCIL12,
pCMVmCATI, pCMVN, Peptomer-NP, Pleuran, PLG, PLGA, PGA, and PLA, Pluronic L121,
PMMA, PODDS™, Poly rA: Poly rU, Polysorbate 80, Protein Cochleates, QS-21, Quadri A
saponin, Quil-A, Rehydragel HPA, Rehydragel LV, RIBI, Ribi like adjuvant system (MPL,
TMD, CWS), S-28463, SAF-1, Sclavo peptide, Sendai Proteoliposomes, Sendai-containing
Lipid Matrices, Span 85, Specol, Squalane 1, Squalene 2, Stearyl Tyrosine, SWE, Tetanus
toxoid (TT), Theramide™, Threonyl muramyl dipeptide (TMDP), Ty Particles, and Walter

Reed Liposomes.
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[0290] In preferred embodiments, the adjuvant is an aluminium hydroxide gel (e.g.,
Alhydrogel™). In preferred embodiments, the adjuvant is SWE. In preferred embodiments, the
adjuvant is MF59.

[0291] MF59 is an oil-in-water emulsion containing squalene (4.3%) in citric acid buffer
with stabilizing nonionic surfactants Tween 80 (0.5%) and Span 85 (0.5%). MF59 has been
shown to be well-tolerated in humans and is used in vaccines against seasonal influenza (see
Ko and Kang, Hum Vaccin Immunother. 2018; 14(12): 3041-3045; U.S. Patent No. 6,299,884).
[0292] For example, the composition may include an aluminum salt adjuvant, an oil in
water emulsion (e.g. an oil-in-water emulsion comprising squalene, such as MF59, SWE, or
AS03), a TL4 agonist, a TLR9Y agonist (such as CpG oligodeoxynucleotides), a TLR7 agonist
(such as imidazoquinoline or imiquimod), or a combination thereof. In some embodiments, the
adjuvant is a combination of an aluminum salt and CPG1018. Suitable aluminum salts include
hydroxides (e.g. oxyhydroxides), phosphates (e.g. hydroxyphosphates, orthophosphates), (e.g.
see chapters 8 & 9 of Vaccine Design. (1995) eds. Powell & Newman. ISBN: 030644867X.
Plenum), or mixtures thereof The salts can take any suitable form (e.g. gel, crystalline,
amorphous, etc.), with adsorption of antigen to the salt being an example. The concentration of
Al+++ in a composition for administration to a patient may be less than Smg/ml e.g. <4 mg/ml,
<3 mg/ml, <2 mg/ml, <1 mg/ml, etc. A preferred range is between 0.3 and 1 mg/ml. A
maximum of 0.85mg/dose is preferred. Aluminum hydroxide and aluminium phosphate
adjuvants are suitable for use with the disclosure. In a preferred embodiment, a pharmaceutical
composition provided herein comprises aluminum hydroxide as an adjuvant. In some
embodiment, a pharmaceutical composition provided herein comprises 500 pg aluminium
hydroxide.

[0293] In one aspect, the disclosure provides a vaccine, comprising the VLP described
herein, wherein the vaccine optionally comprises one or more pharmaceutically acceptable
diluents, adjuvants, or excipients. In some embodiments, the vaccine is a stable emulsion. In
some embodiments, the vaccine comprises one or more adjuvants. In some embodiments, the
one or more adjuvants is squalene, SLA, GLA, R848, IMQ, 3M-052, CpG, saponin (QS21), or
combinations thereof. In some embodiments, the adjuvant is alum. In some embodiments, the

adjuvant is a squalene-based emulsion. In some embodiments, the squalene-based emulsion is
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MF59. Selection of an adjuvant depends on the subject to be treated. Preferably, a
pharmaceutically acceptable adjuvant is used.

[0294] In some embodiments, the adjuvant is a squalene emulsion.

[0295] In some embodiments, the adjuvant is a TLR4 immunostimulant (e.g., SLA, GLA),
e.g., as described in Van Hoeven at al. PLoS One. 11(2):e0149610 (2016).

[0296] In some embodiments, the adjuvant is a TLR7/8 immunostimulant (e.g., R848, IMQ,
3M-052), e.g., as described in Dowling D. ImmunoHorizons (6):185-197 (2018).

[0297] In some embodiments, the adjuvant is a TLR9 immunostimulant (CpG), e.g., as
described in Bode et al. Expert Rev Vaccines. 10(4):499-511 (2011).

[0298] In some embodiments, the adjuvant is saponin (QS21), e.g., as described in Zhu et
al. Nat Prod Chem Res. 3(4):e113 (2016).

[0299] In some embodiments, the vaccine comprises a combination of two or more
adjuvants (e.g. squalene emulsion and alum or a TLR4 immunostimulant).

[0300] One suitable immunological adjuvant comprises a compound of Formula (I) as
defined in W0O2011/027222, or a pharmaceutically acceptable salt thereof, adsorbed to an
aluminum salt. Many further adjuvants can be used, including any of those disclosed in Powell
& Newman (1995).

[0301] Compositions may include an antimicrobial, particularly when packaged in multiple
dose format. Antimicrobials such as thiomersal and 2-phenoxyethanol are commonly found in
vaccines, but sometimes it may be desirable to use either a mercury-free preservative or no
preservative at all.

[0302] Compositions may comprise detergent e.g. a polysorbate, such as polysorbate 80.
Detergents are generally present at low levels e.g. <0.01%.

[0303] Compositions may include sodium salts (e.g. sodium chloride) to give tonicity. A
concentration of 10£2 mg/ml NaCl is typical e.g. about 9 mg/ml.

[0304] In some embodiments, the buffer in the vaccine composition is a Tris buffer, a
histidine buffer, a phosphate buffer, a citrate buffer or an acetate buffer. The composition may
also include a lyoprotectant, e.g. sucrose, sorbitol or trehalose. In certain embodiments, the
composition includes a preservative e.g  benzalkonium chloride, benzethonium,
chlorohexidine, phenol, m-cresol, benzyl alcohol, methylparaben, propylparaben,

chlorobutanol, o-cresol, p-cresol, chlorocresol, phenylmercuric nitrate, thimerosal, benzoic
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acid, and various mixtures thereof. In other embodiments, the composition includes a bulking
agent, like glycine. In yet other embodiments, the composition includes a surfactant e.g.,
polysorbate-20, polysorbate-40, polysorbate- 60, polysorbate-65, polysorbate-80 polysorbate-
85, poloxamer-188, sorbitan monolaurate, sorbitan monopalmitate, sorbitan monostearate,
sorbitan monooleate, sorbitan trilaurate, sorbitan tristearate, sorbitan trioleaste, or a
combination thereof. The composition may also include a tonicity adjusting agent, e.g., a
compound that renders the formulation substantially isotonic or isoosmotic with human blood.
Ilustrative tonicity adjusting agents include sucrose, sorbitol, glycine, methionine, mannitol,
dextrose, inositol, sodium chloride, arginine and arginine hydrochloride. In other embodiments,
the composition additionally includes a stabilizer, e.g., a molecule which substantially prevents
or reduces chemical and/or physical instability of the VLP, in lyophilized or liquid form.
Tlustrative stabilizers include sucrose, sorbitol, glycine, inositol, sodium chloride, methionine,
arginine, and arginine hydrochloride.

[0305] In some embodiments, the disclosure provides a vaccine (immunogenic
composition) comprising one or more pharmaceutically acceptable excipients.

[0306] In some embodiments, the vaccine (immunogenic composition) is a stable emulsion.
[0307] In some embodiments, the disclosure provides a vaccine (immunogenic
composition) comprises one or more adjuvants. In some embodiments, the one or more
adjuvants comprises a TLR4 immunostimulant, e.g., Monophosphoryl Lipid A (MPL),
Glucopyranosyl Lipid A (GLA), and/or Soluble Leishmania Antigen (SLA).

[0308] In another aspect, the disclosure provides a method of inducing an immune response
or strengthening an existing immune response against RSV and/or hMPV, comprising
administering to a subject in need thereof an immunologically effective amount of the
immunogenic composition described herein, which comprises the VLP as described herein.
[0309] In certain embodiments, the immune response comprises the production of
neutralizing antibodies against an infectious agent. In certain embodiments, the neutralizing
antibodies are complement-independent.

[0310] The immune response can comprise a humoral immune response, a cell-mediated
immune response, or both. In some embodiments an immune response is induced against each
delivered antigenic protein. A cell-mediated immune response can comprise a Helper T-cell

(Th) response, a CD8+ cytotoxic T-cell (CTL) response, or both. In some embodiments the
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immune response comprises a humoral immune response, and the antibodies are neutralizing
antibodies. Neutralizing antibodies block viral infection of cells. Viruses infect epithelial cells
and also fibroblast cells. In some embodiments the immune response reduces or prevents
infection of both cell types. Neutralizing antibody responses can be complement-dependent or
complement-independent. In some embodiments the neutralizing antibody response is
complement-independent. In some embodiments the neutralizing antibody response is cross-
neutralizing; i.e., an antibody generated against an administered composition neutralizes a virus
of a strain other than the strain used in the composition.

[0311] A useful measure of antibody potency in the art is “50% neutralization titer.” To
determine 50% neutralizing titer, serum from immunized animals is diluted to assess how dilute
serum can be yet retain the ability to block entry of 50% of viruses into cells. For example, a
titer of 700 means that serum retained the ability to neutralize 50% of virus after being diluted
700-fold. Thus, higher titers indicate more potent neutralizing antibody responses. In some
embodiments, this titer is in a range having a lower limit of about 200, about 400, about 600,
about 800, about 1000, about 1500, about 2000, about 2500, about 3000, about 3500, about
4000, about 4500, about 5000, about 5500, about 6000, about 6500, or about 7000. The 50%
neutralization titer range can have an upper limit of about 400, about 600, about 800, about
1000, about 1500, about 2000, about 2500, about 3000, about 3500, about 4000, about 4500,
about 5000, about 5500, about 6000, about 6500, about 7000, about 8000, about 9000, about
10000, about 11000, about 12000, about 13000, about 14000, about 15000, about 16000, about
17000, about 18000, about 19000, about 20000, about 21000, about 22000, about 23000, about
24000, about 25000, about 26000, about 27000, about 28000, about 29000, or about 30000. For
example, the 50% neutralization titer can be about 3000 to about 25000. “About” means plus
or minus 10% of the recited value.

[0312] In some embodiments, the virus-like particles of the disclosure generate an immune
response of 0.5x10° TU/mL, 1.0 x10° IU/mL, 1.5 x103 IU/mL, 2.0 x10% IU/mL, 3.0 x10° IU/mL,
4.0 x10° IU/mL, 5.0 x10° IU/mL, 6.0 x10° IU/mL, 7.0 x10° IU/mL, 8.0 x10° IU/mL, 9.0 x103
IU/mL, 10 x10° IU/mL, 25 x10°* IU/mL, 50 x10° IU/mL, 100 x103 IU/mL or greater. In some
embodiments, the virus-like particles of the disclosure generate an immune response of 0.5 x103

IU/mL or greater.

111

SUBSTITUTE SHEET (RULE 26)



WO 2023/225562 PCT/US2023/067127

[0313] Compositions of the disclosure will generally be administered directly to a subject.
Direct delivery may be accomplished by parenteral injection (e.g. subcutaneously,
intraperitoneally, intravenously, intramuscularly, or to the interstitial space of a tissue), orally,
intranasal, or by any other suitable route. For example, intramuscular administration may be
used e.g. to the thigh or the upper arm. Injection may be via aneedle (e.g. ahypodermic needle),
but needle-free injection may alternatively be used. A typical intramuscular dosage volume is
0.5 ml.

[0314] Dosage can be by a single dose schedule or a multiple dose schedule. Multiple doses
may be used in a primary immunization schedule and/or in a booster immunization schedule.
In a multiple dose schedule the various doses may be given by the same or different routes, e.g.,
aparenteral prime and mucosal boost, a mucosal prime and parenteral boost, etc. Multiple doses
will typically be administered at least 1 week apart (e.g., about 2 weeks, about 3 weeks, about
4 weeks, about 6 weeks, about 8 weeks, about 10 weeks, about 12 weeks, about 16 weeks, etc.).
Multiple doses may be administered at least 1 month apart (e.g., about 2 months, about 3
months, about 4 months, about 6 months, about 8 months, about 10 months, about 12 months,
about 16 months, etc.). A second or subsequent does may be administered over longer intervals,
e.g.,about 1 year, about 2 years, about 3 years, about 4 years, or about 5 years after the previous
dose, such as about 3-5 years after the previous dose.

[0315] The subject may be a child (e.g., a toddler or infant), a teenager, or an adult. A
vaccine intended for children may also be administered to adults, e.g., to assess safety, dosage,
immunogenicity, etc.

[0316] Vaccines of the disclosure may be prophylactic (i.e. to prevent disease) or
therapeutic (i.e. to reduce or eliminate the symptoms of a disease). The term prophylactic may
be considered as reducing the severity of or preventing the onset of a particular condition. For
the avoidance of doubt, the term prophylactic vaccine may also refer to vaccines that ameliorate
the effects of a future infection, for example by reducing the severity or duration of such an
infection.

[0317] Isolated and/or purified VLPs described herein can be administered alone or as
either prime or boost in mixed-modality regimes, such as a RNA prime or DN A primer followed
by a protein boost. For example, an adenoviral vector may be used as the prime in combination

with a vaccine composition of the present disclosure. Benefits of the RNA-prime/protein-boost
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strategy, as compared to a protein-prime/protein-boost strategy, include, for example, increased
antibody titers, a more balanced IgG1:IgG2a subtype profile, induction of TH1-type CD4+ T
cell-mediated immune response that was similar to that of viral particles, and reduced
production of non-neutralizing antibodies. The RNA prime can increase the immunogenicity of
compositions regardless of whether they contain or do not contain an adjuvant.

[0318] In the RNA-prime/protein boost-strategy, the RNA and the protein are directed to
the same target antigen. Examples of suitable modes of delivering RNAs include virus-like
replicon particles (VRPs), alphavirus RNA, replicons encapsulated in lipid nanoparticles
(LNPs) or formulated RNAs, such as replicons formulated with cationic nanoemulsions
(CNEs). Suitable cationic oil-in-water nanoemulsions are disclosed in W02012/006380 e.g.
comprising an oil core (e.g. comprising squalene) and a cationic lipid (e.g. DOTAP, DMTAP,
DSTAP, DC-cholesterol, etc.).

[0319] Alternatively, two doses of the VLP may be administered at a predetermined interval
to achieve a prime-boost effect. The predetermined interval may be 1, 2, 3, 4, 6, 7, 10, or 14
days; or 3-5 days, 7-10 days, or 10-14 days, 14-21 days or the like. The predetermined interval
may be 1, 2, 3, 4, or 6 weeks; or 2-3 weeks, 3-4 weeks, or 5-6 weeks or the like. The
predetermined interval may be 1, 2, 3, or 4 months or 1, 2, 3, or 4 years.

[0320] In some embodiments, the RNA molecule is encapsulated in, bound to or adsorbed
on a cationic lipid, a liposome, a cochleate, a virosome, an immune-stimulating complex, a
microparticle, a microsphere, a nanosphere, a unilamellar vesicle, a multilamellar vesicle, an
oil-in-water emulsion, a water-in-oil emulsion, an emulsome, a polycationic peptide, a cationic
nanoemulsion, or combinations thereof.

[0321] The disclosure further provides combination vaccines. The vaccines of the
disclosure include vaccines comprising both an RSV and/or hMPV VLP and vaccines for one
or more of: coronavirus (such as a betacoronavirus, e.g., SARS-CoV-2, respiratory syncytial
virus, Rabies, Pneumococcal virus, Typhoid fever, Hepatitis A, Polio, Influenza, Hepatitis B,
Yellow Fever, Japanese encephalitis, Parvovirus, Distemper, Adenovirus, Parainfluenza,
Influenza, Measles, Lyme disease, Coronavirus, Vesicular stomatitis virus, Herpes simplex

virus, Baculovirus, Thogotovirus, and Bornaviridae.
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[0322] Also provided herein are kits for administration of nucleic acid (e.g., RNA), purified
proteins, and purified VLPs described herein, and instructions for use. The disclosure also
provides a delivery device pre-filled with a composition or a vaccine disclosed herein.

[0323] The pharmaceutical compositions described herein can be administered in
combination with one or more additional therapeutic agents, such as an antiviral, e.g.,
palivizumab. The additional therapeutic agents may include, but are not limited to antibiotics
or antibacterial agents, antiemetic agents, antifungal agents, anti-inflammatory agents, antiviral
agents, immunomodulatory agents, cytokines, antidepressants, hormones, alkylating agents,
antimetabolites, antitumour antibiotics, antimitotic agents, topoisomerase inhibitors, cytostatic
agents, anti-invasion agents, antiangiogenic agents, inhibitors of growth factor function
inhibitors of viral replication, viral enzyme inhibitors, anticancer agents, o-interferons, [-
interferon, ribavirin, hormones, and other toll-like receptor modulators, immunoglobulins (Igs),
and antibodies modulating Ig function (such as anti-IgE (omalizumab)).

[0324] In certain embodiments, the compositions disclosed herein may be used as a
medicament, e.g., for use in inducing or enhancing an immune response in a subject in need
thereof, such as a mammal.

[0325] In certain embodiments, the compositions disclosed herein may be used in the
manufacture of a medicament for inducing or enhancing an immune response in a subject in
need thereof, such as a mammal.

[0326] One way of checking efficacy of therapeutic treatment involves monitoring
infection by an infectious agent after administration of the compositions or vaccines disclosed
herein. One way of checking efficacy of prophylactic treatment involves monitoring immune
responses, systemically (such as monitoring the level of IgG1 and IgG2a production) and/or
mucosally (such as monitoring the level of IgA production), against the antigen. Typically,
antigen-specific serum antibody responses are determined post-immunization but pre-challenge
whereas antigen-specific mucosal antibody responses are determined post-immunization and
post-challenge.

Methods of Treatment

[0327] In one aspect, the disclosure provides a method of immunizing a subject against
infection by human metapneumovirus (hMPV), the method comprising administering the

vaccine described herein. In some embodiments, the subject is simultaneously immunized
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against infection by respiratory syncytial virus (RSV). In some embodiments, the vaccine is
administered by subcutaneous injection. In some embodiments, wherein the vaccine is
administered by intramuscular injection. In some embodiments, wherein the vaccine is
administered by intradermal injection. In some embodiments, wherein the vaccine is
administered intranasally. In one aspect, the disclosure provides a pre-filled syringe comprising
the vaccine described herein. In one aspect, the disclosure provides a kit comprising the vaccine
described herein or the pre-filled syringe described herein.

[0328] In another aspect, provided herein is a unit dose of the pharmaceutical composition
comprising about 0.5 ug to about 1 pug, about 20 pg to about 25 pg, about 70 pg to about 75
ug, about 100 ug to about 125 ug, about 100 ug to about 150 pg, about 125 ug to about 175
ug, about 200 ug to about 250 pg, about 225 pg to about 300 ug, or about 250 ug to about 350
ug of the VLPs.

[0329] In another aspect, provided herein is a unit dose of the pharmaceutical composition
comprising about 0.5 ug to about 1 ug, about 20 ug to about 25 ug, about 25 pg to about 50
ug, about 50 ug to about 70 pg, about 70 ug to about 75 ug, about 75 ug to about 100 ug,
about 100 ug to about 125 pg, about 125 pg to about 150 pg, about 150 ug to about 175 pg,
about 175 ug to about 200 ug, about 200 pg to about 250 pg, or about 250 pg to about 300 pg
of the VLPs.

[0330] In another aspect, provided herein is a method of vaccinating a subject, comprising
administering to the subject an effective amount of a pharmaceutical composition provided
herein. In another aspect, provided herein is a method of generating an immune response in a
subject, comprising administering to the subject an effective amount of a pharmaceutical
composition provided herein. In another aspect, provided herein is a method of preventing RSV
disease a subject, comprising administering to the subject an effective amount of a
pharmaceutical composition provided herein. In some embodiments, the subject is at risk of
severe RSV disease. In another aspect, provided herein is a method of preventing hMPV disease
in a subject, comprising administering to the subject an effective amount of a pharmaceutical
composition provided herein. In some embodiments, the subject is at risk of severe hMPV
disease. In some embodiments, the subject is an adult of over 60 years of age. In some

embodiments, the subject is a healthy adult of 18-45 years of age.
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[0331] In some embodiments, a composition comprising 25 pg of a first VLP comprising a
respiratory syntactical virus (RSV) F protein ectodomain or antigenic variant thereof and 125
ng of a second VLP comprising a human metapneumovirus (hMPV) F protein ectodomain or
antigenic variant thereof is administered intramuscularly to a subject. In some embodiments, a
composition comprising 25 pug of a first VLP comprising a respiratory syntactical virus (RSV)
F protein ectodomain or antigenic variant thereof, 125 pg of a second VLP comprising a human
metapneumovirus (hMPV) F protein ectodomain or antigenic variant thereof, and 9.75 mg of
an oil-in-water emulsion comprising squalene, such as MF59®, is administered intramuscularly
to a subject.

[0332] In some embodiments, a composition comprising 75 pg of a first VLP comprising a
respiratory syntactical virus (RSV) F protein ectodomain or antigenic variant thereof and 75 ug
of a second VLP comprising a human metapneumovirus (hMPV) F protein ectodomain or
antigenic variant thereof is administered intramuscularly to a subject. In some embodiments, a
composition comprising 75 pug of a first VLP comprising a respiratory syntactical virus (RSV)
F protein ectodomain or antigenic variant thereof, 75 ug of a second VLP comprising a human
metapneumovirus (hMPV) F protein ectodomain or antigenic variant thereof, and 9.75 mg of
an oil-in-water emulsion comprising squalene, such as MF59®, is administered intramuscularly
to a subject.

[0333] In some embodiments, a composition comprising 75 pg of a first VLP comprising a
respiratory syntactical virus (RSV) F protein ectodomain or antigenic variant thereof and 150
ng of a second VLP comprising a human metapneumovirus (hMPV) F protein ectodomain or
antigenic variant thereof is administered intramuscularly to a subject. In some embodiments, a
composition comprising 75 pug of a first VLP comprising a respiratory syntactical virus (RSV)
F protein ectodomain or antigenic variant thereof, 150 pug of a second VLP comprising a human
metapneumovirus (hMPV) F protein ectodomain or antigenic variant thereof, and 9.75 mg of
an oil-in-water emulsion comprising squalene, such as MF59®, is administered intramuscularly
to a subject.

[0334] In some embodiments, a composition comprising 75 pg of a first VLP comprising a
respiratory syntactical virus (RSV) F protein ectodomain or antigenic variant thereof and 225
ng of a second VLP comprising a human metapneumovirus (hMPV) F protein ectodomain or

antigenic variant thereof is administered intramuscularly to a subject. In some embodiments, a
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composition comprising 75 ug of a first VLP comprising a respiratory syntactical virus (RSV)
F protein ectodomain or antigenic variant thereof, 225 pg of a second VLP comprising a human
metapneumovirus (hMPV) F protein ectodomain or antigenic variant thereof, and 9.75 mg of
an oil-in-water emulsion comprising squalene, such as MF59®, 1s administered intramuscularly
to a subject.

[0335] In some embodiments, a composition comprising 112.5 ug of a first VLP
comprising a respiratory syntactical virus (RSV) F protein ectodomain or antigenic variant
thereof and 112.5 pg of a second VLP comprising a human metapneumovirus (hMPV) F protein
ectodomain or antigenic variant thereof is administered intramuscularly to a subject. In some
embodiments, a composition comprising 112.5 pg of a first VLP comprising a respiratory
syntactical virus (RSV) F protein ectodomain or antigenic variant thereof, 112.5 pug of a second
VLP comprising a human metapneumovirus (hMPV) F protein ectodomain or antigenic variant
thereof, and 9.75 mg of an oil-in-water emulsion comprising squalene, such as MF59®, is
administered intramuscularly to a subject.

[0336] In some embodiments, a composition comprising 150 pg of a first VLP comprising
a respiratory syntactical virus (RSV) F protein ectodomain or antigenic variant thereof and 150
ug of a second VLP comprising a human metapneumovirus (hMPV) F protein ectodomain or
antigenic variant thereof 1s administered intramuscularly to a subject. In some embodiments, a
composition comprising 150 pg of a first VLP comprising a respiratory syntactical virus (RSV)
F protein ectodomain or antigenic variant thereof, 150 pg of a second VLP comprising a human
metapneumovirus (hMPV) F protein ectodomain or antigenic variant thereof, and 9.75 mg of
an oil-in-water emulsion comprising squalene, such as MF59®, is administered intramuscularly
to a subject.

[0337] In some embodiments, a composition comprising 225 pg of a first VLP comprising
a respiratory syntactical virus (RSV) F protein ectodomain or antigenic variant thereof and 150
ug of a second VLP comprising a human metapneumovirus (hMPV) F protein ectodomain or
antigenic variant thereof is administered intramuscularly to a subject. In some embodiments, a
composition comprising 225 pg of a first VLP comprising a respiratory syntactical virus (RSV)
F protein ectodomain or antigenic variant thereof, 150 pug of a second VLP comprising a human

metapneumovirus (hMPV) F protein ectodomain or antigenic variant thereof, and 9.75 mg of
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an oil-in-water emulsion comprising squalene, such as MF59®, 1s administered intramuscularly
to a subject.

[0338] In some embodiments, a composition comprising 150 ug of a first VLP comprising
a respiratory syntactical virus (RSV) F protein ectodomain or antigenic variant thereof and 75
ng of a second VLP comprising a human metapneumovirus (hMPV) F protein ectodomain or
antigenic variant thereof is administered intramuscularly to a subject. In some embodiments, a
composition comprising 150 ug of a first VLP comprising a respiratory syntactical virus (RSV)
F protein ectodomain or antigenic variant thereof, 75 ug of a second VLP comprising a human
metapneumovirus (hMPV) F protein ectodomain or antigenic variant thereof, and 9.75 mg of
an oil-in-water emulsion comprising squalene, such as MF59®, is administered intramuscularly
to a subject.

[0339] In another aspect, provided herein is a method of generating an immune response in
an unborn child, the method comprising administering an effective amount of a pharmaceutical
composition provided herein to the mother of said unborn child. In some embodiments, the
pharmaceutical composition is administered to the mother in the last trimester of the pregnancy.
[0340] In some embodiments, a first dose of the pharmaceutical composition is
administered to a female during pregnancy and a second dose of the composition is
administered to the infant that is born from the pregnancy. Non-limiting examples of generating
an immune response in an infant include those disclosed in Int’l Pat. Pub No.
WO02012103361A1, which is incorporated herein in its entirety.

[0341] In some embodiments, an effective amount of a pharmaceutical composition
comprises about 0.5 pg to about 1 ug, about 20 pg to about 25 pg, about 70 pg to about 75 ug,
about 100 ug to about 125 ug, about 100 ug to about 150 ug, about 125 pg to about 175 g,
about 200 ug to about 250 pg, about 225 ug to about 300 pg, or about 250 ug to about 350 ug
of the VLPs.

[0342] In some embodiments, an effective amount of a pharmaceutical composition
comprises about 0.5 pg to about 1 ug, about 20 pg to about 25 pg, about 25 pg to about 50 pg,
about 50 pg to about 70 ug, about 70 ug to about 75 ug, about 75 ug to about 100 pg, about
100 ug to about 125 ug, about 125 pg to about 150 ug, about 150 ug to about 175 pg, about
175 pg to about 200 pg, or about 200 ug to about 250 ug, or about 250 pg to about 300 ug of
the VLP.
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[0343] In some embodiments, a method provided herein further comprising administering
a second dose of a pharmaceutical composition provided herein. In some embodiments, the
second dose 1s administered within about 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, or 12 weeks, about 1
month, about 2 months, about 3 months, about 4 months, about 5 months, about 6 months, about
9 months, or about 12 months of the first dose. In some embodiments, the method provided
herein further comprises administering a third dose of a pharmaceutical composition provided
herein. In some embodiments, the third dose is administered about 1 year, about 2 years, about
3 years, about 4 years, or about 5 years after the second dose. In some embodiments, a method
provided herein further comprises administering subsequent doses at regular intervals of about
1,2, 3, 4o0r5 years.

[0344] In some embodiments, a method provided herein limits the development of an RSV
infection in a subject. In some embodiments, the method results in the production of RSV-A-
specific neutralizing antibodies in the subject. In some embodiments, the method results in an
increase in RSV-A-specific neutralizing antibodies in the subject of at least about 2-fold, about
3-fold, at least about 4-fold, at least about 5-fold, at least about 10-fold, at least about 15-fold,
at least about 20-fold, or at least about 25-fold compared to baseline. In some embodiments,
the increase in RSV-A-specific neutralizing antibodies is detectable within about one week,
within about 2 weeks, within about 3 weeks, within about 4 weeks, within about 5 weeks, within
about 6 weeks, within about 7 weeks, within about 8 weeks, within about 9 weeks, within about
10 weeks, within about 11 weeks, or within about 12 weeks of administration of the
pharmaceutical composition. In some embodiments, the method results in the production of
RSV-B-specific neutralizing antibodies in the subject. In some embodiments, the method
results in an increase in RSV-B-specific neutralizing antibodies in the subject of at least about
2-fold, about 3-fold, at least about 4-fold, at least about 5-fold, at least about 10-fold, at least
about 15-fold, at least about 20-fold, or at least about 25-fold compared to baseline. In some
embodiments, the increase in RSV-B-specific neutralizing antibodies is detectable within about
one week, within about 2 weeks, within about 3 weeks, within about 4 weeks, within about 5
weeks, within about 6 weeks, within about 7 weeks, within about 8 weeks, within about 9
weeks, within about 10 weeks, within about 11 weeks, or within about 12 weeks of

administration of the pharmaceutical composition.
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[0345] In some embodiments, the method results in the production of RSV F-protein-
specific IgG antibodies in the subject. In some embodiments, the method results in an increase
of RSV F-protein-specific neutralizing antibodies in the subject of at least about 2-fold, about
3-fold, at least about 4-fold, at least about 5-fold, at least about 10-fold, at least about 15-fold,
at least about 20-fold, or at least about 25-fold compared to baseline. In some embodiments,
the increase in RSV F-protein-specific neutralizing antibodies is detectable within about one
week, within about 2 weeks, within about 3 weeks, within about 4 weeks, within about 5 weeks,
within about 6 weeks, within about 7 weeks, within about 8 weeks, within about 9 weeks, within
about 10 weeks, within about 11 weeks, or within about 12 weeks of administration of the
pharmaceutical composition.

[0346] In some embodiments, the method results in the production of Core-VLP—specific
IgG antibodies in the subject. In some embodiments, the method results in an increase in Core-
VLP-specific IgG antibodies in the subject of at least about 2-fold, about 3-fold, at least about
4-fold, at least about 5-fold, at least about 10-fold, at least about 15-fold, at least about 20-fold,
or at least about 25-fold compared to baseline. In some embodiments, the increase in Core-
VLP-specific IgG antibodies is detectable within about one week, within about 2 weeks, within
about 3 weeks, within about 4 weeks, within about 5 weeks, within about 6 weeks, within about
7 weeks, within about 8 weeks, within about 9 weeks, within about 10 weeks, within about 11
weeks, or within about 12 weeks of administration of the pharmaceutical composition.

[0347] In some embodiments, the method results in the production of RSV F-protein—
specific memory—B-cells in the subject. In some embodiments, the method results in an increase
in RSV F-protein—specific memory—B-cells in the subject of at least about 2-fold, about 3-fold,
at least about 4-fold, at least about 5-fold, at least about 10-fold, at least about 15-fold, at least
about 20-fold, or at least about 25-fold compared to baseline. In some embodiments, the
increase in RSV F-protein—specific memory—B-cells is detectable within about one week,
within about 2 weeks, within about 3 weeks, within about 4 weeks, within about 5 weeks, within
about 6 weeks, within about 7 weeks, within about 8 weeks, within about 9 weeks, within about
10 weeks, within about 11 weeks, or within about 12 weeks of administration of the
pharmaceutical composition.

[0348] In some embodiments, the method results in the production of RSV F-protein—

specific T-cells in the subject. In some embodiments, the method results in an increase in RSV
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F-protein—specific T-cells in the subject of at least about 2-fold, about 3-fold, at least about 4-
fold, at least about 5-fold, at least about 10-fold, at least about 15-fold, at least about 20-fold,
or at least about 25-fold compared to baseline. In some embodiments, the increase in RSV F-
protein—specific T-cells is detectable within about one week, within about 2 weeks, within about
3 weeks, within about 4 weeks, within about 5 weeks, within about 6 weeks, within about 7
weeks, within about 8 weeks, within about 9 weeks, within about 10 weeks, within about 11
weeks, or within about 12 weeks of administration of the pharmaceutical composition.

[0349] In some embodiments, the method results in the production of antibodies against
human metapneumovirus in the subject. In some embodiments, the method results in an
increase in antibodies against human metapneumovirus (hMPV) in the subject of at least about
2-fold, about 3-fold, at least about 4-fold, at least about 5-fold, at least about 10-fold, at least
about 15-fold, at least about 20-fold, or at least about 25-fold compared to baseline. In some
embodiments, the increase in antibodies against human metapneumovirus is detectable within
about one week, within about 2 weeks, within about 3 weeks, within about 4 weeks, within
about 5 weeks, within about 6 weeks, within about 7 weeks, within about 8 weeks, within about
9 weeks, within about 10 weeks, within about 11 weeks, or within about 12 weeks of
administration of the pharmaceutical composition.

[0350] In some embodiments, a method provided herein limits the development of an
hMPV infection in a subject. In some embodiments, the method results in the production of
hMPV-A-specific neutralizing antibodies in the subject. In some embodiments, the method
results in an increase in hMPV-A-specific neutralizing antibodies in the subject of at least about
2-fold, about 3-fold, at least about 4-fold, at least about 5-fold, at least about 10-fold, at least
about 15-fold, at least about 20-fold, or at least about 25-fold compared to baseline. In some
embodiments, the increase in hMPV-A-specific neutralizing antibodies is detectable within
about one week, within about 2 weeks, within about 3 weeks, within about 4 weeks, within
about 5 weeks, within about 6 weeks, within about 7 weeks, within about 8 weeks, within about
9 weeks, within about 10 weeks, within about 11 weeks, or within about 12 weeks of
administration of the pharmaceutical composition. In some embodiments, the method results in
the production of hMPV-B-specific neutralizing antibodies in the subject. In some
embodiments, the method results in an increase in hMPV-B-specific neutralizing antibodies in

the subject of at least about 2-fold, about 3-fold, at least about 4-fold, at least about 5-fold, at

121

SUBSTITUTE SHEET (RULE 26)



WO 2023/225562 PCT/US2023/067127

least about 10-fold, at least about 15-fold, at least about 20-fold, or at least about 25-fold
compared to baseline. In some embodiments, the increase in hMPV-B-specific neutralizing
antibodies is detectable within about one week, within about 2 weeks, within about 3 weeks,
within about 4 weeks, within about 5 weeks, within about 6 weeks, within about 7 weeks, within
about 8 weeks, within about 9 weeks, within about 10 weeks, within about 11 weeks, or within
about 12 weeks of administration of the pharmaceutical composition.

[0351] In some embodiments, the method results in the production of hMPV F-protein-
specific IgG antibodies in the subject. In some embodiments, the method results in an increase
of hMPV F-protein-specific neutralizing antibodies in the subject of at least about 2-fold, about
3-fold, at least about 4-fold, at least about 5-fold, at least about 10-fold, at least about 15-fold,
at least about 20-fold, or at least about 25-fold compared to baseline. In some embodiments,
the increase in hMPV F-protein-specific neutralizing antibodies is detectable within about one
week, within about 2 weeks, within about 3 weeks, within about 4 weeks, within about 5 weeks,
within about 6 weeks, within about 7 weeks, within about 8 weeks, within about 9 weeks, within
about 10 weeks, within about 11 weeks, or within about 12 weeks of administration of the
pharmaceutical composition.

[0352] In some embodiments, the method results in the production of Core-VLP—specific
IgG antibodies in the subject. In some embodiments, the method results in an increase in Core-
VLP-specific IgG antibodies in the subject of at least about 2-fold, about 3-fold, at least about
4-fold, at least about 5-fold, at least about 10-fold, at least about 15-fold, at least about 20-fold,
or at least about 25-fold compared to baseline. In some embodiments, the increase in Core-
VLP-specific IgG antibodies is detectable within about one week, within about 2 weeks, within
about 3 weeks, within about 4 weeks, within about 5 weeks, within about 6 weeks, within about
7 weeks, within about 8 weeks, within about 9 weeks, within about 10 weeks, within about 11
weeks, or within about 12 weeks of administration of the pharmaceutical composition.

[0353] In some embodiments, the method results in the production of hMPV F-protein—
specific memory—B-cells in the subject. In some embodiments, the method results in an increase
in hMPV F-protein—specific memory—B-cells in the subject of at least about 2-fold, about 3-
fold, at least about 4-fold, at least about 5-fold, at least about 10-fold, at least about 15-fold, at
least about 20-fold, or at least about 25-fold compared to baseline. In some embodiments, the

increase in hMPV F-protein—specific memory-B-cells is detectable within about one week,
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within about 2 weeks, within about 3 weeks, within about 4 weeks, within about 5 weeks, within
about 6 weeks, within about 7 weeks, within about 8 weeks, within about 9 weeks, within about
10 weeks, within about 11 weeks, or within about 12 weeks of administration of the
pharmaceutical composition.

[0354] In some embodiments, the method results in the production of hMPV F-protein—
specific T-cells in the subject. In some embodiments, the method results in an increase in hMPV
F-protein—specific T-cells in the subject of at least about 2-fold, about 3-fold, at least about 4-
fold, at least about 5-fold, at least about 10-fold, at least about 15-fold, at least about 20-fold,
or at least about 25-fold compared to baseline. In some embodiments, the increase in hMPV F-
protein—specific T-cells is detectable within about one week, within about 2 weeks, within about
3 weeks, within about 4 weeks, within about 5 weeks, within about 6 weeks, within about 7
weeks, within about 8 weeks, within about 9 weeks, within about 10 weeks, within about 11
weeks, or within about 12 weeks of administration of the pharmaceutical composition.In
another aspect, the disclosure provides methods to vaccinate a subject against infection with
RSV (e.g., infection with RSV-A and/or RSV-B) and/or hMPV (e.g., infection with hMPV-A
and/or hMPV-B), comprising administering to a subject in need thereof an amount effective to
treat or limit development of the infection of the polypeptide, virus-like particle, composition,
nucleic acid, pharmaceutical composition, or vaccine of any embodiment herein (referred to as
the “immunogenic composition”). In some embodiments, such a method prevents disease
following infection with RSV subtypes A and/or B. In some embodiments, such a method
protects against the development of RSV-associated disease (e.g., severe disease), for example,
pneumonia and/or acute respiratory disease. The subject may be any suitable mammalian
subject, including but not limited to a human subject. In some embodiments, a subject is a
human child, e.g., a child of less than 12 months of age. In some embodiments, a subject is a
human toddler, e.g., of about 1 to about 3 years of age or of about 1 to about 5 years of age. In
some embodiment, the subject is a human adult of more than 50 years of age or more than 60
years of age. In some embodiments, the subject is a human adult of more than 65 years of age.
In particular embodiments, the subject is dependent on the help of others or with serious health
concerns or risks (e.g. a frail elderly person). In some embodiments, the subject is a healthy
adult of 18-60 years of age. In some embodiments, the subject is a healthy adult of 18-45 years

of age. In another embodiment, the subject is a pregnant woman. In some embodiments the
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subject 1s an immunocompromised human adult. In some embodiments, the subject is a human
adult suffering from chronic underlying heart and/or lung disease or from functional disability.
In some embodiments, the subject is at risk of severe RSV disease (e.g., LRTI or pneumonia).

[0355] The immunogenic compositions provided herein may be used vaccinate an unborn
child. The administration of certain inactivated vaccines is recommended during pregnancy to
induce immunity in the unborn child, for example, the tetanus toxoid, reduced diphtheria toxoid
and acellular pertussis (Tdap) vaccine and the influenza vaccine. Thus, in some embodiments,
provide herein is a method of generating an immune response in an unborn child, the method
comprising administering an effective amount of the immunogenic composition provided
herein to the mother of said unborn child. The immunogenic composition may be administered
at any suitable time point in the pregnancy, e.g., in the last trimester of the pregnancy.

[0356] An immunogenic composition provided herein may be co-administered with other
treatments, such as other vaccines. Thus in some embodiments, a subject treated in accordance
with a method provided herein may also be administered one or more seasonal or pandemic
vaccines such as an influenza vaccine or a SARS-Cov2 vaccine. In some embodiments, a
subject treated in accordance with the methods provided herein may also be administered a
pneumococcal, Recombinant Zoster (Shingles), or Tdap vaccine. One, two, or more vaccines
may be co-administered with an 1mmunogenic composition provided herein. “Co-
administration” includes both concurrently as well as subsequent administration. For example,
the one, two, or more vaccines and an immunogenic composition provided herein may be
administered on the same day. In some embodiments, the one, two, or more vaccines and an
immunogenic composition provided herein are administered within 1 hour, within 2 hours,
within 3 hours, within 4 hours, within 5 hours, within 6 hours, within 8 hours, withing 10 hours,
or within 12 hours.

[0357] In another aspect, provide herein is a method of treating a subject suffering from
RSV or hMPV infection. As used herein, “treat” or “treating” includes, but is not limited to
accomplishing one or more of the following: (a) reducing viral titer in the subject; (b) limiting
any increase of viral titer in the subject; (c) reducing the severity of viral infection; (d) limiting
or preventing development of symptoms after viral infection; (e) inhibiting worsening of
symptoms of viral infection; (f) limiting or preventing recurrence of symptoms of viral infection

in subjects that were previously symptomatic for viral infection; and/or (e) increasing survival.
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In some embodiments, a method of vaccinating decreases the subject’s risk of becoming
infected with a virus (e.g., RSV and/or hMPV). In some embodiments, a method of vaccinating
limits the development of a viral infection. In some embodiments, a method of vaccinating
decreases the severity of the symptoms of viral infection. In preferred embodiments, the
infectionis a lower respiratory tract infection (LRTI).

[0358] In some embodiments, the methods provided herein may be used to prevent an RSV
infection or illness (e.g., pneumonia or acute respiratory disease) in a subject.

[0359] When the method comprises limiting a viral infection, the immunogenic
composition is administered prophylactically to a subject that is not known to be infected but
may be at risk of exposure to a virus (e.g, RSV ro hMPV). As used herein, “limiting
development” includes, but is not limited to accomplishing one or more of the following: (a)
generating an immune response (antibody and/or cell-based, e.g., CD4 T cells, memory B cells,
and/or CD8 T cells) to a virus in the subject; (b) generating neutralizing antibodies against virus
or viral proteins in the subject (b) limiting build-up of viral titer in the subject after exposure to
virus; and/or (c) limiting or preventing development of symptoms after viral infection.
Exemplary symptoms of viral (e.g., RSV or hMPV) infection include, but are not limited to,
fever, fatigue, cough, nasal congestion, sneezing, shortness of breath, wheezing, and lower
respiratory tract infections.

[0360] The methods provided herein may be used to limit development of infection with an
RSV (or hMPV)-A subtype and/or an RSV (or hMPV)-B subtype. Without wishing to be bound
by theory, it is believed that immunization with an F protein of one RSV (or hMPV) subtype
will result in at least some immunity against the other due to the high sequence similarity
between the F proteins of RSV (or hMPV)-A and RSV (or hMPV)-B.

[0361] Further, the methods provided herein may be used to limit development of infection
with an original strain of RSV (or hMPV) and/or infection with a variant strain of RSV (or
hMPV). Examples of variant RSV (or hMPV) strains include, without limitation, RSV (or
hMPV) ON1, RSV (or hMPV) NA1, RSV (or hMPV) LBA1, RSV (or hMPV) LBA2, RSV
(or hMPV) BA, RSV (or hMPV) Long, RAV A2, and others (see, e.g., Pandya ef al., Pathogens
2019, 8(2), 67; and Melero and Moore, Curr Top Microbiol Immunol. 2013; 372: 59-82). The
pharmaceutical composition of the present invention may be effective in limiting infection of

RSV (or hMPV) strains that have not yet been described or discovered.
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[0362] In some embodiments, the methods described herein generate an immune response
in a subject in the subject not known to be infected with RSV (or hMPV) (e.g., RSV (or hMPV)-
A and/or RSV (or hMPV)-B), wherein the immune response serves to limit development of
infection and symptoms of an RSV (or hMPV) (e.g., RSV (or hMPV)-A and/or RSV (or
hMPV)-B) infection. In some embodiments, the immune response comprises generation of
neutralizing antibodies and/or cell-based responses against RSV (or hMPV) (e.g., RSV (or
hMPV)-A and/or RSV (or hMPV)-B). In some embodiments, the immune response comprises
generation of RSV (or hMPV) F protein-specific (e.g., RSV (or hMPV)-A and/or RSV (or
hMPV)-B F protein-specific) responses with a mean geometric titer of at least 1 x 103 at least
1x 104 atleast 1 x 10°, atleast 1 x 10°, at least 1 x 107, atleast 1 x 10®, or atleast 1 x 10°. In a
further embodiment, the immune response comprises generation of antibodies against multiple
antigenic epitopes or RSV (or hMPV) (e.g., RSV (or hMPV)-A and/or RSV (or hMPV)-B).
[0363] In one aspect, the methods provided herein may results in an increase in antibody
titers in a subject, e.g., in an increase in RSV (or hMPV)-A-specific neutralizing antibodies,
RSV (or hMPV)-B-specific neutralizing antibodies, RSV (or hMPV) F-protein-specific IgG
antibodies, RSV (or hMPV) F-protein-specific neutralizing antibodies, Core-VLP—specific IgG
antibodies and/or antibodies against human metapneumovirus. Antibody titers may be
determined using any suitable assays known in the art or described herein including, without
limitation, binding enzyme-linked immunosorbent assays (ELISA), competition ELISAs,
immunoprecipitation, immunoblotting, and agglutination assays.

[0364] In some embodiments, the methods provided herein result in an increase in
antibodies (e.g., RSV (or hMPV)-A-specific neutralizing antibodies, RSV (or hMPV)-B-
specific neutralizing antibodies, RSV (or hMPV) F-protein-specific IgG antibodies, RSV (or
hMPV) F-protein-specific neutralizing antibodies, Core-VLP—specific IgG antibodies and/or
antibodies against human metapneumovirus) of about 1-fold to about 2-fold, about 2-fold to
about 3-fold, about 3-fold to about 4-fold, about 4-fold to about 5-fold, about 5-fold to about 6-
fold, about 6-fold to about 7-fold, about 7-fold to about 8-fold, about 8-fold to about 9-fold,
about 9-fold to about 10-fold, about 10-fold to about 12-fold, about 12-fold to about 15-fold,
about 15-fold to about 20-fold, about 20-fold to about 25-fold, about 25-fold to about 30-fold,
about 30-fold to about 40-fold, about 40-fold to about 50-fold, about 50-fold to about 60-fold,
about 60-fold to about 70-fold, about 70-fold to about 80-fold, about 80-fold to about 90-fold,
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about 90-fold to about 100-fold, or more than about 100-fold compared to baseline. In some
embodiments, the methods provided herein result in an increase in antibodies (e.g., in an
increase in RSV (or hMPV)-A-specific neutralizing antibodies, RSV (or hMPV)-B-specific
neutralizing antibodies, RSV (or hMPV) F-protein-specific IgG antibodies, RSV (or hMPV) F-
protein-specific neutralizing antibodies, Core-VLP—specific IgG antibodies and/or antibodies
against human metapneumovirus) of at least about 2-fold, about 3-fold, at least about 4-fold, at
least about 5-fold, at least about 10-fold, at least about 15-fold, at least about 20-fold, or at least
about 25-fold compared to baseline.

[0365] By “baseline” is meant a measurement of antibodies immediately prior to
administration of the first dose of an immunogenic composition provided herein. In some
embodiments, the increase in antibodies (e.g, RSV (or hMPV)-A-specific neutralizing
antibodies, RSV (or hMPV)-B-specific neutralizing antibodies, RSV (or hMPV) F-protein-
specific [gG antibodies, RSV (or hMPV) F-protein-specific neutralizing antibodies, Core-VLP-
specific IgG antibodies and/or antibodies against human metapneumovirus) compared to
baseline is detectable within about 3 days to about 7 days, about 1 week to about 2 weeks, about
2 weeks to about 3 weeks, about 3 weeks to about 4 weeks, about 4 weeks to about 5 weeks,
about 5 weeks to about 6 weeks, about 6 weeks to about 7 weeks, about 7 weeks to about 8
weeks, about 8 weeks to about 9 weeks, about 9 weeks to about 10 weeks, about 10 weeks to
about 11 weeks, about 11 weeks to about 12 weeks, about 3 months to about 4 months, about 4
months to about 5 months, about 5 months to about 6 months, about 6 months to about 9 months,
about 9 months to about 12 months, about 12 months to about 18 months, about 18 months to
about 24 months, about 2 years to about 3 years, about 3 years to about 4 years, about 4 years
to about 5 years, or about 5 years to about 10 years of administration of the immunogenic
composition. In some embodiments, the increase in antibodies (e.g., in an increase in RSV (or
hMPV)-A-specific neutralizing antibodies, RSV (or hMPV)-B-specific neutralizing antibodies,
RSV (or hMPV) F-protein-specific IgG antibodies, RSV (or hMPV) F-protein-specific
neutralizing antibodies, Core-VLP-specific IgG antibodies and/or antibodies against human
metapneumovirus) compared to baseline is detectable within about 2 weeks, within about 3
weeks, within about 4 weeks, within about 5 weeks, within about 6 weeks, within about 7
weeks, within about 8 weeks, within about 9 weeks, within about 10 weeks, within about 11

weeks, or within about 12 weeks of administration of the immunogenic composition.
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[0366] In another aspect, the methods provided herein may result in an increase in immune
cells in a subject, e.g., an increase in RSV (or hMPV) F-protein-specific memory B cells and/or
RSV (or hMPV) F-protein-specific T cells. The memory B cells and/or T cells may be specific
to RSV (or hMPV)-A F protein or RSV (or hMPV)-B F protein, or they may be reactive to
both. The number of immune cells in a subject may be determined using any suitable assay
known in the art or described herein, including, without limitation, FACS and flow cytometry.
[0367] In some embodiments, the methods provided herein results in an increase in immune
cells (e.g., in an increase in RSV (or hMPV) F-protein-specific memory B cells and/or RSV (or
hMPV) F-protein-specific T cells) of about 1-fold to about 2-fold, about 2-fold about 3-fold,
about 3-fold to about 4-fold, about 4-fold to about 5-fold, about 5-fold to about 6-fold, about 6-
fold to about 7-fold, about 7-fold to about 8-fold, about 8-fold to about 9-fold, about 9-fold to
about 10-fold, about 10-fold to about 12-fold, about 12-fold to about 15-fold, about 15-fold to
about 20-fold, about 20-fold to about 25-fold, about 25-fold to about 30-fold, about 30-fold to
about 40-fold, about 40-fold to about 50-fold, about 50-fold to about 60-fold, about 60-fold to
about 70-fold, about 70-fold to about 80-fold, about 80-fold to about 90-fold, about 90-fold to
about 100-fold, or more than about 100-fold compared to baseline. In some embodiments, the
methods provided herein result in an increase in immune cells in a subject, e.g., an increase in
RSV (or hMPV) F-protein-specific memory B cells and/or RSV (or hMPV) F-protein-specific
T cells. In some embodiments, the methods provided herein results in an increase in immune
cells (e.g., in an increase in RSV (or hMPV) F-protein-specific memory B cells and/or RSV (or
hMPV) F-protein-specific T cells) of at least about 2-fold, about 3-fold, at least about 4-fold, at
least about 5-fold, at least about 10-fold, at least about 15-fold, at least about 20-fold, or at least
about 25-fold compared to baseline. The memory B cells and/or T cells may be specific to RSV
(or hMPV)-A F protein or RSV (or hMPV)-B F protein, or they may be reactive to both.

[0368] In some embodiments, the increase in immune cells (e.g., in an increase in RSV (or
hMPV) F-protein-specific memory B cells and/or RSV (or hMPV) F-protein-specific T cells)
compared to baseline is detectable within about 3 days to about 7 days, about 1 week to about
2 weeks, about 2 weeks to about 3 weeks, about 3 weeks to about 4 weeks, about 4 weeks to
about 5 weeks, about 5 weeks to about 6 weeks, about 6 weeks to about 7 weeks, about 7 weeks
to about 8 weeks, about 8 weeks to about 9 weeks, about 9 weeks to about 10 weeks, about 10

weeks to about 11 weeks, about 11 weeks to about 12 weeks, about 3 months to about 4 months,
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about 4 months to about 5 months, about 5 months to about 6 months, about 6 months to about
9 months, about 9 months to about 12 months, about 12 months to about 18 months, about 18
months to about 24 months, about 2 years to about 3 years, about 3 years to about 4 years, about
4 years to about 5 years, or about 5 years to about 10 years of administration of the immunogenic
composition. In some embodiments, the increase in increase in immune cells (e.g., in an
increase in RSV (or hMPV) F-protein-specific memory B cells and/or RSV (or hMPV) F-
protein-specific T cells) compared to baseline is detectable within about 2 weeks, within about
3 weeks, within about 4 weeks, within about 5 weeks, within about 6 weeks, within about 7
weeks, within about 8 weeks, within about 9 weeks, within about 10 weeks, within about 11
weeks, or within about 12 weeks of administration of the immunogenic composition. The
memory B cells and/or T cells may be specific to RSV (or hMPV)-A F protein or RSV (or
hMPV)-B F protein, or they may be reactive to both.

[0369] The polypeptide, virus-like particle, composition, nucleic acid, pharmaceutical
composition, or vaccine of any embodiment herein are typically formulated as a pharmaceutical
composition, such as those disclosed above, and can be administered via any suitable route,
including intranasally, sublingually, orally, parentally, by inhalation spray, rectally, or topically
in dosage unit formulations containing conventional pharmaceutically acceptable carriers,
adjuvants, and vehicles. The term parenteral as used herein includes, subcutaneous,
intravenous, intra-arterial, intramuscular, intrasternal, intratendinous, intraspinal, intracranial,
intrathoracic, infusion techniques or intraperitoneally. Polypeptide compositions may also be
administered via microspheres, liposomes, immune-stimulating complexes (ISCOMs), or other
microparticulate delivery systems or sustained release formulations introduced into suitable
tissues (such as blood).

[0370] Dosage regimens can be adjusted to provide the optimum desired response (e.g., a
therapeutic or prophylactic response). A suitable dosage range may, for instance, be 0.1 pg/kg
to 0.5 ug /kg body weight, 0.5 ug/kg to 1 pg body weight, 1 pg/kg to 2 ug/kg body weight, 2
prg/keg to 3 pg/kg body weight, 3 pg/kg to 4 ng/kg body weight, 4 pg/kgto 5 pg/kg body weight,
5 pg/kg to 6 pg/kg body weight, 6 ug/kg to7 pg/kg body weight, 7 pg/kg to 8 ng/kg body weight,
8 pg/kg to 9 pg/kg body weight, 9 pg/kg to 10 pg/kg body weight, 10 pg/kg to 15 pg/kg body
weight, 15 ug/kg to 20 pg/kg body weight, 20 ng/kg to 25 pg/kg body weight, 25 pg/kg to 30
ug/kg body weight, 30 pg/kg to35 pg/kg body weight, 35 ng/kg to 40 pg/kg body weight, 40
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png’kg to 45 pg/kg body weight, 45 pg/kg to 50 pg/kg body weight, 50 pg/kg to 55 pg/kg body
weight, 55 ng/kg to 60 pg/kg body weight, 60 pg/kg to 65 pg/kg body weight, 65 ng/kg to 70
ng/kg body weight, 70 pug/kg to 75 pg/kg body weight, 75 ng/kg to 80 pg/kg body weight, 80
ng/kg to 85 pg/kg body weight, 85 ng/kg to 90 ng/kg body weight, 90 pg/kg to 95 pg/kg body
weight, 95 pg/kg to 100 pg/kg body weight, 100 pg/kg to 150 pg body weight, 150 pg/kg to
200 pg body weight, 200 pg/kg to 250 pg/kg body weight, 250 ug/kg to 300 ng/kg body weight,
300 ug/kg to 350 pg/kg body weight, 350 ug/kg to 400 pg/kg body weight, 400 ng/kg to 450
ug/kg body weight, 450 pg/kg to 500 pg body weight, 500 pg/kg to 550 ug body weight, 550
pe/kg to 600 ng body weight, 600 pg/kg to 650 ug body weight, 650 pg/kg to 700 pg body
weight, 700 ug/kg to 750 pg/kg body weight, 750 pg/kg to 800 pug/kg body weight, 800 pg/kg
to 850 pg/kg body weight, 850 pg/kg to 900 pg/kg body weight, 900 pg/kg to 950 pg/kg body
weight, 950 pg/kg to 1mg/kg body weight, 1 mg/kg to 2 mg/kg body weight, 2 mg/kg to 3
mg/kg body weight, 3 mg/kg to 4 mg/kg body weight, 4 mg/kg to 5 mg/kg body weight, 5
mg/kg to 6 mg/kg body weight, 6 mg/kg to 7 mg/kg body weight, 7 mg/kg to 8 mg/kg body
weight, 8 mg/kg to 90 mg/kg body weight, 90 mg/kg to 100 mg/kg body weight, 100 mg/kg to
150 mg/kg body weight, 150 mg/kg to 200 mg/kg body weight, 200 mg/kg to 250 mg/kg body
weight, 250 mg/kg to 300 mg/kg body weight, 300 mg/kg to 350 mg/kg body weight, 350 mg/kg
to 400 mg/kg body weight, 400 mg/kg to 450 mg/kg body weight, 450 mg/kg to 500 mg/kg
body weight, 500 mg/kg to 550 mg/kg body weight, 550 mg/kg to 600 mg/kg body weight, 600
mg/kg to 650 mg/kg body weight, 650 mg/kg to 700 mg/kg body weight, 700 mg/kg to 750
mg/kg body weight, 750 mg/kg to 800 mg/kg body weight, 800 mg/kg to 850 mg/kg body
weight, 850 mg/kg to 900 mg/kg body weight, 900 mg/kg to 950 mg/kg body weight, or 950
mg/kg to 1 g/kg of the polypeptide or virus-like particle thereof.

[0371] The composition can be delivered in a single bolus, or may be administered more
than once (e.g., 2, 3, 4, 5, or more times) as determined by attending medical personnel. In
some embodiments, about 1 pg, about 2 ug, about 3 pg, about 4 pg, about 5 pg, about 10 ug,
about 15 pg, about 20 pg, about 25 ug, about 30 pg, about 35 pg, about 40 ug, about 45 pg,
about 50 pg, about 55 pg, about 60 ug, about 65 pg, about 70 pg, about 75 ug, about 80 pug,
about 85 ug, about 90 pug, about 100 pg, about 125 pg, about 150 pug, about 175 pg, about 200
ug, about 225 pg, about 250 pg, about 275 ug, about 300 ug, about 325 pg, bout 350 pg, about
375 ug, about 400 ug, about 425 ug, about 450 ug, about 475 ug, or about 500 ug of the
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polypeptide or virus-like particle are administered. In some embodiments, about 5 ug to about
10 pg, about 10 ug to about 15 pg, about 15 pg to about 20 pg, about 20 pg to about 30 ug,
about 30 ug to about 40 ug, about 40 ug to about 50 pg, about 50 pug to about 60 pg, about 60
ug to about 70 ug, about 70 pg to about 80 ug, about 80 pg to about 90 ug, about 90 ug to
about 100 pg, about 100 ug to about 110 ug, about 110 ug to about 120 ug, about 120 pg to
about 130 pg, about 130 ug to about 140 ug, about 140 ug to about 150 ug, about 150 pg to
about 200 pg, about 200 ug to about 250 ug, about 250 ug to about 300 ug, about 300 pg to
about 350 pg, about 350 ug to about 400 pg, about 400 ug to about 450 ug, or about 450 pg
to about 500 ug of the polypeptide or virus-like particle are administered.

[0372] In some embodiments, an immunogenic composition provided herein is
administered as a booster of another RSV (or hMPV) vaccine, for example, a live-attenuated
RSV (or hMPV) vaccine, an RSV (or hMPV)-A vaccine, and RSV (or hMPV)-B vaccine, or a
bivalent RSV (or hMPV)-A/B vaccine. In some embodiments, the administering comprises
administering a first dose and a second dose of the immunogenic composition, wherein the
second dose is administered about 2 weeks to about 12 weeks, or about 4 weeks to about 12
weeks after the first dose i1s administered. In various further embodiments, the second dose is
administered about 2, 3,4, 5,6, 7, 8,9, 10, 11, or 12 weeks, about 1 month, about 2 months,
about 3 months, about 4 months, about 5 months, about 6 months, about 9 months, about 12
months, about 18 months, about 2 years, about 3 years, about 4 years, or about 5 years after the
first dose. In another embodiment, three doses may be administered, with a second dose
administered about 1,2, 3,4, 5,6, 7,8, 9, 10, 11, or 12 weeks, about 1 month, about 2 months,
about 3 months, about 4 months, about 5 months, about 6 months, about 9 months, about 12
months, about 18 months, about 2 years, about 3 years, about 4 years, or about 5 years after the
first dose, and the third dose administered about 1, 2, 3,4, 5,6, 7, 8, 9, 10, 11, or 12 weeks,
about 1 month, about 2 months, about 3 months, about 4 months, about 5 months, about 6
months, about 9 months, about 12 months, about 18 months, about 2 years, about 3 years, about
4 years, or about 5 years after the second dose. The second dose may be an RSV (or hMPV)
booster dose.

[0373] In some embodiments, more than two doses of the immunogenic composition are
administered. In some embodiments, the first dose and the second dose of the immunogenic

composition are administered within about 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, or 12 weeks, about 1
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month, about 2 months, about 3 months, about 4 months, about 5 months, about 6 months, about
9 months, or about 12 months of each other, and a third dose 1s administered about 1 year, about
2 years, about 3 years, about 4 years, or about 5 years after the second dose. In some
embodiments, the first dose and the second dose of the immunogenic composition are
administered within about 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, or 12 weeks, about 1 month, about 2
months, about 3 months, about 4 months, about 5 months, about 6 months, about 9 months, or
about 12 months of each other, and subsequent doses are administered in regular intervals of
about 1,2, 3, 4 or S years.

[0374] In some embodiments, the subject has previously been infected with RSV (or
hMPV) (e.g., RSV (or hMPV)-A and/or RSV (or hMPV)-B). In another embodiment of the
methods, the subject is infected with RSV (or hMPV) (e.g., RSV (or hMPV)-A and/or RSV (or
hMPV)-B) at the time of being administered a pharmaceutical composition provided herein,
wherein the administering elicits an immune response against RSV (or hMPV) (e.g., RSV (or
hMPV)-A and/or RSV (or hMPV)-B) in the subject that treats the RSV (or hMPV) infection
(e.g., RSV (or hMPV)-A infection and/or RSV (or hMPV)-B infection) in the subject. When
the method comprises treating an RSV (or hMPV) infection (e.g., RSV (or hMPV)-A infection
and/or RSV (or hMPV)-B infection), the immunogenic compositions are administered to a
subject that has already been infected with RSV (or hMPV) (e.g., RSV (or hMPV)-A and/or
RSV (or hMPV)-B), and/or who is suffering from symptoms (such as described above)
indicating that the subject is likely to have been infected with RSV (or hMPV) (e.g., RSV (or
hMPV)-A and/or RSV (or hMPV)-B).

[0375] RSV (or hMPV) infection (e.g., RSV (or hMPV)-A infection and/or RSV (or
hMPV)-B infection) may be diagnosed using any PCR-based test or antigen-based test known
in the art. In some embodiments, the subject has antibodies against RSV (or hMPV). Anti-RSV
(or hMPV) antibodies (e.g., RSV (or hMPV)-A antibodies and/or RSV (or hMPV)-B
antibodies) may be detected using any serological test known in the art. In preferred
embodiments, the compositions and methods disclosed herein prevent disease following
infection with RSV (or hMPV) subtypes A and B in older adults.

[0376] In some embodiments, protein complexes and pharmaceutical compositions of the
disclosure provide sustained durability (persistence) of neutralizing antibodies up to 180 days

after vaccination. In some embodiments, protein complexes and pharmaceutical compositions

132

SUBSTITUTE SHEET (RULE 26)



WO 2023/225562 PCT/US2023/067127

of the disclosure provide sustained durability (persistence) of RSV-A and/or RSV-B
neutralizing antibodies up to 20 days, up to 40 days, up to 60 days, up to 80 days, up to 100
days, up to 120 days, up to 140 days, up to 160 days, up to 180 days, up to 200 days, up to 250
days, up to 300 days, up to 350 days, up to 365 days, up to 400 days, up to 450 days, or up to
500 days after vaccination.

[0377] In some embodiments, protein complexes and pharmaceutical compositions of the
disclosure provide sustained durability of about 40%, about 45%, about 50%, about 55%, about
60%, about 70%, about 80%, about 90%, about 95%, or about 98% at 180 days after vaccination
relative to the Geometric mean titers (GMT) of RSV-A and/or RSV-B neutralizing antibodies
at 28 days after vaccination.

[0378] In some embodiments, protein complexes and pharmaceutical compositions of the
disclosure provide alum adjuvant-independent durability of RSV-A and/or RSV-B neutralizing
antibodies.

[0379] In some embodiments, protein complexes and pharmaceutical compositions of the
disclosure provide sustained durability of 3-fold, 4-fold, 5-fold, 6-fold, 7-fold, 8-fold, 9-fold,
or 10-fold above baseline at 180 days after vaccination relative to the Geometric mean titers
(GMT) of RSV-A and/or RSV-B neutralizing antibodies at 28 days after vaccination. In some
embodiments, protein complexes and pharmaceutical compositions of the disclosure provide
sustained durability of 3-fold, 4-fold, 5-fold, 6-fold, 7-fold, 8-fold, 9-fold, or 10-fold above
baseline at 180 days after vaccination relative to the Geometric mean titers (GMT) of hMPV-
A and/or hMPV-B neutralizing antibodies at 28 days after vaccination.

Methods of Manufacture

[0380] In one aspect, the disclosure provides a method of manufacturing a vaccine,
comprising culturing the host cell described herein in a culture medium so that the host cell
secretes the antigen into the culture media; optionally purifying the antigen from the culture
media; mixing the antigen with a second component, wherein the second component
multimerizes with the antigen to form a virus-like particle; and optionally purifying the virus-
like particle.

Kits and Unit Doses

[0381] The disclosure further provides kits, which may be used to prepare the virus-like

particles and compositions of the disclosure. In some embodiment, a kit provided herein
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comprises a first component and a second component as disclosed herein, and instructions for
use in a method of the disclosure. In some embodiment, a kit comprises one or more unit doses
as disclosed herein, and instructions for use in a method of the disclosure. In some
embodiments, the kit comprises a vial comprising a single dose of a pharmaceutical
composition provided herein. In some embodiments, a kit comprises a vial comprising multiple
doses provided herein. In some embodiments, a kit further comprises instructions for use of
the pharmaceutical composition. In some embodiments, a kit further comprises a diluent for
preparing dilutions of the pharmaceutical composition prior to administration. In some
embodiments, the pharmaceutical composition comprises an adjuvant. In some embodiments,
a kit comprises a pharmaceutical composition and an adjuvant which must be mixed prior to
administration.

[0382] Also provided herein are unit doses of the pharmaceutical composition described
herein. In some embodiments, the unit dose comprises about 1 pg to about 5 ug, about 5 ugto
about 10 ug, about 10 ug to about 15 ug, about 15 ug to about 20 pug, about 20 ug to about 30
ug, about 30 pg to about 40 ug, about 40 g to about 50 ug, about 50 ug to about 60 pg, about
60 ug to about 70 ug, about 70 ug to about 80 ug, about 80 pg to about 90 pg, about 90 ug to
about 100 pg, about 100 pg to about 110 g, about 110 pg to about 120 ug, about 120 pug to
about 130 pg, about 130 pg to about 140 ug, about 140 pg to about 150 ug, about 150 pg to
about 175 pg, about 175 ug to about 200 ug, about 200 ug to about 250 ug, about 250 pg to
about 300 pg, about 300 ug to about 350 ug, about 350 ug to about 400 ug, about 400 pg to
about 450 ug, or about 450 pgto about S00 pg of protein complex. In some embodiments, the
unit dose comprises about 1 pug, about 2 pg, about 5 ug, about 10 ug, about 15 pg, about 25 pg,
about 50 ug, about 75 ug, about 100 ug, about 125 pg, about 150 pug, about 175 pg, about 200
ug, about 225 pg, about 250 ug, about 275 ug, about 300 pg, about 325 pg, about 350 ug, about
375 ug, about 400 ug, or about 500 ug of the VLP or of each VLP indivdually. In some
embodiments, the unit dose comprises, 25 ug, 50 pg, 75 ug, 100 pg, 125 ug, 150 pg, 175 ug,
200 ug, 225 pg, 250 ug, 275 ug, 300 pg, 325 pg, 350 ug, 400 pg, or 500 pg of the VLP or of
each VLP indivdually. The abbreviation “pug” may be used interchangeably with the
abbreviation “mcg” to refer to micrograms of a substance.

[0383] In some embodiments, the unit dose comprises about 75 pg of the first VLP (for
RSV) and about 75 pg of the second VLP (for h(MPV).
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[0384] In some embodiments, the unit dose comprises about 75 pg of the first VLP (for
RSV) and about 100 pg of the second VLP (for hMPV).

[0385] In some embodiments, the unit dose comprises about 75 pg of the first VLP (for
RSV) and about 150 pg of the second VLP (for hMPV).

[0386] In some embodiments, the unit dose comprises about 75 pg of the first VLP (for
RSV) and about 200 pg of the second VLP (for hMPV).

[0387] In some embodiments, the unit dose comprises about 75 pg of the first VLP (for
RSV) and about 225 pg of the second VLP (for hMPV).

[0388] In some embodiments, the unit dose comprises about 75 pg of the first VLP (for
RSV) and about 250 pg of the second VLP (for hMPV).

[0389] In some embodiments, the unit dose comprises about 75 pg of the first VLP (for
RSV) and about 300 pg of the second VLP (for hMPV).

[0390] In some embodiments, the unit dose comprises about 100 ug of the first VLP (for
RSV) and about 75 pg of the second VLP (for hMPV).

[0391] In some embodiments, the unit dose comprises about 100 ug of the first VLP (for
RSV) and about 100 pg of the second VLP (for hMPV).

[0392] In some embodiments, the unit dose comprises about 100 ug of the first VLP (for
RSV) and about 150 pg of the second VLP (for hMPV).

[0393] In some embodiments, the unit dose comprises about 100 ug of the first VLP (for
RSV) and about 200 pg of the second VLP (for hMPV).

[0394] In some embodiments, the unit dose comprises about 100 ug of the first VLP (for
RSV) and about 225 pg of the second VLP (for hMPV).

[0395] In some embodiments, the unit dose comprises about 100 ug of the first VLP (for
RSV) and about 250 pg of the second VLP (for hMPV).

[0396] In some embodiments, the unit dose comprises about 100 ug of the first VLP (for
RSV) and about 300 pg of the second VLP (for hMPV).

[0397] In some embodiments, the unit dose comprises about 150 ug of the first VLP (for
RSV) and about 75 pg of the second VLP (for h\MPV).

[0398] In some embodiments, the unit dose comprises about 150 ug of the first VLP (for
RSV) and about 100 pg of the second VLP (for hMPV).
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[0399] In some embodiments, the unit dose comprises about 150 pg of the first VLP (for
RSV) and about 150 pg of the second VLP (for hMPV).

[0400] In some embodiments, the unit dose comprises about 150 ug of the first VLP (for
RSV) and about 200 pg of the second VLP (for hMPV).

[0401] In some embodiments, the unit dose comprises about 150 ug of the first VLP (for
RSV) and about 225 pg of the second VLP (for hMPV).

[0402] In some embodiments, the unit dose comprises about 150 pg of the first VLP (for
RSV) and about 250 pg of the second VLP (for hMPV).

[0403] In some embodiments, the unit dose comprises about 150 pg of the first VLP (for
RSV) and about 300 pg of the second VLP (for hMPV).

[0404] In some embodiments, the unit dose comprises about 200 ug of the first VLP (for
RSV) and about 75 pg of the second VLP (for hMPV).

[0405] In some embodiments, the unit dose comprises about 200 ug of the first VLP (for
RSV) and about 100 pg of the second VLP (for hMPV).

[04006] In some embodiments, the unit dose comprises about 200 ug of the first VLP (for
RSV) and about 150 pg of the second VLP (for hMPV).

[0407] In some embodiments, the unit dose comprises about 200 ug of the first VLP (for
RSV) and about 200 pg of the second VLP (for hMPV).

[0408] In some embodiments, the unit dose comprises about 200 ug of the first VLP (for
RSV) and about 225 pg of the second VLP (for hMPV).

[0409] In some embodiments, the unit dose comprises about 200 ug of the first VLP (for
RSV) and about 250 pg of the second VLP (for hMPV).

[0410] In some embodiments, the unit dose comprises about 200 ug of the first VLP (for
RSV) and about 300 pg of the second VLP (for h\MPV).

[0411] In some embodiments, the unit dose comprises about 225 ug of the first VLP (for
RSV) and about 75 ug of the second VLP (for hMPV).

[0412] In some embodiments, the unit dose comprises about 225 ug of the first VLP (for
RSV) and about 100 pg of the second VLP (for hMPV).

[0413] In some embodiments, the unit dose comprises about 225 ug of the first VLP (for
RSV) and about 150 pg of the second VLP (for hMPV).
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[0414] In some embodiments, the unit dose comprises about 225 pg of the first VLP (for
RSV) and about 200 pg of the second VLP (for hMPV).

[0415] In some embodiments, the unit dose comprises about 225 ug of the first VLP (for
RSV) and about 225 pg of the second VLP (for hMPV).

[0416] In some embodiments, the unit dose comprises about 225 ug of the first VLP (for
RSV) and about 250 pg of the second VLP (for hMPV).

[0417] In some embodiments, the unit dose comprises about 225 pg of the first VLP (for
RSV) and about 300 pg of the second VLP (for hMPV).

[0418] In some embodiments, the unit dose comprises about 250 pg of the first VLP (for
RSV) and about 75 ug of the second VLP (for hMPV).

[0419] In some embodiments, the unit dose comprises about 250 ug of the first VLP (for
RSV) and about 100 pg of the second VLP (for hMPV).

[0420] In some embodiments, the unit dose comprises about 250 ug of the first VLP (for
RSV) and about 150 pg of the second VLP (for hMPV).

[0421] In some embodiments, the unit dose comprises about 250 ug of the first VLP (for
RSV) and about 200 pg of the second VLP (for hMPV).

[0422] In some embodiments, the unit dose comprises about 250 ug of the first VLP (for
RSV) and about 225 pg of the second VLP (for hMPV).

[0423] In some embodiments, the unit dose comprises about 250 ug of the first VLP (for
RSV) and about 250 pg of the second VLP (for hMPV).

[0424] In some embodiments, the unit dose comprises about 250 ug of the first VLP (for
RSV) and about 300 pg of the second VLP (for hMPV).

[0425] In some embodiments, the unit dose comprises about 300 ug of the first VLP (for
RSV) and about 75 pg of the second VLP (for hMPV).

[0426] In some embodiments, the unit dose comprises about 300 ug of the first VLP (for
RSV) and about 100 pg of the second VLP (for hMPV).

[0427] In some embodiments, the unit dose comprises about 300 ug of the first VLP (for
RSV) and about 150 pg of the second VLP (for hMPV).

[0428] In some embodiments, the unit dose comprises about 300 ug of the first VLP (for
RSV) and about 200 pg of the second VLP (for hMPV).
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[0429] In some embodiments, the unit dose comprises about 300 pg of the first VLP (for
RSV) and about 225 pg of the second VLP (for hMPV).

[0430] In some embodiments, the unit dose comprises about 300 ug of the first VLP (for
RSV) and about 250 pg of the second VLP (for hMPV).

[0431] In some embodiments, the unit dose comprises about 300 ug of the first VLP (for
RSV) and about 300 pg of the second VLP (for hMPV).

[0432] In some embodiments, the unit dose comprises between about 5 ug and about 100
ug of the first VLP, between about 10 pug and about 90 ug of the first VLP, between about 20
ug and about 80 ug of the first VLP, between about 30 pg and about 70 pg of the first VLP,
between about 40 pg and about 60 g of the first VLP, or between about 50 pug and about 80
ug of the first VLP (for RSV).

[0433] In some embodiments, the unit dose comprises between about 5 ug and about 100
ug of the first VLP, between about 10 pg and about 90 ug of the first VLP, between about 20
ug and about 80 ug of the first VLP, between about 30 ug and about 70 pg of the first VLP,
between about 40 pug and about 60 ug of the first VLP, and/or between about 50 ug and about
80 ng of the second VLP (for hMPV).

[0434] In some embodiments, the unit dose comprises between about 50 ug and about 180
ug of the first VLP, between about 60 ug and about 170 ug of the first VLP, between about 80
ug and about 150 ug of the first VLP, between about 70 pg and about 155 pg of the first VLP,
between about 90 ug and about 160 ug of the first VLP, and/or between about 100 ug and about
170 pg of the second VLP (for hMPV).

[0435] In some embodiments, the unit dose comprises between about 130 pg and about 300
ug of the first VLP, between about 150 pg and about 280 ug of the first VLP, between about
170 pg and about 260 ug of the first VLP, between about 190 ng and about 240 pg of the first
VLP, between about 200 ug and about 230 pg of the first VLP, and/or between about 210 pg
and about 225 ug of the second VLP (for hMPV).

[0436] In some embodiments, the unit dose comprises between about 130 pg and about 300
ug of the first VLP, between about 150 pg and about 280 ug of the first VLP, between about
170 pg and about 260 ug of the first VLP, between about 190 ug and about 240 pg of the first
VLP, between about 200 ug and about 230 pg of the first VLP, and between about 130 ug and
about 300 pug of the second VLP, between about 150 ug and about 280 ug of the second VLP,
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between about 170 pg and about 260 ug of the second VLP, between about 190 ug and about
240 ug of the second VLP, between about or 200 pug and about 230 pg of the second VLP.
[0437] In some embodiments, the unit dose comprises about 75 pg of the first VLP (for
RSV) and 75 pg of the second VLP (for hMPV). In some embodiments, the unit dose comprises
about 75 ug of the first VLP (for RSV) and 225 pg of the second VLP (for hMPV). In some
embodiments, the unit dose comprises about 225 pg of the first VLP (for RSV) and 75 pg of
the second VLP (for hMPV). In some embodiments, the unit dose comprises about 75 pg of the
first VLP (for RSV) and 150 pg of the second VLP (for hMPV). In some embodiments, the unit
dose comprises about 150 ug of the first VLP (for RSV) and 75 pg of the second VLP (for
hMPV). In some embodiments, the unit dose comprises about 150 pg of the first VLP (for RSV)
and 150 pg of the second VLP (for h\MPV).

[0438] In some embodiments, the unit dose comprises about 5 pg, about 10 ug, about 15
ug, about 20 g, about 25 pg, about 30 pg, about 35 ug, about 40 ug, about 45 ug, about 50
ug, about 55 pg, about 60 ug, about 65 pg, about 70 ug, about 75 ug, about 80 pug, about 90
ug, about 100 pug, about 110 ug, about 120 ug, about 130 pg, about 140 pg, about 150 ug, about
175 ng, or about 200 pg of the first VLP (for RSV).

[0439] In some embodiments, the unit dose comprises about 5 pug, about 10 pg, about 15
ug, about 20 pg, about 25 pg, about 30 pg, about 35 ug, about 40 pg, about 45 pg, about 50
ug, about 55 pg, about 60 ug, about 65 pg, about 70 ug, about 75 ug, about 80 pug, about 90
ug, about 100 pg, about 110 pg, about 120 ug, about 130 pg, about 140 pg, about 150 ug, about
175 ng, or about 200 pg of the second VLP (for h(MPV).

[0440] In some embodiments, the unit dose comprises about 5 pg, about 10 ug, about 15
ug, about 20 g, about 25 pg, about 30 ug, about 35 ug, about 40 ug, about 45 ug, about 50
ug, about 55 pg, about 60 ug, about 65 ug, about 70 ug, about 75 ug, about 80 pug, about 90
ug, about 100 pug, about 110 ug, about 120 ug, about 130 pg, about 140 pg, about 150 ug, about
175 pg, or about 200 pg of the first VLP (for RSV) and about 5 pg, about 10 pg, about 15 ug,
about 20 pg, about 25 pg, about 30 ug, about 35 pg, about 40 pg, about 45 ug, about 50 pg,
about 55 pg, about 60 pg, about 65 pg, about 70 pg, about 75 pg, about 80 pg, about 90 pg,
about 100 ug, about 110 ug, about 120 pg, about 130 pg, about 140 pg, about 150 ug, about
175 ng, or about 200 pg of the second VLP (for h(MPV).
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[0441] In some embodiments, the unit dose comprises about 5 ug, about 10 ug, about 15
ug, about 20 pg, about 25 pg, about 30 pg, about 35 ug, about 40 ug, about 45 ug, about 50
ug, about 55 pg, about 60 pg, about 65 pg, about 70 pg, or about 75 pg, about 100 pug, about
125 pg, about 150 pg, about 175 ug, about 200 ug, about 225 pg, about 250 pg, about 275 ug,
about 300 pg of the first VLP (for RSV).
[0442] In some embodiments, the unit dose comprises about 5 pg, about 10 ug, about 15
ug, about 20 g, about 25 pg, about 30 ug, about 35 ug, about 40 ug, about 45 ug, about 50
ug, about 55 pg, about 60 pg, about 65 pg, about 70 pg, about 75 ug, about 100 pg, about 125
ug, about 150 pg, about 175 ug, about 200 pug, about 225 pg, about 250 pg, about 275 ug, about
300 pg of the second VLP (for hMPV).
[0443] In some embodiments, the unit dose comprises about 5 pg, about 10 ug, about 15
ug, about 20 pg, about 25 pg, about 30 pg, about 35 ug, about 40 ug, about 45 ug, about 50
ug, about 55 pg, about 60 pg, about 65 pg, about 70 pg, about 75 ug, about 100 pg, about 125
ug, about 150 pug, about 175 ug, about 200 ug, about 225 pg, about 250 pug, about 275 ug, about
300 pg of the first VLP (for RSV) and about 5 pg, about 10 pg, about 15 ng, about 20 pg,
about 25 pg, about 30 pg, about 35 ug, about 40 pg, about 45 pg, about 50 ug, about 55 ug,
about 60 ug, about 65 pg, about 70 pg, about 75 ug, about 100 pg, about 125 pg, about 150 ug,
about 175 pg, about 200 pg, about 225 g, about 250 pg, about 275 ug, about 300 pg of the
second VLP (for hMPV).

EXAMPLES
Example 1
[0444] This example illustrates production of a two-component, icosahedral VLP intended
for use as a vaccine for hMPV virus. As first component A, the vaccine uses a polypeptide
antigen composed of the ectodomain of hMPV F protein, C-terminally fused to the 153-50A
protein (SEQ ID NO: 144). As component B, the VLP uses the 153-50B protein. It is known
that I53-50A and I53-50B spontaneously assemble in 3:5 ratio to form a VLP having
icosahedral (I53) symmetry, as shown in FIG. 1A and 1B.
[0445] The expression level of hMPV F proteins fused to CompA were determined. Human
codon-optimized polynucleotide sequences were made by gene synthesis and cloned into
expression vectors. Each expression vector was individually expressed by transient transfection

in Expi293 cells. Supernatants were collected four days after transfection.
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[0446] To determine if the recombinant expressed fusion proteins were secreted into the
supernatant, a Western blot using an anti-His6 monoclonal antibody was performed.
Conditioned media were diluted a minimum of 10-fold in 2X Laemmli loading buffer (Bio-
Rad) with 5% (v/v) B-mercaptoethanol and heated to 95°C for 10 minutes and 10 pl run on a
gel. Reference samples of recombinant His-tagged human serum albumin (HSA) were prepared
by an initial dilution to 0.01 mg/mL, followed by a 2-fold dilution series to obtain a standard
curve from 6.25 to 100 ng in a 10 pL loading volume in 2X Laemmli loading buffer. Samples
were loaded onto a NuPAGE 4-12% Bis-Tris protein gel and run for 45 minutes at 150V.
Proteins were transferred onto an Immuno-Blot PDVF membrane (Bio-Rad). Following
transfer, the blot was blocked with 3% BSA (w/v) in TBST for 1 hour at room temperature with
shaking. An anti-His, HRP-conjugated antibody (R&D Systems MABOS5S0H) was diluted
1:8,000 in 3% BSA (w/v) in TBST and incubated with the membrane for 1 hour at room
temperature. The membrane was then washed three times for five minutes using TBST, then
His-tagged protein was detected using a luminol chemiluminescent substrate (VisiGlo, VWR)
and captured using a 10-20 second exposure time on a UVP Chemstudio (Analytik Jena).
[0447] Table 4 shows the expression levels of hMPV F protein fused to CompA. Expression
levels were assessed by visual inspection of Western blots and designated as no expression (X)
or low expression (*) to high expression (****). The hMPV008, hMPV009, hMPV024,
hMPV026, hMPV027, hMPV033, and hMPV034 CompA fusion proteins showed the highest
expression levels in this system.

Table 4. hMPV F-CompA Fusion Proteins Tested for Expression in Expi293 cells.

Construct . hMPV CompA: C-term Expressio
Mutations strain (A Ala or .
Name Truncation n Level
or B) Cys
hMPV001 | A185P, Q100R, S1I01R A Ala 481 *
hMPV002 | A185P, Q100R, S101R A Ala 472 *ox
hMPV003 | A185P, Q100R, S101R A Ala 489 *
hMPV004 Q100R, S101R A Ala 472 *
A185P, T127C, N153C,
hMPV005 A Ala 472 *x
Q100R, S101R
V84C, A140C, A147C,
hMPV006 B Ala 472 *oE
A249C, N97G, P98G,

141

SUBSTITUTE SHEET (RULE 26)



WO 2023/225562

PCT/US2023/067127

Construct
Name

Mutations

hMPV
strain (A
or B)

CompA:
Ala or
Cys

C-term
Truncation

Expressio
n Level

R99G, Q100G, S101G,
R102G

hMPV007

V84C, A140C, A147C,

A249C, N97G, P98G,

R99G, Q100G, S101G,
R102G

Ala

488

w3k

hMPV008

A63C, A140C, A147C,
K188C, K450C, S470C,
N97G, P98G, R99G,
Q100G, S101G, R102G

Ala

472

ek

hMPV009

A63C, A140C, A147C,
K188C, K450C, S470C,
N97G, P98G, R99G,
Q100G, S101G, R102G

Ala

488

kosfeosk ok

hMPV010

A63C, A140C, A147C,
K188C, G106 deleted,
N97G, P98G, R99G,
Q100G, S101G, R102G

Ala

472

hMPV011

A63C, A140C, A147C,
K188C, G106 deleted,
NI97G, P98G, R99G,
Q100G, S101G, R102G

Ala

488

hMPV012

A113C, A120C, A339C,
Q426C, T160F, 1177L,
Q100K SI01A

Ala

472

hMPVO013

A113C, A120C, A339C,
Q426C, T160F, 1177L,
QI100K, S101A

Ala

488

hMPV014

V84C, A140C, A147C,
A249C, Q100R, S101R

Ala

472

k%
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Construct
Name

Mutations

hMPV
strain (A
or B)

CompA:
Ala or
Cys

C-term
Truncation

Expressio
n Level

hMPV015

A63C, A140C, A147C,
K188C, K450C, S470C,
Q100R, S101R

B

Ala

472

seokok

hMPV016

A63C, A140C, A147C,
K188C, G106 deleted,
QI100R, S101IR

Ala

472

hMPV017

A113C, A120C, A339C,
Q426C, T160F, 1177L,
QI100R, S101R

Ala

472

hMPV018

A185P, A113C, A339C,
QI00R, S10IR

Ala

472

w3k

hMPV019

A185P, TI160F, 1177L,
QI100R, S101R

Ala

472

hMPV020

A185P, A113C, A339C,
T160F, 11771, Q100R,
S101R

Ala

472

hMPV021

A63C, K188C, N97G,
P98G, R99G, Q100G,
S101G, R102G

Ala

472

sk ok

hMPV022

A63C, K188C, K450A,
S470A, N97G, P98G,
R99G, Q100G, S101G,
R102G

Ala

472

ek sk

hMPV023

A63C, A140C, A147C,

K188C, G294E, N97G,

P98G, R99G, Q100G,
S101G, R102G

Ala

472

k%

hMPV024

A63C, A140C, A147C,
K188C, K450C, S470C,
N97G, P98G, R99G,

Ala

472

dekok
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Construct
Name

Mutations

hMPV
strain (A
or B)

CompA:
Ala or
Cys

C-term
Truncation

Expressio
n Level

Q100G, S101G, R102G,
G294E

hMPV025

A63C, K188C, N97G,
P98G, R99G, Q100G,
S101G, R102G, G294E

Ala

472

sk

hMPV026

T127C, N153C, T365C,

V463C, A185P, L219K,

V2311, G294E, H368N,
QI00R, S10IR

Ala

472

#dk ok

hMPV027

T127C, N153C, T365C,

V463C, A185P, L219K,

V2311, G294, H368N,
QI00R, S101R

Ala

490

skokok ok

hMPV028

A63C, A140C, A147C,
K188C, K450C, S470C,
N97G, P98G, R99G,
Q100G, S101G, R102G

Cys

472

hMPV029

T127C, N153C, T365C,

V463C, A185P, L219K,

V2311, G294E, H368N,
QI00R, S10IR

Cys

472

hMPV030

T127C, N153C, T365C,

V463C, A185P, L219K,

V2311, G294E, H368N,
QLO0R, S101R

Cys

490

hMPV031

V84C, A140C, A147C,

A249C, N97G, P98G,

R99G, Q100G, S101G,
R102G

Cys

472

hMPV033

T127C, N153C, T365C,
V463C, A185P, L219K,

Ala

472

Hokosk ok
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hMPV CompA:
Mutations strain (A Ala or
or B) Cys

Construct
Name

C-term Expressio
Truncation n Level

V2311, G294E, N97G,
P98G, R99G, Q100G,
H368N, S101G, R102G
T127C, N153C, T365C,
V463C, A185P, L219K,
hMPVO034 | V2311, G294E, N97G, A Ala 490 e
P98G, R99G, H368N,
Q100G, S101G, R102G

Example 2

[0448] In this example, conditioned media containing the hMPV F-CompA fusion protein
were characterized using antibody binding activity to determine the conformation of the hMPV
F protein. The fusion proteins hMPV005, hMPV008, hMPV021, hMPV024, hMPV026,
hMPV027, hMPV027C, and hMPV033 were evaluated (Table 5). Constructs hMPV026 and
hMPVO027 contain a furin cleavage site that was not cleaved in the Expi293 transient
transfections. Upon co-transfection of human furin, the expressed protein was properly cleaved
and termed hMPV026C or hMPVO027C to represent the cleaved form.

[0449] To characterize the conformation of the recombinant expressed hMPV F protein
fused to CompA, an ELISA was performed using 15 monoclonal antibodies that bind to specific
forms of the hMPV F protein ectodomain.

[0450] Wells of a 96 well plate were coated with 200 ng of each antibody, or 50 ng for
MPES, in 100 puL. 50 mM sodium carbonate-bicarbonate buffer, pH 9.6, at 4°C overnight. Plates
were washed 3X with 300 ul PBS with 0.05% Tween 20. After blocking with 150 pul PBS with
1% BSA for 1 hour at room temperature, the plates were emptied by tapping onto an absorbent
pad. Conditioned media supernatants from the Expi293 transfections of each construct were
diluted based on semi-quantitative Western blots such that antigen concentrations would
bracket the expected ECso of the antigen (from Mas data). Three dilutions for each construct
were plated at 100 uL per well for each antibody and the plates were incubated for 1 hour at
room temperature. Plates were washed 6X with 300 ul PBS with 0.05% Tween 20. An anti-His
monoclonal antibody (R&D Systems MABOSOH) was diluted 1:15,000 and 100 pL was added
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to each well and the plate incubated for 1 hour at room temperature. After washing the plates
6X with 300ul PBS with 0.05% Tween 20, 100 ul TMB substrate was added and the plate was
developed in the dark for 10 minutes. The reaction was stopped by addition of 100 ul 0.6 N
H,S04 and absorbance was measured at 450 nm on a plate reader.
[0451] The postfusion specific antibodies bound hMPV021 suggesting this construct has a
postfusion conformation. The other constructs did not bind the postfusion specific Abs and did
bind MPES along with multiple Abs that recognize both prefusion and postfusion conformation.
This data suggests the fusion proteins have prefusion conformation characteristics.
Example 3

Binding activity seen with purified hMPV F-CompA fusion proteins. FIGs. 3A-3C
show binding with known concentrations of purified component A (CompA) fusions—that is,
hMPV F protein ectodomains N-terminally fused to I53-50A (SEQ ID NO: 144) or I53-50A
ACys (SEQ ID NO: 145). MF14, MPES, and MF16 recognize antigenic sites II, III, and IV
respectively and these antigenic sites are the primary sites recognized by neutralizing
antibodies. In addition, MPES8 recognizes preferentially the prefusion form of hMPV F protein.
Wells of a 96 well plate were coated with 50 ng of MPE8 and 100 ng of MF14 and MF16 in
100 uL 50 mM sodium carbonate-bicarbonate buffer, pH 9.6, at 4°C overnight. Plates were
washed 3X with 300 ul PBS with 0.05% Tween 20. After blocking with 150 ul PBS with 1%
BSA for 1 hour at room temperature, the plates were emptied by tapping onto an absorbent pad.
Purified samples of each construct were diluted to 40 pg/mL (hMPV008, 021, 026, and 027) or
4 pg/mL (hMPV026C and 033), followed by a 3-fold or 4-fold dilution series respectively in
PBS with 1% BSA and plated at 100 uL per well and the plates were incubated for 1 hour at
room temperature. Plates were washed 6X with 300 ul PBS with 0.05% Tween 20. An anti-His
monoclonal antibody (R&D Systems MABOSOH) was diluted 1:15,000 and 100 pL was added
to each well and the plate incubated for 1 hour at room temperature. After washing the plates
6X with 300ul PBS with 0.05% Tween 20, 100 ul TMB substrate was added and the plate was
developed in the dark for 10 minutes. The reaction was stopped by addition of 100ul 0.6 N
H>S04 and absorbance was measured at 450 nm on a plate reader. Binding to MF14 (site II,
FIG. 3A) and MF16 (site IV, FIG. 3B) are similar but binding with MPES8 (site III, FIG. 3C)
to hMPV026, hMPV027 and hMPV033 has a higher ECsp than with hMPV008 and hMPV021

(Table 6). This suggests that site III, a neutralizing antibody recognition site, is more conserved
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in hMPV026, hMPV027, and hMPV033 and these constructs more preferentially adopt the
prefusion conformation than hMPV008 and hMPV021.
Table 6. Neutralizing Antibody Binding ECsp Values

ECso
Construct: MPES MF14 MF16
hMPV008 8.19E+00 1.78E-01 1.99E-01
hMPV021 1.28E+01 1.66E-01 1.86E-01
hMPV026 7.70E-02 9.57E-02 1.01E-01
hMPV026C 1.24E-01 1.36E-01 1.40E-01
hMPV027 7.96E-02 9.37E-02 9.65E-02
hMPV033 9.68E-02 1.08E-01 1.17E-01

Example 4

[0452] In this example, assembled hMPV008 VLPs or hMPV008 CompA alone were
injected intramuscular in both hind legs of female BALB/c mice on day 0 and day 21. The
quantity and formulation of each group is listed in Table 7. Blood draws were collected on days
0, 24 and 35 and processed into serum. Day 0 serum samples were pooled by group. All serum
samples were evaluated in a hMPV neutralization antibody titer assay (FIG. 9). hMPV008
formulations with adjuvants Alhydrogel (Alum) or Addavax (squalene oil-in-water emulsion)
induced measurable neutralizing titers at all dosages on day 24 and 35 and were comparable to
titers of healthy adult human serum (FIG. 9). These results show that htMPV008 VLPs induce
robust neutralizing titers comparable to healthy human control sera.

Table 7. Quantity and Formulations of Injected VLPs

Antigen Dose Formulation

hMPV008 VLP S5ug Addavax

hMPV008 VLP S5ug Alhydrogel

hMPV008 VLP 0.25 pug Alhydrogel

hMPV008 CompA 4.08 ug Alhydrogel

hMPV008 CompA 0.2 ug Alhydrogel
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hMPV F protein mutants displayed on a 2-component virus-like particle (VLP). VLPs
containing one of four different hMPV F protein mutants, hMPVO008, hMPV024,
hMPV026C, and hMPV033 or a soluble protein corresponding to hMPVO026C were tested.
Each group consisted of 8 female BALB/c mice. Mice were immunized on day 0 and day
21. All test articles were formulated with Addavax, an oil in water adjuvant. Two dosage
levels (1 pg and 0.25 pg) or an equivalent antigen content of soluble protein were
administered (Table 8). Neutralizing antibody titers against hMPV-A and hMPV-B were
determined from day 35 serum (FIGs. 4A and 4B, respectively). The results demonstrated
robust neutralizing titers were induced by all VLPs against both strains of hMPV. The

soluble protein also induced titers against both hMPV strains at a lower level than the VLPs.

Table 8: Quantity and Formulations of Injected VLPs

Antigen Dose Formulation
hMPV033 VLP 1ug Addavax
hMPV008 VLP 1ug Addavax
hMPV024 VLP lug Addavax
hMPV026C VLP 1ug Addavax
hMPV033 VLP 0.25 pg Addavax
hMPV008 VLP 0.25 ug Addavax
hMPV024 VLP 0.25 ug Addavax
hMPV026C VLP 0.25 pg Addavax
Soluble hMPV026C 0.64 ng Addavax
Soluble hWMPV026C 0.16 ug Addavax
No treatment N/A N/A
Example 6

[0454] A study was undertaken in naive mice to explore the immunogenicity of
hMPV008 VLPs and the corresponding soluble protein, CompA-hMPV008. hMPV008
VLPs and CompA-hMPV008 were formulated in aqueous buffer, a squalene emulsion (SE),
or Alhydrogel at two dosage levels (1 pg and 0.1 ug VLP and the equivalent antigen dose
for CompA-hMPV008). In addition, one group with hMPV033 VLP (0.1 ug) formulated
with SE was included (Table 9). Each group consisted of 8 female BALB/c mice. Mice were
immunized on day 0 and day 21. Neutralizing antibody titers against h\MPV-A and hMPV-
B were determined from day 35 serum. Results demonstrated that hMPV008 VLPs
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hMPV008 with all formulations (FIGs. SA and SB).
Table 9: Quantity and Formulations of Injected VLPs

Antigen Dose Formulation
hMPV008 VLP 1ug SE
hMPV008 VLP 1pug Alhydrogel
hMPV08 VLP 1 ug Aqueous
hMPV008 VLP 0.1 pug SE
hMPV008 VLP 0.1 pg Alhydrogel
hMPV008 VLP 0.1 pg Aqueous
CompA-hMPV008 0.81 ug SE
CompA-hMPV008 0.81 ug Alhydrogel
CompA-hMPVO008 0.81 ug Aqueous
CompA-hMPV008 0.081 pg SE
CompA-hMPV008 0.081 pug Alhydrogel
CompA-hMPV008 0.081 nug Aqueous
hMPVO033 0.1 pug SE

Example 7: Bivalent non-interference immunogenicity study with hMPYV F protein
(IVX-241) and RSV F protein (IVX-121) VLPs

[0455] A study was undertaken in naive BALB/c mice to explore the immunogenicity
of VLPs displaying an hMPV F protein mutant, IVX-241 and an RSV F protein, IVX-121
when dosed as monovalent or bivalent formulations. The objective of the study was to
evaluate various ratios of [VX-241 to IVX-121 and determine the neutralizing titers against
RSV-A, RSV-B, hMPV-A and hMPV-B. Mice were immunized on day 0 and day 21 with
IVX-121, IVX-241 or IVX-121 + IVX-241 with dosage levals and formulation shown in
Table 10. IVX-121 was administered at a dosage level of 1pg while IVX-241 was
administered at dosage levels of 4, 2, 1, and 0.5pug. The study included a VLP displaying
both the components incorporating RSV and hMPV F antigen mutants present on IVX-121
and IVX-241 (mosaic). This mosaic particle was administered at a dosage level of 2ug.

[0456] Blood samples were collected on days 0, 21, and 35 and processed to serum and
the day O and 35 samples tested in RSV-A, RSV-B, hMPV-A, and hMPV-B specific
neutralization assays. Neutralizing antibody titer data was plotted displaying geometric
mean with geometric SD. Group statistical analyses were performed using nonparametric

Mann-Whitney test (GraphPad Prism).
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[0458] Sera from animals immunized with IVX-121 demonstrated significant increases
in RSV-A and RSV-B neutralizing antibodies (FIG. 6) compared to pre-immune sera (Day
0 titers for all groups were below 2log2). The mean RSV-B titers were approximately 2.5
log2 lower than RSV-A titers. Animals immunized with IVX-241 displayed minimal to no
neutralizing titers against RSV-A or RSV-B (FIG. 6). The RSV-A neutralizing titers of
animals administered IVX-121 and IVX-241 were slightly lower than animals dosed only
with IVX-121 with statistical significance only seen between the bivalent group
administered 4 ug IVX-241 and the mosaic VLP (FIG. 6). The IVX-121/IVX-241 mosaic
VLP resulted in RSV-A and RSV-B titers that trended lower than IVX-121 alone but was
not statistically significant. The convalescent human serum samples run in the RSV-A
neutralizing titer assay displayed titers lower than the mean of the IVX-121 or IVX-121 +
IVX-241 immunized animals. However, the single serum run in duplicate for RSV-B had a
higher titer than the IVX-121 groups.

[0459] Sera from animals immunized with IVX-241 demonstrated significant increases
in hMPV-A and hMPV-B neutralizing antibodies (FIG. 7) compared to pre-immune sera
(Day O tiers for all groups were below 2log2). The response to all 4 doses of IVX-241
resulted in similar titers. Animals immunized with [IVX-121 displayed hMPV-A and hMPV-
B neutralizing titers similar to pre-immune sera (FIG. 7). The hMPV-A and hMPV-B
neutralizing titers of animals administered IVX-121 and IVX-241 were approximately 1-2
log2 lower than animals dosed only with IVX-241 (FIG. 7). The IVX-121/IVX-241 mosaic
VLP resulted in hMPV-A and hMPV-B titers that trended higher than IVX-241 (1 pg) alone
but was not statistically significant. The convalescent human serum samples run in the
hMPV-A and hMPV-B neutralizing titer assay displayed titers equal to or lower than the
mean of the [IVX-241 or IVX121 + IVX-241 immunized animals.

Table 10
Antigen Dose Formulation
IVX-121 lug Addavax
1VX-241 4ug Addavax
IVX-241 2ug Addavax
IVX-241 lug Addavax
IVX-241 0.5ug Addavax
IVX-121 + IVX-241 1 +4ug Addavax
IVX-121 + TVX-241 1+ 2ug Addavax
IVX-121 + IVX-241 1+ lug Addavax
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Example 8: Protective immunity generated by monovalent and bivalent hAMPV/RSV
combination vaccine
[0460] A study was undertaken to assess and evaluate the ability of [VX-121, IVX-241,
and IVX-121 + IVX-241 candidate vaccines to protect against hMPV and RSV infection in
cotton rats. The vaccine candidates were formulated with Addavax, an oil-in-water
emulsion.
[0461] The study included sixty-four female cotton rats, distributed into 8 groups of 8
animals per group. Immunogens, dose levels, formulations details, and challenge virus are
presented in Table 11.
[0462] Three control groups were administered saline and the groups were subsequently
not challenged or challenged with RSV-Aor hMPV-A2. Groups were administered IVX-
121 or IVX-241 candidate vaccines intramuscularly at a dosage level of 1.0 pug formulated
in Addavax on Day 0 and Day 21 and subsequently challenged on Day 35 with RSV-A or
hMPV-A2 respectively. Two groups were administered IVX-121 + IVX -241
intramuscularly at a dosage level of 1.0 pg each VLP formulated in Addavax on Day 0 and
Day 21 and subsequently challenged on Day 35 with RSV or hMPV respectively. One group
was vaccinated with formalin inactivated (FI) hMPV and subsequently challenged with
hMPV-A2 on Day 35. All animals were terminated on Day 40. Lung and nose homogenates
were used for RSV-A and hMPV-A2 viral titer assessment. Serum samples were obtained
at Days 0, 21 35, and 40 to measure RSV-A and hMPV-A neutralization antibody titers
using a virus neutralization assay. Clinical observations were made daily, and animals were
weighed weekly.
[0463] Animals vaccinated with IVX-121, IVX-241 or IVX-121 + IVX-241 showed
significant increases in neutralizing titers against RSV and hMPV on Day 35 compared to
pre-immune sera. Titers observed with IVX-121 or IVX-241 were equivalent to the titers
observed in IVX-121 + IVX 241 formulations. (FIGs. 8A-8B).
[0464] The animals were challenged intranasally with 10° plaque forming units (PFU)
of either RSV-A2 or hMPV-A and lung tissue samples tested 5 days post challenge for viral
replication. Control animals that were not challenged with RSV-A or hMPV displayed lung
titers below the limit of detection (2.2 log). Cotton rats that were not vaccinated but

challenged with RSV or hMPV resulted in substantial viral titers in the lung. Monovalent
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[0465]
below the limit of detection (2.0 logz) while unvaccinated animals challenged with RSV-A

e D St A

Control animals that were not challenged with RSV-A displayed nasal titers

had substantial viral titers in the nose (FIG. 8E). Mice immunized with either IVX-121 or
IVX-A12 and challenged with RSV-A displayed nasal viral titers that were significantly
reduced demonstrating suppression of viral replication in the upper airway (FIG. 8E).

[0466] Control animals that were not challenged with hMPV-A2 displayed nasal titers
below thee limit of detection (2.0 logy) while unvaccinated animals challenged with hMPV-
A2 had substantial viral titers in the nose (FIG. 8F). Mice immunized with either IVX-241
or IVX-A12 and challenged with hMPV-A displayed nasal viral titers at levels observed in
the control and not challenged group (2.0 logy) demonstrating complete suppression of viral

replication (FIG. 8F). The FI hMPV vaccinated group modestly reduced nasal viral titers
compared to the challenged control group (FIG. 8F).

Table 11
Group | N | Experimental | Antigen per Adjuvant hMPV RSV
No. Group Dose (ng) challenge | challenge
1 8 PBS N/A N/A No No
2 8 PBS N/A N/A Yes No
3 8 PBS N/A N/A No Yes
4 8 IVX-241 1 Addavax Yes No
S 8 IVX-121 1 Addavax No Yes
6 8 IVX-121 + 1 each Addavax Yes No
1VX-241
7 8 IVX-121 + 1 each Addavax No Yes
1VX-241
8 8 Formalin (1:75) Dilution N/A Yes No
inactivated
hMPV
Lot#071312

Example 9: Overview of Clinical Evaluation of Bivalent RSV-hMPV Vaccine

[0467]

These Examples describe experiments to demonstrate safety and efficacy of a

RSV/hMPV combination VLP candidate (IVX-A12). The vaccine is a mixture of two
monovalent protein-based virus-like particles (VLPs). Both VLPs are two-component,
icosahedral VLPs displaying the ectodomain of the RSV F protein or hMPV F protein,
respectively. As first component A, the vaccine uses a polypeptide antigen composed of the

ectodomain of RSV or hMPV F protein, C-terminally fused to the I53-50A protein (SEQ ID
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symmetry, as shown in FIGs. 1A and 1B. The RSV and hMPV components are each
engineered to stabilize the pre-fusion conformation of the respective F protein.

[0468] The immunogenicity of the bivalent vaccine candidate is being evaluated in a
Phase 1 first-in-human (FIH) trial in healthy young and older adults by measuring the
change in RSV and hMPV nAb levels compared to baseline antibody levels. Different
combinations of RSV and hMPYV is being assessed for potential immune interference caused
by the addition of hMPV VLPs to the RSV VLP vaccine candidate. Contingent upon
favorable safety results, demonstration of immunogenicity and determination of the optimal
RSV-hMPV dose combination, the efficacy of our RSV-hMPV combination vaccine
candidate will be assessed. The efficacy will be assessed by measuring incidence of lower
respiratory infection (LRI), caused by either RSV or hMPYV in patients receiving IVX-A12
compared to those receiving placebo. Different formulations of IVX-A12 may be assessed,

such as with and without adjuvant.
1VX-A12 Phase I Trial

[0469] A Phase 1 trial for IVX-A12 will be performed. The goal of the Phase 1 trial of
IVX-A12 will be to assess safety and immunogenicity of varying doses of IVX-A12, with
and without adjuvant, in older adults 60-75 years of age. IVX-A12 will be given with a fixed
IVX-121 dose and one of three dose levels of IVX-241 VLP, formulated with and without
adjuvant. This design will enable evaluation of the immune responses to both individual
components of IVX-A12 and to see if the combination of VLPs increases the reactogenicity
or leads to immune interference (i.e., imbalanced immune responses to component VLPs).
All subjects in the Phase 1 trial will be evaluated for safety and antibody response for twelve
months following administration of IVX-A12 or placebo. Theplan is to evaluate interim data
from the Phase 1 trial to determine the need for adjuvant, and to select the dose regimen for

evaluation in the Phase 2 dose-confirmation trial.
IVX-A12 Phase 2 Dose-Confirmation Trial

[0470] Following completion of the IVX-A12 Phase 1 clinical trial, a Phase 2 dose-
confirmation clinical trial will be initiated in healthy older adults 60-75 years of age. The
formulations and dose regimen for evaluation will be selected in the Phase 2 clinical trial

based on data from the IVX-A12 Phase 1 trial. The planned Phase 2 clinical trial will
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hMPV and RSV VLPs, and guide final dose selection for a subsequent PoC Phase 2b trial.
IVX-A12 Phase 2 Extension Trial

[0471] Older adult subjects who complete the Phase 2 trial will be enrolled into a Phase
2 extension trial to assess duration of antibody persistence and long-term safety over

multiple years.
IVX-A12 Phase 2b Proof-of-Concept (PoC) Trial

[0472] A global Phase 2b randomized observer-blind placebo-controlled PoC efficacy
trial will be conducted to evaluate the formulation of IVX-A12 selected from the Phase 2
dose-confirmation trial. The planned PoC objectives for the Phase 2b trial will include
assessment of safety, immunogenicity, and efficacy against LRI caused by either RSV or
hMPYV. The trial population will include adults 60 years of age or older, including nested
cohorts of frail and at-risk elderly, as well as healthy subjects over 85 years of age.
Example 10: A Phase 1 Randomized, Observer-blind, Placebo-controlled, Multi-
center Trial to Evaluate the Safety and Immunogenicity of IVX-A12, a
Respiratory Syncytial Virus and human Metapneumovirus Bivalent Combination
Virus-like Particle Protein Subunit Vaccine, in Healthy Adults
[0473] The candidate vaccine, IVX-A12, is a bivalent combination formulation
containing IVX-121 and IVX-241 virus-like particles (VLPs), computationally designed
recombinant protein subunit vaccines for RSV and hMPV, respectively. Each VLP is
composed of two recombinant proteins, Component A (CompA) and Component B
(CompB-01), which have been designed to cooperatively assemble to form an icosahedral
structure. Component A is a fusion protein specific for each vaccine candidate (either
CompA-RSV-02 or CompA-hMPV-01 for RSV and hMPV, respectively) and is expressed
with the prefusion F protein from the respective virus, which has been shown to induce
robust neutralizing antibody responses in nonclinical models. CompB-01 is a common
component across both VLPs and provides the structural element that supports the
multimeric display of CompA-RSV-02 or CompA-hMPV-01. When combined, the two
components self-assemble into a VLP that shows enhanced immunogenicity compared with
either soluble DS-Cavl or hMPV prefusion antigen trimer. The soluble DS-Cavl RSV
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[0474] The TVX-121 and IVX-241 VLPs display 20 copies of the respective prefusion
F protein trimers on their surface. The candidate IVX-121 and IVX-241 VLPs will be
manufactured independently and combined to create a bivalent formulation containing both
VLPs, referred to as IVX-A12. The proposed mechanism of action of IVX-A12 is to
increase the proportion of RSV- and hMPV-specific neutralizing antibodies that are
associated with protection, compared to non-neutralizing antibodies (Ngwuta et al., 2015;
Falloon et al., 2017). IVX-A12 is intended for active immunization of the target population
of older adults who are most at risk for disease following infection with RSV and hMPV.
[0475] The candidate vaccine, IVX-A12, is expected to be a single-dose liquid
formulation (0.5 mL) for intramuscular (IM) use in adults 60 to 75 years of age, the target
population. The IVX-A12 candidate vaccine will be formulated and vialed as an aqueous
vaccine, to be diluted 1:1 (V/V) with either oil-in-water emulsion as an adjuvant or diluent.
[0476] The proposed phase 1 clinical trial is a first-in-human (FIH) dosage-ranging
evaluation of the IVX-A12 candidate vaccine in healthy older adults, 60 to 75 years of age.
The purpose of this phase 1 trial is to evaluate the clinical safety and immunogenicity of one
dose of the bivalent IVX-A12 of the bivalent IVX-A12 candidate vaccine, composed of a
constant dosage (amount) level of IVX-121 RSV VLPs with varying concentrations
(defined as low, medium, and high dosage levels) of IVX-241 hMPV VLPs with and without
MF59®, compared to placebo. A placebo (diluent) will be used because there is no licensed
RSV or hMPV vaccine. The three different antigen amounts that have been selected will be
evaluated in a stepwise manner in three different cohorts.

- low dosage level: 75 ng RSV/75 pg hMPV,

- medium dosage level: 75 pg RSV/150 ug hMPV, and

- high dosage level: 75 pg RSV/225 ug hMPV.
[0477] Cohort 1 will evaluate the safety and immunogenicity in healthy adults 60 to 75
years of age of one dose, administered intramuscularly, of the low dosage level (75 pg
RSV/75 ug hMPV) of the unadjuvanted IVX-A12 candidate vaccine (IVX-A12a) compared
to placebo.
[0478] Cohort 2 will evaluate the safety and immunogenicity in healthy adults 60 to 75
years of age of one dose, administered intramuscularly, of (i) the low dosage level (75 ug

RSV/75 ug hMPV) of the IVX-A12 candidate vaccine adjuvanted with MF59® (IVX-A12d)
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[0479] Cohort 3 will evaluate the safety and immunogenicity in healthy adults 60 to
75 years of age of one dose, administered intramuscularly, of the (i) medium dosage level
(75 ng RSV/150 pg hMPV) of the IVX-A12 candidate vaccine adjuvanted with MF59®
(IVX-A12d) and (ii) the high dosage level (75 ug RSV/225 pg hMPV) of the unadjuvanted
IVX-A12 candidate vaccine (IVX-Al2a) compared to placebo. The high dosage level
(75 png RSV/225 ng hMPV) of the IVX-A12 candidate vaccine will not be evaluated with
MF59® in this clinical trial.

[0480] The trial will be conducted in accordance with the protocol, International
Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use

(ICH), Good Clinical Practice (GCP) Guidelines, and applicable regulatory requirements.

Primary Objectives:

[0481] To evaluate the safety and immunogenicity of three dosage levels (low, medium,
high) of the bivalent combination RSV/hMPV VLP candidate vaccine (IVX-A12),
compared to placebo, when administered as a single-dose regimen in healthy older adults
60 to 75 years of age, by assessing:

[0482] - Solicited local reactions and systemic AEs for 7 consecutive days (from Day 0
to Day 6), after the dose, and unsolicited AEs up to 28 days after the dose (Day 28);

[0483] - RSV and hMPV neutralizing antibody (NAb) titers measured by live-virus
assays, and RSV-specific and hMPV-specific prefusion F protein IgG antibody titers
measured by enzyme-linked immunosorbent assay (ELISA), at Day 28;

[0484] - Geometric mean fold rise (GMFR) at Day 28 versus Day 0 for RSV-A—specific
and RSV-B-specific NAb titers, hMPV-A-specific and hMPV-B-specific NAD titers, and
RSV and hMPV IgG prefusion F protein-specific antibody titers.

Secondary Objectives:

[0485] To further assess the safety of [IVX-A12 compared to placebo by the incidence
of:

[0486] - Serious adverse events (SAEs), medically-attended adverse events (MAAESs),
and AEs leading to trial withdrawal throughout the trial period, up to Day 365;

[0487] - AEs of special interest (AESIs) up to Day 365;
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[0489] - Clinical-safety laboratory parameters up to 7 days after the dose on Day 0.
[0490] - To further assess the immunogenicity of [IVX-A12 compared to placebo up to
Day 365 by evaluating:
[0491] - RSV and hMPV NAD titers measured by live-virus assays;
[0492] - RSV and hMPV prefusion F protein specific IgG antibody titers measured by
ELISA;
[0493] - The ratios of fold-increase in IgG titers over fold-increase in NADb titers to RSV
and hMPV;
[0494] - GMEFR versus baseline (Day 0) for RSV-A—specific and RSV-B-specific NAb
titers, hMPV-A-specific and hMPV-B-specific NAb titers, and RSV and hMPV IgG
prefusion F protein-specific antibody titers;
[0495] - GMFR versus baseline (Day 0) for hMPV-A—specific and hMPV-B-specific
NAD titers.

Exploratory Objectives:
[0496] To further explore the immunogenicity of IVX-A12 vaccine compared to
placebo by assessing:
[0497] The epitope-specificity of IgGs to the RSV and hMPV prefusion F proteins;
[0498] VLP core—specific IgG titers.

Clinical Trial Design:
[0499] The IVX-A12 phase 1 trial is a randomized, observer-blind, placebo-controlled,
multi-center dosage- and dosage-escalation trial to assess the safety and immunogenicity of
a single dose of two IVX-A12 formulations: as aqueous (unadjuvanted) and adjuvanted with
MF59® (IVX-A12a and IVX-A12d, respectively). The trial will have a total of 8 treatment
groups (5 active treatment groups and 3 placebo groups). The active treatment groups
receiving IVX-A12 formulations will be tested at 3 dosage levels (low, medium, and high
total VLP content) of IVX-A12. The low and medium dosage levels will be tested with and
without MF59®. The high dosage level will be only tested without MF59®. The clinical trial
will be conducted in three cohorts. The three different dosage levels (low dosage level: 75
ug RSV/75 pg hMPV, medium dosage level: 75 pg RSV/150 pg hMPV, and high dosage
level: 75 pg RSV/225ug hMPV) that have been selected will be evaluated in a stepwise
manner in three different cohorts. In addition, placebo will be administered as a control.

Each cohort will have a placebo treatment group. The three cohorts are given in Table 12.
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60 to 7!'; years of Groups - - i
age; N = 120
A 75 ug RSV:75 ug hMPV vaccine 20
Cohort 1 B Placebo* 4
C 75 ug RSV:75 ug hMPV vaccine in MF59® 20
Cohort 2 D 75 ug RSV:150 ug hMPV vaccine 20
E Placebo 8
F 75 ug RSV:150 pug hMPV vaccine in MF59® 20
Cohort 3 G 75 ug RSV:225 ug hMPV vaccine 20
H Placebo 8

Total number of placebo recipients N=20. Total amount of VLP content is 150 pg (Groups
A and C), 225 ug (Groups D and F), and 300 ug (Group G).

TMF59® contains 9.75 mg of squalene and surfactants. }Placebo will be aqueous diluent.
For purposes of data analyses, treatment groups B, E, and H will be combined into a single

placebo group.
Trial Procedure:

[0501] Approximately 120 healthy adult subjects (60-75 years of age) will be enrolled
in a stepwise dosage-escalation (from lowest to highest) manner into one of three cohorts.
Each cohort will enroll adults 60 to 75 years of age. Within each cohort, subjects will be
randomly allocated at a ratio 5:1 to receive investigational medicinal product (IMP; IVX-
Al2aor IVX-A12d) or placebo (diluent). There will be approximately 24 subjects in Cohort
1, 20 subjects in the single active group and 4 subjects in the placebo group. In Cohort 2,
there will be approximately 48 subjects: 20 in each of the two active treatment group and 8
subjects in the corresponding placebo group. In Cohort 3, there will be also approximately
48 subjects: 20 in each of the two active treatment groups and 8 subjects in the
corresponding placebo group. All subjects will receive one dose of a 0.5 mL intramuscular
injection of IVX-A12 or placebo.

[0502] Within each cohort, vaccination will be performed in stages in order to
administer the vaccine to sentinels first. The staging within each cohort is provided in Table
13.

[0503] In Cohort 1, two sentinel subjects will receive IVX-A12a and one sentinel will
receive placebo (from placebo group within the corresponding cohort), with a minimum of

a 36-hour observation period. If no stopping rules are triggered, the remaining 21 subjects
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[0504] In Cohort 2 and Cohort 3, four sentinel subjects will receive IVX-A12 (two
subjects from the IVX-A12d group [same dosage level tested in the previous cohort in the
absence of adjuvant], and two subjects from the IVX-Al2a group [next unadjuvanted
dosage level]) and two sentinel subjects will receive placebo (placebo group within the
corresponding cohort), with a minimum of a 36-hour observation period. If no stopping
rules are triggered, the remaining 42 subjects (18 from the active IVX-A12a group, 18 from
the active IVX-A12d group, and 6 from the placebo group of each dosage level cohort) will
be vaccinated. The independent SMC will be responsible for the application of stopping
rules, if achieved. If no stopping rules are triggered within 7 days after dosing all subjects
in each dosage level cohort and IVX-A12a and IVX-A12d formulations are found to have
acceptable reactogenicity as determined by the SMC, the trial will proceed to the subsequent
dosage level cohort. Before proceeding to and starting the subsequent dosage level cohort,
the SMC will review all available cumulative safety data through Day 7 after vaccination.
[0505] Cohort 1: Evaluation of the safety and immunogenicity of the low dosage level
(75 ug RSV/75 ng hMPYV) of the IVX-A12 unadjuvanted candidate vaccine (IVX-Al2a)
compared to placebo. Subjects (N=24) enrolled will be randomly allocated at a ratio 5:1 to
receive [IVX-A12a at the low dosage (Group A) or placebo (Group B). Two sentinel subjects
(Stage 1) will receive IVX-A12a (Group A) one sentinel subject will receive placebo (Group
B). Following the observation period, the remaining subjects of Groups A (N=18) and B
(N=3) will be vaccinated (Stage 2). The SMC will review the safety data after enrollment
of Cohort 1 has been completed before proceeding with enrollment of Cohort 2.

[0506] Cohort 2: Evaluation of the safety and immunogenicity of the low dosage level
(75 ng RSV/75 pg hMPV) of IVX-A12 candidate vaccine with MF59® and the medium
dosage level (75 ug RSV/150 ug hMPV) of the unadjuvanted IVX-A12 candidate vaccine
compared to placebo. Subjects (N=48) enrolled will be randomly allocated at a ratio 5:1 to
receive IVX-A12d (low dosage level) or IVX-A12a at the medium dosage level, Group C
or Group D, respectively or placebo (Group E). Four sentinel subjects (Stage 3) will receive
IVX-A12 (two subjects from Group C [low dosage IVX-A12d] and two subjects from
Group D [medium dosage IVX-Al12a]) and two sentinel subjects will receive placebo
(Group E). Following the observation period, the remaining subjects of Groups C, D, and E
will be vaccinated (Stage 4). The SMC will review the safety data after enrollment of Cohort

2 has been completed before proceeding with enrollment of Cohort 3.
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ug hMPV) of the IVX-A12 candidate vaccine unadjuvanted (IVX-Al12a) compared to
placebo. Subjects (N=48) enrolled will be randomly allocated at a ratio 5:1 to receive IVX-
Al12d (medium dosage) or IVX-Al2a at the high dosage level, Group F or Group G,
respectively or placebo (Group H). Four sentinel subjects (Stage 5) will receive IVX-A12
(two subjects from Group F [medium dosage [VX-A12d] and two subjects from Group G
[high dosage IVX-Al2a]) and two sentinel subjects will receive placebo (Group H).
Following the observation period, the remaining subjects of Groups F, G, and H will be
vaccinated (Stage 6). The SMC will review the safety data after enrollment of Cohort 3
accordingly, no additional dosage escalation will be evaluated beyond that in Cohort 3. In
addition, the high dosage level (75 ug RSV/ 225 pg hMPV) of the IVX-A12 candidate

vaccine will not be evaluated with MF59® in this clinical trial.

Table 13
Trial DO Vaccination 60-75 years of age
Group Y 9
VLP MF59®+ |Stage 1 | Stage| Stage 3 [Stage | Stage 5 | Stage| Total
(Hg) (mg entinel 2 Sentinel 4 Sentinel 6 N=120
squalene)
75 RSV
A 75 hMPV 0 2 18 - - - - 20
75 RSV
C 75 hMPV 9.75 - - 2 18 - - 20
75 RSV
D | 150 hMpv 0 - - 2 18 - - 20
75 RSV
F 150 hMPV 9.75 - - - - 2 18 20
75 RSV
G | 225 hMpV 0 - - - - 2 18 20
B, E, 0
H (placebo)* 0 1 3 2 6 2 6 20

[0508] TMF59® contains 9.75 mg of squalene and surfactants. $Placebo will be aqueous
diluent. Group B corresponds to Stages 1 and 2, Group E corresponds to Stages 3 and 4; and
Group H corresponds to Stages 5 and 6. For purposes of data analyses, treatments groups
B, E, and H will be combined into a single placebo treatment group.
Assessments:

[0509] There will be a total of 7 scheduled clinic visits required for each subject (at
Screening, then Days 0, 7, 28, 90, 180, and 365). Blood sampling for safety will be
conducted at screening and on Days 0, 7, and 28 while immunogenicity sampling will occur

at Days 0, 7, 28, 180, and 365.
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the single dose administration, to Day 6 (7 days total); unsolicited AEs through Day 28; and
safety blood samples (clinical laboratory evaluation at screening, Day 0/Baseline, Day 7,
and Day 28). SAEs, MAAESs, AEs leading to trial withdrawal, and AESIs will be captured
from the time of randomization to the end of the trial evaluation, approximately 12 months
after vaccination. During the treatment and follow-up periods, all subjects will also be
actively monitored for the trial-defined CESI of moderate to severe LRTL using the
established case definition and algorithm for evaluation of acute respiratory illness (ARI)
using nasopharyngeal (NP) swabs for the detection of RSV, hMPV, and other respiratory
viruses. Subjects will be instructed to return to the clinic for assessment within 7 days of
onset of ARI (ideally within 72 hours) to maximize detection of virus.
Immunogenicity assessments for all subjects in Cohorts 1, 2 and 3: Blood samples will
be taken for serology (Day 0/Baseline, Day 7, Day 28, Day 180, and Day 365). All subjects
will be monitored for persistence of antibody responses through the entire duration of the
clinical trial (approximatley 12 months).
[0511] In the event of local or national health related closures and limited ability for
travel (e.g., as a consequence of SARS-CoV-2 circulation), the clinic may default to their
institution guidelines to continue follow-up assessments with subjects as necessary.
Stopping rules:
[0512] Monitoring of safety signals will be performed throughout the trial by an
independent SMC. Stopping rules or conditions for stopping this clinical trial would occur
if there was clear evidence of harm or harmful effects. Administration of the vaccine may
result in a halt to the trial and require further review and assessment if any of the following
event(s) occur:
[0513] In a trial subject:

- Any death occurring during the trial;

- Any vaccine-related SAE during the trial;

- Any life-threatening (Grade 4) vaccine-related AE during the trial, which needs

medical intervention including:
o Ulceration, abscess or necrosis at the injection site;
- Laryngospasm, bronchospasm or anaphylaxis within 24 hours after administration

of vaccine;
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after administration of vaccine.

[0514] If two or more of subjects in a single trial group in any of the three Cohorts
experience the same severe (Grade 3) AE (Preferred Term [PT] in a given Medical
Dictionary for Regulatory Activities [MedDRA] system organ class [SOC]) within the first
7 days following vaccination that persisted for at least 48 hours and cannot be clearly
attributed to another cause:

- Severe (Grade 3) solicited local reactions (excluding measured grades of erythema

and swelling alone) or systemic AE;

- Severe (Grade 3) vaccine-related unsolicited AE during the trial;

- Severe (Grade 3) vaccine-related vital sign(s) abnormality;

- Severe (Grade 3) vaccine-related clinical laboratory abnormality.
[0515] In the case that a pre-defined safety signal is met in any trial group, subsequent
dosing will result in at least a transient halt in the trial to permit a complete evaluation of
the reported event(s), and to consult the SMC. Based on the review of the data, the SMC
may recommend temporary or permanent stopping, or continuation of dosing. After a
temporary halt, further measures for safety may be introduced.
Subject Population:
[0516] Healthy Subjects: Yes.
[0517] Age Range: 60 to 75 years of age.
[0518] Planned Number of Subjects: Approximately 120 total (24 in Cohort 1, 48 in
Cohort 2, and 48 in Cohort 3).
[0519] Planned Number of Trial Groups: A total of 8 treatment groups (5 active
treatment groups and 3 placebo groups [one placebo group for each cohort]). The active
treatment groups receiving IVX-A12 formulations will be tested at 3 dosage levels (low,
medium, and high total VLP content) of IVX-A12. The low and medium dosage levels will
be tested with and without MF59®.The high dosage level will be only tested without
MF59®.
Key Inclusion Criteria:
[0520] 1. Healthy male or non-pregnant female older adults 60 to 75 years of age at the

time of first vaccination;
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12 months;

[0522] 3. Subjects able to voluntarily give written informed consent and to comply
with trial procedures including follow-up to approximately 12 months after first dosing;
[0523] 4. Body mass index (BMI) 17 to 35 kg/m2, inclusive, at screening;

[0524] 5. Screening laboratory values must be within the laboratory reference ranges
or deemed not clinically significant if within Grade 1 severity on the toxicity scale.

Key Exclusion Criteria:

[0525] 1. Prior receipt of any investigational RSV or hMPV vaccine;

[0526] 2. Prior receipt of another investigational medicinal product (study drug,
biologic, or device) not authorized for use in the US and European Union within the past
year;

[0527] 3. Laboratory-confirmed severe RSV or hMPV infection within the past year
prior to enrollment;

[0528] 4. Currently enrolled or plan to participate in another clinical trial with an
investigational agent (including licensed or unlicensed vaccine, drug, biologic, device,
blood product, or medication) to be received during the trial period,;

[0529] 5. Presence of high-risk comorbidities for severe RSV or hMPV disease (e.g.,
significant cardiopulmonary disease);

[0530] 6. Older adults meeting frail elderly criteria (older persons with medical,
nutritional, cognitive, emotional, or activity impairments, as defined by the trial site);
[0531] 7. Acute or chronic progressive, unstable or uncontrolled clinical conditions;
[0532] 8. Acute illness, with or without fever at the time of planned vaccination;
[0533] 9. History of hypersensitivity or serious adverse reactions to vaccines, such as
anaphylaxis, Guillain-Barré, and angioedema, or any known allergies to any component of
the IVX-121 and/or IVX-241 vaccine, or hypersensitivity to latex;

[0534] 10. Abnormal function of the immune system resulting from clinical conditions
including human immunodeficiency virus, chronic administration of systemic
corticosteroids (oral/intravenous/IM at a dose equivalent of >20 mg prednisone in a period
of more than 14 days), or administration of immunosuppressive chemotherapy, biologics,
or radiotherapy within the past 3 months before trial randomization;

[0535] 11. Refusal to maintain contraceptive practices during the trial, and (for women

of childbearing potential) to be screened for pregnancy at specified times during the trial;
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within 30 days of Day O.
- Receipt of licensed vaccines is permitted after completion of the trial Day 28 visit.
- Receipt of licensed COVID-19 vaccines is permitted if dosing regimen completed
within 21 days prior to trial vaccine administration on Day 0 or after completion of
the Day 28 visit.
[0537] Investigational Medicinal Products:
[0538] IVX-A12: The IVX-A12 formulation for testing will be composed of one
constant IVX-121 RSV VLP dosage level combined with one of three different dosage
levels of the IVX-241 hMPV VLP up to the maximum human dosage (amount) of combined
VLP (high dosage). The final investigational IVX-A12 drug product will be administered
either as an aqueous vaccine (IVX-A12a) or with MF59® to be mixed 1:1 in the clinic (IVX-
A12d). Specific instructions for preparation of vaccine will be provided in the pharmacy
manual. The adjuvant content will be the same for all formulations containing MF59®. The
intended volume for administration of IVX-A12 is 0.5 mL for IM administration.Placebo:
Sterile aqueous diluent, delivered as a 0.5 mL dose. The placebo does not contain
preservatives.
[0539] Route of Administration: Intramuscular (IM) administration into the deltoid of
the non-dominant arm.
Duration Subject Participation:
[0540] The duration of subject participation in the trial will be approximately 12
months.
[0541] Criteria for Evaluation and Analyses:
Co-Primary Endpoints (Safety):
[0542] Solicited local reactions and systemic AEs from Day 0 to Day 6 (7 days total);
[0543] Unsolicited AEs from Day 0 to Day 28.
[0544] Co-Primary Endpoints (Immunogenicity):
[0545] RSV-A-, RSV-B-, h(MPV-A-, and hMPV-B-specific NAD (live-virus assays) at
Day 28.
[05406] RSV and hMPV IgG prefusion F protein-specific antibody titers (ELISAs) at
Day 28;
[0547] Proportion of subjects with a >4-fold increase in serum anti-RSV/A-, RSV/B-,
hMPV/A-, and hMPV/B-specific NAD (live-virus assays) at Day 28;
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[0549] GMEFR at Day 28 versus Day O (in serum anti-RSV/A-, RSV/B-, hMPV/A-, and
hMPV/B-specific NAD ([live-virus assays]) and RSV and hMPV IgG prefusion F protein-
specific antibody titers ([ELISAs]).

[0550] Secondary Endpoints (Safety):

[0551] SAEs, MAAEs, AEs leading to trial withdrawal, and AESIs from Day O up to
the end of trial;

[0552] CESI (moderate to severe LRTI) from Day O up to the end of trial;

[0553] Clinical-safety laboratory parameters at screening, and after dosing, at Days O,
7, and 28.

[0554] Secondary Endpoints (Immunogenicity):

[0555] RSV-A—, RSV-B-, hMPV-A- and hMPV-B-specific NAbs by live-virus assays
at Days 0, 7, 180, and 365;

[0556] Proportion of subjects with a >4-fold increase in serum anti-RSV-A-, RSV-B-,
hMPV-A-, and hMPV-B-specific NADb (live-virus assays) at Days 7, 180, and 365 compared
to baseline (Day 0),

[0557] Proportion of subjects with a >8-fold increase in serum anti-RSV-A-, RSV-B-,
hMPV-A-, and hMPV-B-specific NAD (live-virus assays) at Days 7, 180, and 365 compared
to baseline (Day 0);

[0558] GMFR at Day 7 versus Day 0 (in serum anti-RSV-A-, RSV-B-, hMPV-A-, and
hMPV-B-specific NAb ([live-virus assays]) and RSV and hMPYV IgG prefusion F protein-
specific antibody titers ([ELISAs]);

[0559] GMEFR at Day 180 versus Day O (in serum anti-RSV-A-, RSV-B-, hMPV-A-,
and hMPV-B-specific NAb ([live-virus assays]) and RSV and hMPV IgG prefusion F
protein-specific antibody titers ([ELISAs]);

[0560] GMFR at Day 365 versus Day O (in serum anti-RSV-A-, RSV-B-, hMPV-A-,
and hMPV-B-specific NAb ([live-virus assays]) and RSV and hMPV IgG prefusion F
protein-specific antibody titers ([ELISAs]);

[0561] Reverse cumulative distribution (RCD) of serum IgG binding antibody to RSV
prefusion F protein at Days 0, 7, 28, 180, and 365;

[0562] RCD of serum IgG binding antibody to hMPV prefusion F protein at Days, 0, 7,
28, 180, and 365.

[0563] Exploratory Endpoints (Immunogenicity):
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[0565] VLP core—specific IgG titers by ELISA at Days 0, 28, 180, and 365.

[0566] Statistical Considerations:

[0567] Analysis sets:

[0568] Safety Set: The safety set will consist of all subjects who received at least one
dose of IVX-A12 or placebo. Subjects will be analyzed as treated.

[0569] Full Analysis Set (FAS): The FAS will include all subjects who received at least
one dose of IVX-A12 or placebo. Subjects will be analyzed as randomized.

[0570] Per-Protocol Set (PPS): The PPS will include all subjects in the FAS who
received a dose of IMP and have no major protocol deviations.

[0571] Analysis of demographics and other baseline characteristics

[0572] Age, gender, race, and other baseline characteristics (including baseline RSV
and hMPV NAb titers) will be summarized descriptively by trial group for all randomized
subjects.

[0573] Immunogenicity Analyses:

[0574] Day 28 immunogenicity data will be summarized for each group, cohort and
strain (RSV/A, RSV/B, both RSV strains and either RSV strain; hMPV/A, hMPV/B, both
hMPYV and either h\MPV strain.

[0575] The geometric mean titers (GMTs) will be calculated for RSV/A, RSV/B,
hMPV/A and hMPV/B NAD titers separately along with their 95% CI. Data displays will
include boxplots and RCD curves for each trial group, and the median and interquartile
range of the fold-rise in antibody titer from baseline (Day 0) to Day 28.

[0576] Safety Analyses:

[0577] Solicited local reactions and solicited systemic AEs: Solicited local reactions and
solicited systemic AEs will be collected for all subjects from Day 0 to Day 6 (7 days total).
[0578] Unsolicited AEs: Unsolicited AEs will be assessed from day of dosing (Day 0)
through 28 days post-vaccination and coded according to MedDRA and summarized by
SOC and preferred term (PT) for each trial group.

[0579] SAEs, MAAEs, AEs leading to withdrawal, AESIs and CESI (moderate to
severe LRTI): Will be assessed throughout the trial (from randomization on Day 0) and

coded using MedDRA and summarized by SOC and PT for each trial group.
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U3V Lhis Example provides interim results trrom a Phase 1/10 clinical trial of 1V X-
121, a VLP displaying a prefusion stabilized Respiratory Syncytial Virus (RSV) F antigen,
in young and older adults. IVX-121 demonstrated a robust immunologic response in both
young and older adult groups.

1VX-121 Phase 1/1b Trial Design
[0581] The Phase 1/1b clinical trial of IVX-121 is a randomized, observer-blinded,
placebo-controlled, multi-center study designed to evaluate the safety and immunogenicity
of three dose levels of IVX-121, with and without aluminum hydroxide adjuvant, in healthy
young and older adults. The study design is shown in FIG. 10.
[0582] The Phase 1 part of the trial enrolled 90 healthy young adults aged 18-45 years.
The Phase 1b part of the trial enrolled 130 healthy older adults aged 60-75 years. Subjects
were administered a single dose of IVX-121 at one of three dose levels (25, 75, 250 ug),
with or without aluminum hydroxide adjuvant, or placebo.
[0583] The primary outcomes of the study were safety and immunogenicity up to 28
days post-vaccination; neutralizing antibodies to RSV-A and RSV-B were measured in
international units (IU/mL) using the WHO international reference standard.

Topline Results

Safety
[0584] In this Phase 1/1b study, IVX-121 was generally well-tolerated across all dosage
groups. Solicited local and systemic adverse events (AEs) were generally mild or moderate,
without dose-limiting reactogenicity. In the older adult target population, across the six
dosage groups for IVX-121 with or without adjuvant, the proportion of subjects
experiencing any systemic AE within seven days was 11-33%, and similar to 21% for
placebo. The most common local and systemic AEs were injection site tenderness, headache
and fatigue. There were no serious AEs related to vaccine, AEs of special interest, or AEs
leading to discontinuation. Data are shown in FIG. 11 and FIG. 12.
Immunogenicity:

[0585] IVX-121 induced a robust immune response in both young and older adult
groups. Data indicated a dose-independent response, including at the lowest non-adjuvanted
dose (25 pg) (FIG. 8). No additional benefit from the aluminum hydroxide adjuvant was
observed at any dosage level in either portion of the study (FIG. 14). Geometric mean titers

for RSV-A and RSV-B were in comparable ranges for both groups (FIG. 15)
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|US30] In young adults, across dosage groups, 1V X-121 induced Geometric Mean liters
(GMT) in RSV-A neutralizing antibodies (nAbs) of up to 7,687 IU/mL compared to 1,100
TU/mL for placebo at Day 28. These titers corresponded to a Geometric Mean Fold Rise
(GMFR) versus baseline up to 10-fold for IVX-121 at Day 28.

Older Adults (Phase 1b):
[0587] GMT responses in IU/mL for older adults were comparable with those for young
adults in the Phase 1 portion of this study. Across dosage groups, IVX-121 induced GMT
in RSV-A nAbs of up to 7,561 TU/mL compared to 1,692 IU/mL for placebo at Day 28.
GMFR at Day 28 was up to 6-fold, reflecting higher baseline titers in the older adults group.

Conclusion
[0588] These data indicate that IVX-121 was generally well tolerated and elicited a
strong and consistent response against RSV in healthy young and older adults. These data
are particularly encouraging for the vulnerable older adult population with co-morbidities
and increased risk for severe disease and hospitalization. [VX-121 exhibits immunogenicity
at very low microgram dosage levels and tolerability to the highest dose level. Eligible older
adults from the Phase 1b cohort will be followed out to 12 months to assess durability of
response.

Neutralizing Antibody Assay Methods
[0589] Validated RSV-A and RSV-B neutralizing antibody (NAb) assays were used to
measure the presence of RSV-specific neutralizing antibodies. These assays have been
validated for standard bioanalytical assay parameters to include Specificity, Accuracy,
Precision, Repeatability (intra-assay precision), Intermediate Precision, Linearity,
Dilutional Linearity, Range, Stability, and Robustness. Critical reagents for these assays are
commercially purchased and qualified for use. In brief, human serum samples are serially
diluted and incubated with a constant concentration of virus (RSV A2 (ATCC, Cat# VR-
1540) and RSV B 18537 (ATCC, Manassas, VA; Cat# VR-1580)). Neutralization is
measured by the inhibition of virus propagation in HEp-2 cells (ATCC, Cat# CCL23).
Following an incubation period, cells are fixed and immunostained with a murine
monoclonal antibody directed against RSV F protein, followed by horse radish peroxidase
(HRP)-conjugated goat-anti-mouse antibody and TrueBlue (TB). The plates are scanned
with an UV Analyzer and Spot counts (SC; or spot forming cells, SCF) per well at each
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[0590] Since there are different assay formats available for RSV neutralization assays,
it is important to have a reference antiserum to standardize results. The first International
Standard for antiserum to RSV-A and RSV-B (NIBSC code: 16/284) was established by the
WHO Expert Committee on Biological Standardization in 2017 (McDonald et al., 2017,
McDonald et al., 2018; McDonald et al., 2020). This Reference Standard was shown to be
suitable for the standardization of virus neutralization methods to measure antibody levels
against RSV-A and RSV-B in human sera. Due to limited quantities available of the
Reference Standard, bioanalytical labs are encouraged to generate an in-house reference
(IHR) standard by calibrating the IHR to the International Reference Standard. The RSV
Reference Standard (16/284) with an assigned a potency of 1000 International Units (IU)
anti-RSV-A or anti-RSV-B neutralizing antibodies per ampoule was used to establish and
validate an IHR to be included during neutralization titer analyses. The potency of the IHR
standard was determined to be 1,831 IU/mL for RSV-A and 609 IU/mL for RSV-B. These
potencies were used to calculate conversion factors which can be used for converting MN
titer results (AU/mL) to IU/mL. The potency of a test sample in IU/mL was calculated by
multiplying the test sample MN titer by 1.0578 for RSV-A and by 0.6936 for RSV-B. The
RSV-A and RSV-B NAb assays has been validated to an assay range of 9.4 - 180263
AU/mL and 8 — 195392 AU/mL, respectively. The validated assay range in IU/mL for RSV-
A and RSV-B are 9.9 — 190682 and 5.5 — 135524, respectively.

[0591] McDonald et al. 2017. Report on the WHO collaborative study to establish the
Ist international standard for antiserum to respiratory syncytial virus (No.
WHO/BS/2017.2318). World Health Organization.
https://apps.who.int/iris/handle/10665/260488

[0592] McDonald et al. 2018. Establishment of the first WHO International Standard
for antiserum to Respiratory Syncytial Virus: Report of an international collaborative study.
Vaccine, 36, 7641-7649.

[0593] McDonald et al. 2020. Expansion of the 1st WHO international standard for
antiserum to respiratory syncytial virus to include neutralisation titres against RSV subtype
B: An international collaborative study. Vaccine, 38, 800-807.

[0594] WHO 2020. WHO International Standard 1st International Standard for
Antiserum to Respiratory Syncytial Virus NIBSC code: 16/284 Instructions for use (Version
4.0, Dated 01/04/2020). https://www.nibsc.org/documents/ifu/16-284. pdf
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[0595] This Example provides Study Day 180 results from Example 11: a Phase 1/1b
clinical trial of IVX-121, a VLP displaying a prefusion stabilized Respiratory Syncytial
Virus (RSV) F antigen, in young and older adults. [IVX-121 demonstrated a robust

immunologic response in both young and older adult groups.

Table 14
Study Day VLP (ng) Part 1 Part 2
Data Number of subjects (N) Number of subjects (N)
Analyzed 1845y 60-75y
DO 25 14 19
D28 25 13 19
D180 25 13 18
DO 75 14 17
D28 75 14 17
D180 75 14 15
DO 250 13 18
D28 250 12 18
D180 250 13 18
DO 0 (placebo) 6 19
D28 0 (placebo) 6 19
D180 0 (placebo) 6 19

1VX-121 Phase 1/1b Trial Design

[0596] The Phase 1/1b clinical trial of IVX-121 is a randomized, observer-blinded,
placebo-controlled, multi-center study designed to evaluate the safety and immunogenicity
of three dose levels of IVX-121, with and without aluminum hydroxide adjuvant, in healthy
young and older adults.

[0597] The Phase 1 part of the trial enrolled healthy young adults aged 18-45 years. The
Phase 1b part of the trial enrolled healthy older adults aged 60-75 years. Subjects were
administered a single dose of IVX-121 at one of three dose levels (25, 75, 250 pg) with or
without aluminum hydroxide adjuvant, or placebo.

[0598] The primary outcomes of the study were safety and immunogenicity up to 180
days post-vaccination; neutralizing antibodies to RSV-A and RSV-B were measured in

international units (IU/mL) using the WHO international reference standard.
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[0599] In this Phase 1/1b study, IVX-121 was generally well-tolerated across all dosage
groups. Solicited local and systemic adverse events (AEs) were generally mild or moderate,
without dose-limiting reactogenicity. In the older adult target population, across the six
dosage groups for [IVX-121, the proportion of subjects experiencing any systemic AE within
seven days was 11-33%. There were no vaccine-related serious AEs (SAEs) or AEs of
special interest (AESIs). There were no Grade 3+ solicited systemic AEs, serious AEs
(SAEs), or AEs leading to discontinuation. Data are shown in FIG. 19.

Immunogenicity:
[0600] IVX-121 induced a robust immune response in both young and older adult
groups and geometric mean titers (in IU/mL) were comparable in young and older adults.
Data indicated a dose-independent response, including at the lowest non-adjuvanted dose
(25 ug) (FIG. 16). Sustained durability (persistence) of neutralizing antibodies GMTs was
observed up to 180 days after vaccination. The durability of neutralizing antibodies was
observed to be dose-independent and alum adjuvant-independent in OA.
[0601] Geometric mean titers (GMT) against RSV-A through day 180 showed
persistence at 64-98% of the GMTs at day 28 in older adults (FIG. 16 and FIG. 18), and
remained at 3- to 8- fold above baseline.
[0602] GMTs against RSV-B through day 180 showed persistence at 40-53% of the
GMTs at day 28 in older adults (FIG. 20).
[0603] Placebo titers remained unchanged at baseline levels through day 180.

Young Adults (Phase 1):
[0604] In young adults, across dosage groups, IVX-121 induced Geometric Mean Titers
(GMT) of RSV-A neutralizing antibodies (nAbs) of up to 5246 IU/mL compared to 1066
IU/mL for placebo at Day 180. A consistent magnitude and durability of responses
throughout the dose range was observed through Day 180.

Older Adults (Phase 15):
[0605] GMT responses in IU/mL for older adults were comparable with those for young
adults in the Phase 1 portion of this study. Across dosage groups, IVX-121 induced GMT
for RSV-A nAbs that were previously reported at up to 7,561 IU/mL at Day 28 were
observed to persist at up to 6,184 IU/mL through Day 180. GMT responses for RSV-A were
maintained at Day 180 within a range of 64-98% relative to the previously reported GMTs
at Day 28.
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Day 28 and maintained above baseline levels up to about 2,500 IU/mL at Day 180. GMTs
against RSV-B showed persistence through Day 180 at 40-53% of the levels observed at
Day 28.

Conclusion
[0607] These data indicate that IVX-121 was generally well tolerated and elicited a
strong and durable response against RSV in healthy young and older adults through Day
180. These data are particularly encouraging for the vulnerable older adult population with
co-morbidities and increased risk for severe disease and hospitalization. IVX-121 exhibits
immunogenicity at very low microgram dosage levels and tolerability to the highest dose
level, as well as a sustained neutralizing antibody (nAb) response against RSV, lasting for
at least six months after a single administration of IVX-121. Eligible older adults from the
Phase 1b cohort will be followed out to 12 months to further assess durability of response.
Example 13: Phase 1 Study of a bivalent combination vaccine formulation for RSV

and hMPV

[0608] This Example provides interim results from a Phase 1 clinical trial of IVX-A12
(as described in Example 10 above), a bivalent combination formulation containing I'VX-
121 and IVX-241 virus-like particles (VLPs) for RSV and hMPV, respectively, in older
adults. IVX-A12 demonstrated tolerability and an immunologic response in an older adult
group. The study design is shown in FIG. 21.

Clinical Trial Design:
[0609] The IVX-A12 phase 1 trial is a randomized, observer-blind, placebo-controlled,
multi-center dosage- and age-escalation trial to assess the safety and immunogenicity of one
dose of IVX-A12 as aqueous (unadjuvanted) and oil-in-water adjuvant emulsion-adjuvanted
(MF59) formulations (IVX-A12a and IVX-A12d, respectively).
[0610] A total of 5 IVX-A12 formulations were tested: 3 dosage levels (low, medium
and high total VLP content) of IVX-A12a and 2 dosage levels (low and medium) of IVX-
A12d. In addition, placebo will be administered as a control.
[0611] The Phase 1 part of the trial enrolled 141 healthy older adults aged 60-75 years.
140 subjects were dosed (safety analysis set) with 17 subjects excluded for protocol

violations, leaving 123 subjects in the per protocol analysis set.
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with or without MF59 adjuvant.
[0613] The primary outcomes of the study were safety and immunogenicity up to 7 days
post-vaccination; neutralizing antibodies to RSV-A, RSV-B, hMPV-A, and hMPV-B were
measured in international units (IU/mL) using the WHO international reference standard.
Topline Results

Safety
[0614] In this Phase 1 study, IVX-A12 was generally well-tolerated across all dosage
groups. Solicited local and systemic adverse events (AEs) were generally mild or moderate,
without dose-limiting reactogenicity. In the older adult target population, across the five
dosage groups for IVX-A12 with or without adjuvant, the proportion of subjects
experiencing any unsolicited AE within twenty eight days was 23.1%, and similar to 26.1%
for placebo (FIG. 22). There were no serious AEs (SAEs) related to vaccine, dose-limiting
adverse events, AEs of special interest (AESIs), or AEs leading to study discontinuation.
Data are shown in FIG. 23A and 23B. As shown in the data, IVX-A12 was well tolerated
with mild reactogenicity across tested formulations (FIG. 23A) and with systemic AEs
comparable to placebo (FIG. 23B).

Immunogenicity:
[0615] IVX-A12 induced neutralizing antibodies across both RSV and hMPV strains in
the older adult group. Data indicated no interference between RSV and hMPV VLPs
administered in combination and with increasing hMPV dosage levels (FIG. 24 and 25).
Data indicated evidence of immunogenicity against both RSV-A and RSV-B Neutralizing
antibodies (FIG. 24A and 24B). Geometric mean titers (GMT) for RSV-A and RSV-B were
in comparable ranges (FIG. 24A and 24B). Data indicated evidence of immunogenicity
against both hMPV-A and hMPV-B Neutralizing antibodies (FIG. 25A and 25B).
Geometric mean titers (GMT) for hMPV-A and hMPV-B were in comparable ranges (FIG.
25A and 25B).
[0616] Across dosage groups, IVX-A12 induced GMT in RSV-A nAbs of up to 16,110
TU/mL compared to 2,599 IU/mL for placebo at Day 28 (FIG. 24A). IVX-A12 induced
GMT in RSV-B nAbs of up to 8,255 IU/mL compared to 2,515 IU/mL for placebo at Day
28 (FIG. 24B). IVX-A12 induced GMT in hMPV-A nAbs of up to 3,307 IU/mL compared
to 973 IU/mL for placebo at Day 28 (FIG. 25A). IVX-A12 induced GMT in hMPV-B nAbs
of up to 23,946 IU/mL compared to 11,548 IU/mL for placebo at Day 28 (FIG. 25B).
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[0617] Pre-specified sub-analysis of study subjects with lowest tertile baseline
neutralizing antibody titers. Data pooled across non-adjuvanted and adjuvanted groups for
each relevant dose level. Data indicate up to 11- or 7- fold rise in GMFR across RSV-A
(FIG. 26A), RSV-B (FIG. 26B) responses, respectively, reflecting impact of high baseline
titers on full analysis set.
Conclusion
[0618] These data indicate that IVX-A12 shows favorable safety and induced
immunogenicity against RSV and hMPV with the same vaccine in healthy older adults.
These data demonstrated induced antibody response against RSV and hMPV across all dose
levels tested tested with and without adjuvant. IVX-A12 exhibits immunogenicity against
RSV-A, RSV-B, hMPV-A and hMPV-B strains at the lowest microgram dosage levels and
tolerability to the highest dose level, with no evidence of immune interference against either
RSV or hMPV. Eligible older adults will be followed out to 180 days to assess durability of
response.
Neutralizing Antibody Assay Methods

[0619] Validated RSV/A, RSV/B, hMPV/A, and hMPV/B neutralizing antibody (NAb)
assays were used to measure the presence of RSV- or hMPV-specific neutralizing
antibodies. These assays have been validated for standard bioanalytical assay parameters to
include Specificity, Accuracy, Precision, Repeatability (intra-assay precision), Intermediate
Precision, Linearity, Dilutional Linearity, Range, Stability, and Robustness. Critical
reagents for these assays are commercially purchased and qualified for use. In brief, human
serum samples were serially diluted and incubated with a constant concentration of virus.
Neutralization is measured by the inhibition of virus propagation in HEp-2 cells (ATCC,
Cat# CCL23). Following an incubation period, cells were fixed and immunostained with a
murine monoclonal antibody directed against RSV or hMPV F protein, followed by horse
radish peroxidase (HRP)-conjugated goat-anti-mouse antibody and TrueBlue (TB). The
plates were scanned with an UV Analyzer and Spot counts (SC; or spot forming cells, SCF)
per well at each serum/antibody concentration were quantified. The values were then
analyzed to determine the dilution of serum/antibody that yield a selected reduction point

(i.e., 50% or IC50).
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Immunogenicity of IVX-A12, a Respiratory Syncytial Virus and Human

Metapneumovirus Bivalent Combination Virus-like Particle Protein Subunit

Vaccine, in Adults 60 to 85 Years of Age
[0620] The candidate vaccine, IVX-Al12, is a bivalent combination formulation
containing IVX-121 and IVX-241 virus-like particles (VLPs), computationally designed
recombinant protein subunit vaccines for RSV and hMPV, respectively. Each VLP is
composed of two recombinant proteins, Component A (CompA) and Component B
(CompB-01), which have been designed to cooperatively assemble to form an icosahedral
structure. Component A is a fusion protein specific for each vaccine candidate (either
CompA-RSV-02 or CompA-hMPV-01 for RSV and hMPV, respectively) and is expressed
with the prefusion F protein from the respective virus, which has been shown to induce
robust neutralizing antibody responses in nonclinical models. CompB-01 is a common
component across both VLPs and provides the structural element that supports the
multimeric display of CompA-RSV-02 or CompA-hMPV-01. When combined, the two
components self-assemble into a VLP that shows enhanced immunogenicity compared with
either soluble DS-Cavl or hMPV prefusion antigen trimer. The soluble DS-Cavl RSV
prefusion F-protein was recently tested clinically and shown to be tolerable and durably
immunogenic (Ruckwardt et al., 2021).
[0621] The TVX-121 and IVX-241 VLPs display 20 copies of the respective prefusion
F protein trimers on their surface. The candidate IVX-121 and IVX-241 VLPs will be
manufactured independently and combined to create a bivalent formulation containing both
VLPs, referred to as IVX-A12. The proposed mechanism of action of IVX-A12 is to
increase the proportion of RSV- and hMPV-specific neutralizing antibodies that are
associated with protection, compared to non-neutralizing antibodies (Ngwuta et al., 2015;
Falloon et al., 2017). IVX-A12 is intended for active immunization of the target population
of older adults who are most at risk for disease following infection with RSV and hMPV.
[0622] The candidate vaccine, IVX-A12, is expected to be a single-dose liquid
formulation (0.5 mL) for intramuscular (IM) use in adults 60 to 85 years of age, the target
population. The IVX-A12 candidate vaccine will be formulated and vialed as an aqueous
vaccine, to be diluted 1:1 (V/V) with diluent or MF59® an oil-in-water emulsion as an

adjuvant.
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age. The safety and immunogenicity of two dosage levels of the [IVX-A12 bivalent candidate
vaccine, either unadjuvanted or adjuvanted with MF59®, will be evaluated compared to
placebo. The investigational formulations of IVX-A12 for this Phase 2a clinical trial will be
selected based on the interim safety and immunogenicity data from the ongoing IVX-A12
Phase 1 clinical trial described above. Either of two different IVX-A12 formulations or
placebo will be administered as a single IM dose to older adult subjects enrolled into two
age strata (adults 60 to 69 years of age and elderly adults 70 to 85 years of age). Eligible
older adult subjects will be randomized to the different trial groups to ensure balance among
the groups.
[0624] The trial will be conducted in accordance with the protocol, International
Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use
(ICH), Good Clinical Practice (GCP) Guidelines, and applicable regulatory requirements.

Primary Safety Objective:
[0625] To assess the safety and tolerability of IVX-A12 bivalent candidate vaccine
compared to placebo up to 1 year following a single IVX-A12 vaccination.

Primary Immunogenicity Objectives:
[0626] 1. To evaluate the serum NAbD response to IVX-A12 or placebo, measured by
live virus serum neutralization assays (SNA), at Day 28.
[0627] 2. To evaluate the serum immunoglobulin G (IgG) binding antibody response to
IVX-A12 or placebo, measured by enzyme-linked immunosorbent assays (ELISA), at Day
28.
[0628] 3. To evaluate the proportion of subjects with a >4-fold increase in serum NAb
and serum IgG binding antibody titers to IVX-A12 from prevaccination/baseline (Day 0) to
Day 28.

Secondary Safety Objectives:
[0629] To assess the safety of [IVX-A12 compared to placebo by the incidence of serious
adverse events (SAEs), medically-attended adverse events (MAAEs), LRTI cases of any
severity (mild, moderate, severe) caused by RSV and/or hMPYV (clinical event of special
interest [CESI]), LRTI cases of any severity (mild, moderate, severe) not caused by RSV or
hMPYV, and adverse events (AEs) leading to trial withdrawal up to Day 365 (end of trial).
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180, and Day 365.
[0631] 2. To evaluate the serum IgG binding antibody response to IVX-A12 or placebo
at Day 0, Day 180, and Day 365 after vaccination.
[0632] 3. To evaluate the proportion of subjects with a >4-fold increase in serum NAb
and serum IgG binding antibody titers at Days 180 and 365 compared to baseline (Day 0).
[0633] 4. To evaluate the proportion of subjects with an >8-fold increase in serum NAb
and serum IgG binding antibody titers at Days 28, 180 and 365 compared to baseline (Day
0)..

Exploratory Immunogenicity Objectives:
[0634] To evaluate the VLP core-specific IgG antibody titers, measured by ELISA, after
vaccination.

Exploratory Efficacy Objective:
[0635] To enumerate the RSV and/or hMPV cases of mild, moderate, or severe LRTI
(CESI) and any severity LRTI by vaccine group from Day 14 post-vaccination up to Day
365.

Clinical Trial Design:
[0636] The IVX-A12 Phase 2a clinical trial is a randomized, observer-blind, placebo-
controlled, dosage optimization, multi-center trial to evaluate the safety and
immunogenicity of a single IM dose of two different dosage levels (A and B) of IVX-A12
compared to placebo (diluent) in adults 60 to 85 years of age. The dosage level and
formulation (either aqueous or adjuvanted with MF59®) will be determined based on the
combined safety and immunogenicity data of the IA from the IVX-A12 Phase 1 clinical trial
(as described in the Examples above).
[0637] This Phase 2a clinical trial will have three treatment groups: two IVX-A12
groups and one placebo group. The total amount of VLP in the two IVX-A12 groups will
not exceed 300 ug. If the low or medium dosage level is selected, the total amount of VLP
will be 150 pg or 225 ng, respectively, and could be either unadjuvanted (aqueous) or
adjuvanted with MF59®. If the high dosage level is selected, the total amount of VLP will
be 300 ug and could be either unadjuvanted (aqueous) or adjuvanted with MF59®. Dosage
level selection and formulation (aqueous or adjuvanted with MF59) will be dictated by the

combined safety and immunogenicity review of IA data of the Phase 1 clinical trial and a
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[0638] Approximately 500 subjects will be randomly allocated at a ratio of 2:2:1 to
receive one of the two IVX-A12 antigen amounts (A or B) or placebo, respectively. Subjects
will also be stratified by age group (60 to 69 years of age and 70 to 85 years of age). The
stratified randomization will ensure balanced dosage level group assignment between the
two age groups (60 to 69 years of age and 70 to 85 years of age, respectively). Dosing of
the two IVX-A12 groups and placebo groups will start in parallel. Age-stratified
randomization will balance assignment between the two age groups. Subject allocation to
trial groups may be done according to one or more of Tables 15-22. The two dosage levels
of the IVX-A12 bivalent candidate vaccine will be either unadjuvanted (aqueous) or
adjuvanted with MF59®.The total amount of VLP in the two IVX-A12 groups will not
exceed 300 pg. If the medium dosage level is selected, the total amount of VLP will be 225
ug, and could be either unadjuvanted (aqueous) or adjuvanted with MF59®. If the high
dosage level is selected, the total amount of VLP will be 300 pg and could be either

unadjuvanted (aqueous) or adjuvanted with MF59®.

Table 15: Clinical Trial Schema 1

Formulation

GT;?.L ALz VLP (ng) MF596 Route
RSV hMPV (mg squalene)
A Dosage level A 25 125 0 IM
B Dosage level B 25 125 9.75 IM
C Placebo - - 0 IM

Table 16: Clinical Trial Schema 2

Formulation

GTr:')fl'p ALs VLP (ng) MF599 Route
RSV hMPV (mg squalene)
A Dosage level A 75 75 0 IM
B Dosage level B 75 75 9.75 IM
C Placebo - - 0 IM
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Trial VLB (hg) M55 Route
Group IVX-A12
RSV hMPV (mg squalene)
A Dosage level A 75 150 0 M
B Dosage level B 75 150 9.75 IM
C Placebo - - 0 IM
Table 18: Clinical Trial Schema 4
Formulation
Trial VLP (ng) MF59® Route
Group IVX-A12
RSV hMPV (mg squalene)
A Dosage level A 75 225 0 IM
B Dosage level B 75 225 9.75 IM
C Placebo - - 0 IM
Table 19: Clinical Trial Schema 5
Formulation
Trial
VLP MF59® Route
Group IVX-A12 (o) 59 “
RSV hMPV (mg squalene)
A Dosage level A 112.5 112.5 0 M
B Dosage level B 112.5 112.5 9.75 M
C Placebo - - 0 IM
Table 20: Clinical Trial Schema 6
Formulation
Trial
VLP ® R
Group IVX-A12 (ng) MF59 oute
RSV hMPV (mg squalene)
A Dosage level A 150 150 0 IM
B Dosage level B 150 150 9.75 M
C Placebo - - 0 IM
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G'rrrc')z") AL VLP (1g) MF590 Route
RSV hMPV (mg squalene)
A Dosage level A 225 75 0 M
B Dosage level B 225 75 9.75 IM
C Placebo - - 0 IM

Table 22: Clinical Trial Schema 8

Formulation

G"'rr(')fl'p ALz VLP (ng) MF596 Route
RSV hMPV (mg squalene)
A Dosage level A 150 75 0 IM
B Dosage level B 150 75 9.75 IM
C Placebo - - 0 IM

Trial Procedures:
[0639] Approximately 500 adult subjects (60 to 85 years of age) will be enrolled. A
subject is considered to be enrolled upon having signed the informed consent form (ICF).
Subjects will be randomly allocated to receive either IVX-A12 or placebo at a ratio 2:2:1,
resulting in approximately 200 subjects in each IVX-A12 group and 100 in the placebo
group. In addition, subjects will be stratified by age groups (60 to 69 years of age versus 70
to 85 years of age).
[0640] Randomization will occur simultaneously into all three trial groups (IVX-A12
group A, IVX-A12 group B, and placebo, group C). Initial vaccinations will be performed
in sentinel subjects and then expanded to the remaining subjects in each of the three trial
groups. In each IVX-A12 group, 8 sentinel subjects will receive IVX-A12 (4 subjects from
age stratum 60 to 69 years of age and 4 subjects from age stratum 70 to 85 years of age). In
the placebo group, 4 sentinel subjects will receive placebo (2 subjects from age stratum 60
to 69 years of age and 2 subjects from age stratum 70 to 85 years of age). Sentinels will be
closely monitored for a minimum of 36 hours. If no stopping rules are triggered, the
remaining subjects in the IVX-A12 and placebo groups will be enrolled.
[0641] There will be a total of seven scheduled clinic visits required for each subject (at
screening, then Days 0, 7, 28, 90, 180, and 365), and five phone contacts (on Days 3, 14,
56, 135, and 270) for all subjects.
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[0642] All solicited local reactions and systemic AEs will be collected for all subjects
for 7 consecutive days, starting from the day of the single-dose administration (Day 0)
through Day 6 (7 days total); unsolicited AEs through Day 28; and safety blood samples
(clinical laboratory evaluation at screening, Day O/baseline, Day 7, and Day 28). AEs, SAEs,
MAAESs, AEs leading to trial withdrawal, and CESI will be captured from the time of
randomization to the end of the trial evaluation on Day 365, approximately 12 months after
vaccination. Clinic staff (a trained healthcare provider) will contact the subject by phone
call or using a digital application (e.g., SMS text) to facilitate the collection of relevant
safety information such as concomitant medication use and occurrence of AEs/SAEs.
Throughout the trial, all subjects will complete a respiratory symptom surveillance tool
approximately twice a week (i.e., approximately twice within 7 day intervals starting on
Day 0 post-vaccination) to be monitored for the trial-defined CESI of mild, moderate, or
severe LRTI caused by RSV and/or hMPV, using the established case definition and
algorithm for evaluation of acute respiratory illness (ARI) and using nasopharyngeal (NP)
swabs for the detection of RSV, hMPYV, and other respiratory viruses. Subjects will be
instructed to return to the clinic for assessment within 3 7 days of onset of ARI (ideally
within 3 days) to maximize detection of virus.
Immunogenicity assessments:

[0643] Blood sampling for immunogenicity will be taken at Days 0, 28, 180, and 365.
[0644] Serological samples will be assessed for primary or secondary immunogenicity
endpoints using the following assays:

o RSV-A-—specific and hMPV-A-specific NAD assay;

0 RSV-B-specific and hMPV-B-specific NAb assay;

o Anti-RSV and anti-hMPV prefusion F protein-specific IgG ELISA.
[0645] In brief, the RSV-A and RSV-B NAb, and hMPV-A and hMPV-B NAb assays
have been validated to measure the presence of RSV-specific NAbs following the incubation
of serially-diluted serum with a constant concentration of virus. Neutralization will be
measured by the inhibition of virus propagation in Hep-2 cells (RSV) or Vero cells (h(MPV).
Spot counts will be quantified to determine the dilution of serum that corresponds to the
selected reduction point (e.g., 50% for IC50).
[0646] Serological samples will be assessed for exploratory immunogenicity endpoints

using the following assays:
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antibodies to VLP core in human serum samples.
[0648] Diagnostic samples (NP swabs) will be evaluated for the exploratory efficacy
endpoint for the detection of the trial-defined CESI of mild, moderate, or severe LRTI
caused by RSV and/or hMPV. Subjects will be instructed to return to the clinic for
assessment within 3-7 days of onset of ARI (ideally within 3 days) to maximize detection
of the etiological agent using the following assay:
[0649] A polymerase chain reaction (PCR)-based multiplexed nucleic acid assay
(BioM¢érieux BioFire Respiratory Panel 2.1) to detect RSV and /or hMPV as well as other
respiratory pathogens. RSV and/or hMPV PCR positive samples may be further analyzed
by sequencing to determine the RSV and/or h(MPV subgroups.

Subject Population:
[0650] Subject Population (age range): Adults 60 to 85 years of age.
[0651] Planned Number of Subjects: Approximately 500 total; approximately 200 in
each of the two IVX-A12 groups and 100 in the placebo group.
[0652] Planned Number of Groups: A total of three trial groups: two IVX-A12 groups
and one placebo group. The two IVX-A12 groups will consist of different dosage
levels/formulations.

Inclusion Criteria:
[0653] 1. Male or female subjects, 60 to 85 years of age, who must be in stable health
based on medical history, vital signs, physical examination, and laboratory evaluation prior
to vaccination, in the investigator’s clinical judgment;
[0654] 2. Subjects may have ongoing chronic conditions (comorbidities such as
hypertension, congestive heart failure, chronic obstructive pulmonary disease, type 2
diabetes mellitus, hyperlipoproteinemia, or hypothyroidism) who are, in the investigator’s
opinion, medically compensated and without recent exacerbation (for example, no
emergency room [ER] visits and no change to medical treatments or medications [unless
change is for a more effective treatment/medication] to address the condition) within the
prior 3 months;
[0655] 3. Subjects able to voluntarily give written informed consent and can comply
with trial procedures including follow-up for approximately 12 months after vaccination;

[0656] 4. Body mass index 17 to <40 kg/m? at screening;
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cause) and not intending to conceive by any method,
[0658] 6. Subject must agree not to donate blood from the time of vaccination through
3 months after vaccination;
[0659] 7. Subject must be willing to provide verifiable identification and have the means
to be contacted and to contact the investigator or the site’s staff during the entire clinical
trial.

Exclusion Criteria:
[0660] 1. Subjects with moderate or severe liver disease, metastatic solid tumor, and
acquired immunodeficiency syndrome (AIDS) are to be excluded. In addition, subjects with
underlying significant illness or condition(s) or ongoing treatment that, in the opinion of the
investigator, could (i) interfere with the conduct of the trial, (ii) pose an unacceptable risk
to the subject in this trial, (iii) interfere with the subject’s ability to comply with the trial
procedures or abide by the trial restrictions, (iv) interfere with the ability to interpret safety
data, or (v) prevent completion of the trial are to be excluded;
[0661] 2. Older adults who meet frail elderly criteria (older persons with medical,
nutritional, cognitive, emotional, or activity impairments, as defined by the Dalhousie
Clinical Frailty Score >4 (Rockwood et al., 2005);
[0662] 3. Prior receipt of any licensed or investigational RSV or hMPV vaccine within
the past 12 months;
[0663] 4. Prior receipt of another investigational medicinal product (IMP; trial drug,
biologic, or device) not authorized for use in the USA and European Union within the past
3 months;
[0664] 5. Laboratory-confirmed RSV or hMPV infection within 12 months prior to
enrollment;
[0665] 6. Currently enrolled or plan to participate in another clinical trial with an
investigational agent (including licensed or unlicensed vaccine, drug, biologic, device,
blood product, or medication) to be received during the trial period,
[0666] 7. History of malignancy within 5 years before screening not in the following
categories: (1) subjects with squamous and basal cell carcinomas of the skin and carcinoma
in situ of the cervix may be enrolled at the discretion of the investigator, (ii) subjects with a
history of malignancy within 5 years before screening, with minimal risk of recurrence per

investigator's judgment, can be enrolled;
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(such as Guillain-Barré syndrome), or chronic idiopathic demyelinating polyneuropathy;
subjects whose hepatitis C antibody test is positive but whose viral loads are negative may
be enrolled;

[0668] 9. Acute illness, with or without fever at the time of planned vaccination;
[0669] 10. History of hypersensitivity or serious adverse reactions to vaccines, such as
anaphylaxis or angioedema, or any known allergies to any component of the [IVX 121 and/or
IV X-241 vaccine, or hypersensitivity to latex;

[0670] 11. Abnormal function of the immune system resulting from clinical conditions
including chronic administration of systemic corticosteroids (oral/intravenous/IM at a daily
dose equivalent of >20 mg prednisone in a period of more than 14 days), or administration
of immunosuppressive chemotherapy, biologics, or radiotherapy within the past 3 months
prior to planned vaccination;

[0671] 12. Subjects who have received treatment with immunoglobulins or other
biologics, such as immunosuppressive therapies expected to modify immune response to
vaccination (including monoclonal antibodies [MAbs] for chronic underlying conditions) in
the past 3 months prior to planned vaccination;

[0672] 13. Trial personnel as an immediate family or household member;

[0673] 14. For licensed vaccines:

a. Receipt of licensed inactivated vaccines (including seasonal
influenza vaccine) within 14 days prior to trial vaccine administration
on Day 0, or licensed replicating vaccines such as RNA or live-
attenuated virus vaccines within 30 days prior to Day 0.

b. Receipt of licensed vaccines is permitted after completion of the Day
28 visit.

c. Receipt of any licensed COVID-19 vaccines is permitted if dosing
regimen completed within 21 days prior to Day O or after completion
of the Day 28 visit.

Investigational Medicinal Products:
[0674] IVX-A12: The IVX-A12 formulations for testing will be composed of different
IVX-121 RSV VLP dosage level combined with different dosage levels of the IVX-241
hMPV VLP. The IVX-A12 formulations may be either unadjuvanted aqueous or adjuvanted
with MF59®.
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[0676] Route of Administration: IM administration of a single IVX-A12 or placebo dose
into the deltoid of the non-dominant arm.

Duration Subject Participation:
[0677] The duration of subject participation in the trial will be approximately 12
months.

Criteria for Evaluation and Analyses:

Primary Safety Endpoints:

[0678] 1. Solicited local reactions and systemic AEs for 7 consecutive days starting
from Day 0 to Day 6;
[0679] 2. Unsolicited AEs from Day 0 to Day 28.

Primary Immunogenicity Endpoints:
[0680] 1. Geometric mean titers (GMT) of RSV-A-, RSV-B-, hMPV-A-, and hMPV-B-
specific NAb at Day 28;
[0681] 2. GMT of RSV and hMPV prefusion F protein-specific IgG antibody titers at
Day 28;
[0682] 3. Proportion of subjects with a >4-fold increase in serum anti-RSV-A-, RSV-
B-, hMPV-A-, and hMPV-B-specific NAb from prevaccination/baseline (Day 0) to Day 28
after vaccination (defined as seroresponse rate [SRR]);
[0683] 4. Proportion of subjects with >4-fold increase (SRR) in RSV- and hMPV-
specific IgG antibody titers from prevaccination/baseline (Day 0) to Day 28,
[0684] 5. Geometric mean fold rise (GMFR) at Day 28 versus Day 0 in serum anti RSV-
A-, RSV-B-, hMPV-A-, and hMPV-B-specific NAb and RSV and hMPV prefusion F
protein specific IgG antibody titers.

Secondary Safety Endpoints:

[0685] 1. SAEs, MAAEs, and AEs leading to trial withdrawal up to Day 365 (end of
trial);
[0686] 2. Mild, moderate, or severe LRTI cases caused by RSV and/or hMPV (CESI)
up to Day 365,
[0687] 3. Clinical safety laboratory parameters at screening, and Days 0, 7, and 28;
[0688] 4. Mild, moderate, or severe LRTI cases not caused by RSV or hMPV up to Day
365;

>
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180, and 365;
[0690] 2. GMTs of RSV and hMPV prefusion F protein-specific IgG antibody titers at
Days 0, 180, and 365;
[0691] 3. Proportion of subjects with a >4-fold increase (SRR) in serum anti-RSV-A-,
RSV-B- hMPV-A-, and hMPV-B-specific NAb from prevaccination/baseline (Day 0) to
Days 180, and 365 after vaccination;
[0692] 4. Proportion of subjects with an >8-fold increase in serum anti-RSV-A-, RSV-
B-, hMPV-A-, and hMPV-B-specific NAb from prevaccination/baseline (Day 0) to Days
28, 180, and 365 after vaccination;
[0693] 5. Proportion of subjects with >4-fold increase (SRR) in RSV- and hMPV -
prefusion F protein-specific IgG antibody titers from prevaccination/baseline (Day 0) to
Days 180 and 365 after vaccination;
[0694] 6. GMFR at Days 180 and 365 versus Day 0O in serum anti-RSV-A-, RSV-B-,
hMPV-A-, and hMPV-B-specific NAb and RSV and hMPV prefusion F protein-specific
IgG antibody titers;
[0695] 7. Reverse cumulative distribution (RCD) of serum NAb and IgG antibody titers
at Days 0, 28, 180, and 365.

Exploratory Immunogenicity Endpoint:
[0696] VLP core—specific IgG titers at Days 0, 28, 180, and 365.

Exploratory Efficacy Endpoint:
[0697] RSV and/or hMPV cases of mild, moderate, or severe LRTI (CESI) and any
severity LRTI by vaccine group from Day 14 post-vaccination up to Day 365.

Statistical Considerations:

Analysis sets:
[0698] Safety Set: The safety set will consist of all subjects who received a dose of IVX-
A12 or placebo. Subjects will be analyzed as treated.
[0699] Full Analysis Set (FAS): The FAS will include all randomized subjects who
received a dose of IVX-A12 or placebo. Subjects will be analyzed as randomized.
[0700] Per-Protocol Set (PPS): The PPS will include all subjects in the FAS who
received a dose of IVX-A12 or placebo and have no major protocol deviations, which may

exclude subjects from the PPS.
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and hMPV NAb titers) will be summarized descriptively by treatment group for all
randomized subjects.

Immunogenicity Analyses:
[0702] Immunogenicity data will be summarized for each treatment group and strain
(RSV-A, RSV-B, both RSV strains and either RSV strain; hMPV-A, hMPV-B, both hMPV
strains and either hMPV strain). The GMT will be calculated for RSV-A, RSV-B, hMPV-
A, and hMPV-B titers separately along with their 95% confidence interval (CI). The
adjusted GMT and corresponding 95% CI will be obtained from an analysis of covariance
(ANCOVA) model, which will include log-transformed baseline titers, age group, and
treatment group as terms. Durability will be assessed at Days 180 and 365 by comparing to
Day 28 data. The geometric mean of fold changes and corresponding 95% CI will be
calculated.
[0703] Proportion of subjects with >4 fold increase (SRR), 8 fold increase, and GMFR
from prevaccination/baseline (Day 0) will be summarized for Days 28, 180, and 365 after
vaccination. RCD curves will be generated.
[0704] The VLP core-specific IgG titers will be summarized at Days 0, 28, 180, and
365, with GMT and 95% CI.

Efficacy analysis:
[0705] RSV and/or hMPV cases of mild, moderate, or severe LRTI and any severity
LRTI due to RSV and/or hMPV (CESIs), meeting the protocol-specified definitions, will be
summarized by vaccine group and placebo group starting on Day 14 through the end of the
trial (Day 365).

Safety Analyses:
[07006] Solicited local reactions and solicited systemic AEs: Solicited AEs will be
summarized for 7 days starting from the day of dosing (Day 0) through Day 6 (total of
7 days). The summary will be by day and overall, within 7 days. Solicited AEs by maximum
severity will also be summarized.
[0707] Unsolicited AEs: Unsolicited AEs will be assessed from day of dosing (Day 0)
through 28 days post-vaccination and coded according to MedDRA and summarized by
SOC and PT. The summary tables will include the number and percentage of subjects
reporting unsolicited AE by SOC and PT, and by SOC, PT, and maximum severity. Subjects

reporting >Grade 3 and vaccine-related unsolicited AEs will also be summarized.
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by RSV or hMPV: Will be assessed throughout the trial (from randomization on Day 0) and
coded using MedDRA and summarized by SOC and PT.

List of Abbreviations

[0709] Abbreviations used in the body of the protocol.

[0710] AE adverse event

[0711] ARI acute respiratory illness

[0712] AESI adverse event of special interest

[0713] CESI clinical event of special interest

[0714] CompA  component A

[0715] CompB-01componentB-01

[0716] CSR clinical study report

[0717] ELISA  enzyme-linked immunosorbent assay

[0718] eCRF electronic case report form

[0719] EDC electronic data capture

[0720] FAS full analysis set

[0721] FDA Food and Drug Administration

[0722] FIH first-in-human

[0723] GCP good clinical practice

[0724] GMFR  geometric mean fold rise

[0725] GMT geometric mean titer

[0726] HCG human chorionic gonadotrophin

[0727] hMPV  human metapneumovirus

[0728] IB investigator’s brochure

[0729] ICF informed consent form

[0730] ICH International Council for Harmonisation of Technical Requirements

for Pharmaceuticals for Human Use

[0731] IEC Independent Ethics Committee

[0732] IM intramuscular

[0733] MP investigational medicinal product

[0734] IND investigational new drug

[0735] IRB Institutional Review Board

[0736] iSRC internal safety review committee
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[0739] MAAE  medically-attended adverse events

[0740] MedDRA Medical Dictionary for Regulatory Activities

[0741] NAb neutralizing antibody

[0742] NP nasopharyngeal

[0743] PD post-dose

[0744] PPS per-protocol set

[0745] PT Preferred Term

[0746] QTL quality tolerance limit

[0747] RCD reverse cumulative distribution

[0748] RSV respiratory syncytial virus

[0749] RT-PCR reverse transcription polymerase chain reaction

[0750] SAE serious adverse event

[0751] SMC safety monitoring committee

[0752] SOC System Organ Class

[0753] SUSAR  suspected unexpected serious adverse reaction

[0754] VLP virus-like particle

[0755] WHO World Health Organization

[0756] Abbreviations used without expansion:

[0757] °C degree Centigrade

[0758] CI confidence interval

[0759] Ig immunoglobulin

[0760] mL milliliter

[0761] USA United States of America
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s st
[0788] While the invention has been described in connection with proposed specific
embodiments thereof, it will be understood that it is capable of further modifications and
this application is intended to cover any variations, uses, or adaptations of the invention
following, in general, the principles of the invention and including such departures from the
present disclosure as come within known or customary practice within the art to which the
invention pertains and as may be applied to the essential features hereinbefore set forth and

as follows in the scope of the appended claims.
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What is claimed is:
1. A composition or pharmaceutical composition, comprising:
a) two or more virus-like particles (VLPs), wherein
i. afirst virus-like particle (VLP) comprises a first component
comprising a respiratory syntactical virus (RSV) F protein
ectodomain or antigenic variant thereof, and
ii. asecond virus-like particle (VLP) comprises a first component
comprising a human metapneumovirus (hMPV) F protein
ectodomain or antigenic variant thereof; and/or
b) avirus-like particle (VLP) comprising a plurality of first components, some
first components comprising a respiratory syntactical virus (RSV) F protein
ectodomain or antigenic variant thereof and some first components
comprising a human metapneumovirus (hMPV) F protein ectodomain or
antigenic variant thereof.

2. The composition of claim 1, wherein the VLPs each independently comprise:

a) the first component, the first component comprising a first multimerization
domain; and
b) asecond component comprising a second multimerization domain.

3. The composition of claim 2, wherein the first multimerization domain is selected
from SEQ ID NOS: 1,4, 5,7, 9, 18, 19, 21, 24, 25, 26, 29, 30, 31, 34, 36, 37, 39,
42,43, 44,45 46, 47, 48, 49, 50, 51, 52, 53, 144, 145, or functional variants
thereof.

4. The composition of claim 2, wherein the first multimerization domain shares at
least 70%, at least 80%, at least 90%, at least 91%, at least 92%, at least 93%, at
least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or
100% identity to I53-50A (SEQ ID NO: 144) or I53-50A ACys (SEQ ID NO: 145).

5. The composition of claim 4, wherein the first multimerization domain comprises
the amino acid substitutions C74A and C98A; the amino acid substitutions C163A
and C201A; or the amino acid substitutions C74A, C98A, C163A, and C201A
relative to SEQ ID NO: 144.
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6. The composition of any one of claims 1 to 5, wherein second multimerization
domain is selected from SEQ ID NOs: 2, 3, 6, 8, 10, 11, 12, 13, 14, 15, 16, 17, 20,
22,23,27,28,32,33, 35, 38, 40, and 41 or functional variants and fragments
thereof.

7. The composition of claim 6, wherein the second multimerization domain shares at
least 70%, at least 80%, at least 90%, at least 91%, at least 92%, at least 93%, at
least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or
100% identity to I53-50B (SEQ ID NO: 8) or 153-50B.4PosT1 (SEQ ID NO: 34).

8. The composition of any one of claim 1 to 7, wherein the RSV F protein
ectodomain shares at least 70%, at least 80%, at least 90%, at least 91%, at least
92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least
98%, at least 99%, or 100% identity to RSV F DS-Cav1 (SEQ ID NO: 173):

QNITEEFYQSTCSAVSKGYLSALRTGWYTSVITIELSNIKENK
CNGTDAKVKLIKQELDKYKNAVTELQLLMQSTPATNNRAR
RELPRFMNYTLNNAKKTNVTLSKKRKRRFLGFLLGVGSATA
SGVAVCKVLHLEGEVNKIKSALLSTNKAVVSLSNGVSVLTF
KVLDLKNYIDKQLLPILNKQSCSISNIETVIEFQQKNNRLLEIT
REFSVNAGVTTPVSTYMLTNSELLSLINDMPITNDQKKLMSN
NVQIVRQQSYSIMCIIKEEVLAYVVQLPLYGVIDTPCWKLHT
SPLCTTNTKEGSNICLTRTDRGWYCDNAGSVSFFPQAETCKV
QSNRVFCDTMNSLTLPSEVNLCNVDIFNPKYDCKIMTSKTD
VSSSVITSLGAIVSCYGKTKCTASNKNRGIKTFSNGCDYVSN
KGVDTVSVGNTLYYVNKQEGKSLYVKGEPIINFYDPLVFPS
DEFDASISQVNEKINQSLAFIRKSDELL.

9. The composition of claim 8, wherein the RSV F protein ectodomain comprises
amino acid substitutions S155C and S290C; and/or amino acid substitutions S190F
and V207L.

10. The composition of any one of claims 1 to 9, wherein the first component of the
first VLP comprises a polypeptide that shares at least 70%, at least 80%, at least
90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least
96%, at least 97%, at least 98%, at least 99%, or 100% identity to DS-Cav1-153-
50A (SEQ ID NO: 151):

QNITEEFYQSTCSAVSKGYLSALRTGWYTSVITIELSNIKENK
CNGTDAKVKLIKQELDKYKNAVTELQLLMQSTPATNNRAR
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RELPRFMNYTLNNAKKTNVTLSKKRKRRFLGFLLGVGSAIA
SGVAVCKVLHLEGEVNKIKSALLSTNKAVVSLSNGVSVLTF
KVLDLKNYIDKQLLPILNKQSCSISNIETVIEFQQKNNRLLEIT
REFSVNAGVTTPVSTYMLTNSELLSLINDMPITNDQKKLMSN
NVQIVRQQSYSIMCIIKEEVLAYVVQLPLYGVIDTPCWKLHT
SPLCTTNTKEGSNICLTRTDRGWYCDNAGSVSFFPQAETCKYV
QSNRVFCDTMNSLTLPSEVNLCNVDIFNPKYDCKIMTSKTD
VSSSVITSLGAIVSCYGKTKCTASNKNRGIIKTFSNGCDY VSN
KGVDTVSVGNTLYYVNKQEGKSLYVKGEPIINFYDPLVFPS
DEFDASISQVNEKINQSLAFIRKSDELLGSGGSGSGSGGSEKA
AKAEEAARKMEELFKKHKIVAVLRANSVEEAIEKAVAVFAG
GVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQCR
KAVESGAEFIVSPHLDEEISQFCKEKGVFYMPGVMTPTELVK
AMKLGHTILKLFPGEVVGPQFVKAMKGPFPNVKFVPTGGVN
LDNVCEWFKAGVLAVGVGSALVKGTPDEVREKAKAFVEKI
RGCTE (SEQ ID NO: 151).

11. The composition of any one of claim 1 to 10, wherein the hMPV F protein
ectodomain shares at least 70%, at least 80%, at least 90%, at least 91%, at least
92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least
98%, at least 99%, or 100% identity to SEQ ID NO: 174 or SEQ ID NO: 175:

KESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCT
DCPSLIKTELDLTKSALRELKTVSADQLAREEQIEGGGGGGF
VLGAIALGVATAAAVTAGIATAKTIRLESEVNAIKGCLKTTN
ECVSTLGNGVRVLATAVRELKEFVSKNLTSAINKNKCDIAD
LCMAVSFSQFNRRFLNVVRQFSDNAGITPAISLDLMTDAELA
RAVSYMPTSAGQIKLMLENRAMVRRKGFGILIGVYGSSVIY
MVQLPIFGVIDTPCWIIKAAPSCSEKDGNYACLLREDQGWY
CKNAGSTVYYPNDKDCETRGDHVFCDTAAGINVAEQSREC
NINISTTNYPCKVSTGRHPISMVALSPLGALVACYKGVSCSIG
SNRVGIIKQLPKGCSYITNQDADTVTIDNTVYQLSKVEGEQH
VIKGRPVSSSFDPICFPEDQFNVALDQVFESIENCQA (SEQ ID
NO: 174);
KESYLEESCSTITEGYLSVLRTGWYTNVFTLEVGDVENLTCA
DGPSLIKTELDLTKSALRELRTVSADQLAREEQIEGGGGGGF
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12.

13.

14.

15.

16.

17.

VLGAIALGVATAAAVTAGVAIAKCIRLESEVTAIKNALKKTN
EAVSTLGCGVRVLATAVRELKDFVSKNLTRAINKNKCDIPD
LKMAVSFSQFNRRFLNVVRQFSDNAGITPAISKDLMTDAEL
ARAISNMPTSA GQIKLMLENRAMVRRKGFGILIGVYGSSVIY
MVQLPIFGVIDTPCWIVKAAPSCSEKKGNYACLLREDQGWY
CONAGSTVYYPNEKDCETRGDHVFCDTAAGINVAEQSKEC
NINISTTNYPCKVSCGRNPISMVALSPLGALVACYKGVSCSIG
SNRVGIIKQLNKGCSYITNQDADTVTIDNTVYQLSKVEGEQH
VIKGRPVSSSFDPVKFPEDQFNVALDQCFESIENSQA (SEQ ID
NO: 175).
The composition of claim 11, wherein the hMPV F protein ectodomain comprises
amino acid substitutions A63C, A140C, A147C, K188C, K450C, S470C, N97G,
P98G, R99G, Q100G, S101G, and/or R102G; or wherein the hMPV F protein
ectodomain comprises amino acid substitutions T127C, N153C, T365C, V463C,
A185P, L219K, V2311, G294E, N97G, P98G, R99G, Q100G, H386N, S101G
and/or R102G relative to relative to reference hMPV F protein sequence (SEQ ID
NO: 56).
The composition of any one of claims 1 to 12, wherein the first component of the
second VLP comprises a polypeptide that shares at least 70%, at least 80%, at least
90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least
96%, at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO:
176.
The composition of any one of claims 1 to 12, wherein the first component of the
second VLP comprises a polypeptide that shares at least 70%, at least 80%, at least
90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least
96%, at least 97%, at least 98%, at least 99%, or 100% identity to SEQ ID NO:
177.
The composition of any one of claim 1 to 14, wherein the composition comprises
one or more pharmaceutically acceptable diluents, adjuvants, or excipients.
The composition of any one of claim 1 to 15, wherein the compositions is a stable
emulsion.
The composition of any one of claim 1 to 16, wherein the vaccine comprises one or

more adjuvants.
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18.

19.
20.

21.

22.

23.

24.

25.

26.

The composition of claim 17, wherein the one or more adjuvants is squalene, alum,
SLA, GLA, R848, IMQ, 3M-052, CpG, saponin (QS21), or combinations thereof.
The composition of claim 17, wherein the adjuvant is alum.

The composition of claim 17, wherein the adjuvant is a squalene-based emulsion,
optionally MF59®.

The composition of claim 17, wherein the adjuvant is a squalene-based emulsion
and a TLR4 agonist.

A unit dose of the composition or pharmaceutical composition of any one of claims

121, wherein the unit dose comprises:

a) about 0.5 pg, about 1 pg, about 20 pg, about 25 pug, about 70 ug, about 75
ug, about 100 ug, about 125 pg, about 150 pg, about 200 ug, about 225 ng,
about 250 pg, about 300 ug, or about 500 ug of the first VLP; and

b) about 0.5 ug, about 1 pg, about 20 pg, about 25 pg, about 70 pg, about 75
ug, about 100 pg, about 125 pg, about 150 pg, about 200 pg, about 225 pg,
about 250 pg, about 300 ug, or about 500 pg of the second VLP.

A unit dose of the composition or pharmaceutical composition of any one of claims

1-21, wherein the unit dose comprises:
a) about 75 pg or about 150 pg of the first VLP; and
b) about 75 ug of the second VLP.

A unit dose of the composition or pharmaceutical composition of any one of claims

1-21, wherein the unit dose comprises:
a) about 75 pg or about 150 pg of the first VLP; and
b) about 150 pg of the second VLP.

A unit dose of the composition or pharmaceutical composition of any one of claims

1-21, wherein the unit dose comprises:
a) about 75 pg or about 150 pg of the first VLP; and
b) about 150 ug or about 225 pg of the second VLP.

The unit dose of any one of claims 23-25, wherein the first VLP comprises a first
component comprising a respiratory syntactical virus (RSV) F protein ectodomain

or antigenic variant thereof, and
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27.

28.

29.

30.

31

32.

33.

34.

35.

wherein the second VLP comprises a first component comprising a human
metapneumovirus (hMPV) F protein ectodomain or antigenic variant thereof.
A unit dose of the composition or pharmaceutical composition of any one of claims

1-21, wherein the unit dose comprises:

a) about 5 pg, about 10 pg, about 15 pg, about 20 pg, about 25 ug, about 30
ug, about 35 pg, about 40 pg, about 45 pg, about 50 pg, about 55 pg, about
60 ug, about 65 pg, about 70 pg, about 75 pug, about 100 pg, about 150 pg,
about 200 pg, about 250 pg, or about 300 ug of the first VLP; and

b) about 5 pg, about 10 pg, about 15 ug, about 20 ug, about 25 pg, about 30
ug, about 35 ug, about 40 pg, about 45 pg, about 50 ug, about 55 pg, about
60 pg, about 65 ug, about 70 pg, about 75 ug, about 100 pg, about 150 ug,
about 200 pg, about 250 ug, or about 300 pg of the second VLP.

A method of vaccinating a subject, comprising administering to the subject an
effective amount a composition according to any one of claims 1-21.

A method of generating an immune response in a subject, comprising
administering to the subject an effective amount a composition according to any
one of claims 1-21.

A method of preventing infection by a paramyxovirus, comprising administering to
the subject an effective amount a composition according to any one of claims
1-21.

A method of immunizing a subject against a paramyxovirus, comprising
administering to the subject an effective amount a composition according to any
one of claims 1-21.

The method of claim 30 or claim 31, wherein the paramyxovirus is respiratory
syncytial virus (RSV), human metapneumovirus (hMPV), or both RSV and hMPV.
The method of any one of claims 28 to 32, wherein the method generates a
protective immunity to respiratory syncytial virus (RSV), human metapneumovirus
(hMPV), or both RSV and hMPV.

The method of any one of claims 28 to 33, wherein the method generates
neutralizing antibodies to respiratory syncytial virus (RSV), human
metapneumovirus (hMPV), or both RSV and hMPV.

The method of any one of claims 28 to 34, wherein the subject is at risk of severe

RSV disease and/or at risk of severe hMPV disease.
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36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

The method of any one of claims 28 to 35, wherein the vaccine is administered by
subcutaneous injection.

The method of any one of claims 28 to 35, wherein the vaccine is administered by
intramuscular injection.

The method of any one of claims 28 to 35, wherein the vaccine is administered by
intradermal injection.

The method of any one of claims 28 to 35, wherein the vaccine is administered
intranasally.

The method of any one of claims 28 to 39, wherein the subject is an adult of over
60 years of age.

The method of any one of claims 28 to 39, wherein the subject is a healthy adult of
18-45 years of age.

The method of any one of claims 28 to 41, wherein the effective amount comprises
about 0.5 pg, about 1 pg, about 20 pg, about 25 pg, about 70 pg, about 75 ug,
about 100 pg, about 125 pg, about 150 pg, about 200 ug, about 225 pg, about 250
ug, about 300 pg or about 500 pg of the first VLP and/or of the second VLP.

The method of any one of claims 28 to 42, wherein the effective amount comprises
about 75 ug of the first VLP and about 75 pg of the second VLP.

The method of any one of claims 28 to 42, wherein the effective amount comprises
about 75 pg of the first VLP and about 150 ug of the second VLP.

The method of any one of claims 28 to 42, wherein the effective amount comprises
about 150 pg of the first VLP and about 150 pug of the second VLP.

The method of any one of claims 43 to 45, wherein the first VLP comprises a first
component comprising a respiratory syntactical virus (RSV) F protein ectodomain
or antigenic variant thereof, and

wherein the second VLP comprises a first component comprising a human
metapneumovirus (hMPV) F protein ectodomain or antigenic variant thereof.

The method of any one of claims 28 to 46, further comprising administering a
second dose of the pharmaceutical composition.

The method of claim 47, wherein the second dose is administered within about 2,
3,4,5,6,7,8,9,10, 11, or 12 weeks, about 1 month, about 2 months, about 3
months, about 4 months, about 5 months, about 6 months, about 9 months, about

12 months, about 24 months, or about 36 months after the first dose.
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49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

The method of claim 47 or claim 48, further comprising administering a third dose
of the pharmaceutical composition.

The method of claim 49, wherein the third dose is administered about 1 year, about
2 years, about 3 years, about 4 years, or about 5 years after the second dose.

The method of claim 49 or claim 50, further comprising administering subsequent
doses at regular intervals of about 1, 2, 3, 4 or 5 years.

The method of any one of claims 28 to 51, wherein the method limits the
development of an RSV infection in a subject and/or the method limits the
development of an hMPV infection in a subject.

The method of any one of claims 28 to 52, wherein the method results in the
production of RSV-A-specific neutralizing antibodies in the subject.

The method of claim 53, wherein the method results in an increase in RSV-A-
specific neutralizing antibodies in the subject of at least about 2-fold, about 3-fold,
at least about 4-fold, at least about 5-fold, at least about 10-fold, at least about 15-
fold, at least about 20-fold, or at least about 25-fold compared to baseline.

The method of claim 53 or claim 54, wherein the increase in RSV-A-specific
neutralizing antibodies is detectable within about one week, within about 2 weeks,
within about 3 weeks, within about 4 weeks, within about 5 weeks, within about 6
weeks, within about 7 weeks, within about 8 weeks, within about 9 weeks, within
about 10 weeks, within about 11 weeks, or within about 12 weeks of
administration of the pharmaceutical composition.

The method of any one of claims 28 to 32, wherein the method results in the
production of RSV-B-specific neutralizing antibodies in the subject.

The method of any one of claims 28 to 56, wherein the method results in an
increase in RSV-B-specific neutralizing antibodies in the subject of at least about
2-fold, about 3-fold, at least about 4-fold, at least about 5-fold, at least about 10-
fold, at least about 15-fold, at least about 20-fold, or at least about 25-fold
compared to baseline.

The method of claim 57, wherein the increase in RSV-B-specific neutralizing
antibodies is detectable within about one week, within about 2 weeks, within about
3 weeks, within about 4 weeks, within about 5 weeks, within about 6 weeks, within
about 7 weeks, within about 8 weeks, within about 9 weeks, within about 10
weeks, within about 11 weeks, or within about 12 weeks of administration of the

pharmaceutical composition.
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59.

60.

61.

62.

63.

64.

65.

60.

67.

68.

The method of any one of claims 28 to 58, wherein the method results in the
production of hMPV-A-specific neutralizing antibodies in the subject.
The method of claim 59, wherein the method results in an increase in hMPV-A-
specific neutralizing antibodies in the subject of at least about 2-fold, about 3-fold,
at least about 4-fold, at least about 5-fold, at least about 10-fold, at least about 15-
fold, at least about 20-fold, or at least about 25-fold compared to baseline.
The method of claim 59 or claim 60, wherein the increase in hMPV-A-specific
neutralizing antibodies is detectable within about one week, within about 2 weeks,
within about 3 weeks, within about 4 weeks, within about 5 weeks, within about 6
weeks, within about 7 weeks, within about 8 weeks, within about 9 weeks, within
about 10 weeks, within about 11 weeks, or within about 12 weeks of
administration of the pharmaceutical composition.
The method of any one of claims 28 to 61, wherein the method results in the
production of hMPV-B-specific neutralizing antibodies in the subject.
The method of claim 62, wherein the method results in an increase in hMPV-B-
specific neutralizing antibodies in the subject of at least about 2-fold, about 3-fold,
at least about 4-fold, at least about 5-fold, at least about 10-fold, at least about 15-
fold, at least about 20-fold, or at least about 25-fold compared to baseline.
The method of claim 63, wherein the increase in hMPV-B-specific neutralizing
antibodies is detectable within about one week, within about 2 weeks, within about
3 weeks, within about 4 weeks, within about 5 weeks, within about 6 weeks, within
about 7 weeks, within about 8 weeks, within about 9 weeks, within about 10
weeks, within about 11 weeks, or within about 12 weeks of administration of the
pharmaceutical composition.
The method of any one of claims 28 to 64, wherein the method prevents a severe
Lower Respiratory Tract Infection (LRTI).
A pre-filled syringe comprising a composition according to any one of claims
1-21.
A kit comprising a composition according to any one of claims 1-21 or the pre-
filled syringe of claim 66.
A kit, comprising one or more of:

a) acomposition comprising a virus-like particle (VLP) comprising a first

component comprising a respiratory syntactical virus (RSV) F protein

ectodomain or antigenic variant thereof;,
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b) acomposition comprising a second virus-like particle (VLP) comprising a
first component comprising a human metapneumovirus (hMPV) F protein
ectodomain or antigenic variant thereof; and

¢) acomposition comprising a virus-like particle (VLP) comprising a plurality
of first components, some first components comprising a respiratory
syntactical virus (RSV) F protein ectodomain or antigenic variant thereof
and some first components comprising a human metapneumovirus (hMPV)
F protein ectodomain or antigenic variant thereof.

69. The kit of claim 68, wherein the kit comprises a composition comprising an
adjuvant to be combined with the one or more VLP compositions prior to

administration to a subject.
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