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IMMUNOGENIC COMPOSITION FOR MERS
CORONAVIRUS INFECTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a 35 U.S.C. 371 national phase
entry of PCT/US2017/062354, filed Nov. 17, 2017, which

claims the benefit under 35 U.S.C. § 119(e) to U.S. provi-
sional patent application 62/424,309 filed Nov. 18, 2016.
The present application 1s also a continuation-in-part of U.S.

patent application Ser. No. 14/375,083 filed Jul. 28, 2014,
now U.S. Pat. No. 9,889,194. The entire contents of each of
these applications are incorporated by reference herein.

GOVERNMENT SUPPORT CLAUS.

T

This invention was made with government support under
Grant Numbers AI089728, A1110700, AI060699, AI0987735,

Al124260, A1109094, AI113206 awarded by the National

Institutes of Health. The Government has certain rights 1n
the 1nvention.

FIELD OF THE INVENTION

The present disclosure relates to the field of immunogenic
compositions for the prevention and treatment of infection
with human MERS coronavirus.

BACKGROUND

Coronaviruses 1nfect and cause disease 1n a wide variety
of species, mncluding bats, birds, cats, dogs, pigs, mice,
horses, whales, and humans. Bats act as a natural reservoir
for coronaviruses. Most infections caused by human coro-
naviruses are relatively mild. However, the outbreak of
severe acute respiratory syndrome (SARS) caused by
SARC-CoV 1n 2002-2003, and {fatal infection in 2012
caused by a recently identified coronavirus, Middle East
respiratory syndrome coronavirus (MERS-CoV, also known
as hCoV-EMC or NCoV) demonstrated that coronaviruses
are also able to cause severe, sometimes fatal disease in
humans.

The recently 1dentified coronavirus MERS-CoV has over
40% mortality rate among the infected individuals. This
virus also demonstrates person-to-person transmission, pos-
ing a continuous threat to public health worldwide. Thus,
development of vaccines and antiviral agents against this
new virus are urgently needed.

SUMMARY

Disclosed herein are immunogenic compositions for the
prevention or treatment of infection with a new coronavirus
MERS-CoV (also known as hCoV-EMC or NCoV). The
disclosed immunogenic compositions are proteins compris-
ing: 1) at least a portion of the MERS-CoV genome, and 2)
an immunopotentiator sequence. The sequences are contigu-
ous and expressed as a single protein in a mammalian
expression system, or the MERS-CoV portion and the
immunopotentiator are chemically linked and stabilized.
Optionally, a stabilization sequence and/or a linker sequence
are disposed between the MERS-CoV sequence and the
immunopotentiator.

Also disclosed herein are immunogenic compositions
comprising a protein, the protein comprising a MERS-CoV
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2

S protein sequence comprising amino acids 377-388 of the
MERS-Co-V S protein with a T579N mutation; and an

immunopotentiator.

In one embodiment, the immunopotentiator sequence 1s
an Fc fragment of human IgG (Fc), a C3d protein, an
Onchocerca volvulus ASP-1, a cholera toxin, a muramyl
peptide, or a cytokine. In another embodiment, the 1mmu-
nopotentiator 1s Fc.

In another embodiment, the protein further comprises a
stabilization sequence disposed between the MERS-CoV S
protein sequence and the immunopotentiator sequence. In

another embodiment, the stabilization sequence 1s a foldon
(Fd) or GCN4.

In yet another embodiment, the protein further comprises
a linker sequence disposed between the MERS-CoV S
protein sequence and the immunopotentiator sequence, and
the linker 1s (GGGGS), , wherein n 1s an integer between O
and 8. In another embodiment, n 1s 1.

In another embodiment, the protein 1s produced 1n a
mammalian expression system.

In another embodiment, the protein comprises the

sequence of S377-588-Fc T379N (SEQ ID NO:26).

In another embodiment, the immunogenic composition
further comprises an adjuvant.

Also provided 1s a method of inducing a protective
immune response against MERS-CoV comprising adminis-
tering the immunogenic composition to a subject 1n need
thereol; wherein the immunogenic composition induces a
protective immune response against challenge with MERS-
CoV 1n the host.

In another embodiment, the immunogenic composition
further comprises an adjuvant.

In one embodiment, the administering step comprises a
prime immunization and at least one boost immunization. In
another embodiment, the boost immunizations are adminis-
tered at least twice. In another embodiment, n the boost
immunizations are administered weekly, every other week,
monthly, or every other month. In yet another embodiment,
the boost immunizations are administered weekly, every 2
weeks, every 3 weeks, every 4 weeks, every 5 weeks, every
6 weeks, every 7 weeks, every 8 weeks, every 9 weeks,
every 10 weeks, every 11 weeks, or every 12 weeks.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts the schematic representation of spike (S)

protein ol Middle East respiratory syndrome coronavirus
(MERS-CoV) and the recombinant S377-662-Fc (human

IgG Fc) protein. The MERS-CoV S protein includes the
following functional domains in the S1 and S2: signal
peptide (SP), receptor-binding domain (RBD), receptor-
binding motif (RBM), fusion peptide (FP), heptad repeat 1
(HR1), heptad repeat 2 (HR2), transmembrane domain
(I'M), and cytoplasm domain (CP).

FIG. 2 depicts the SDS-PAGE and Western blot analysis
of the expressed protein S377-662-Fc. The protein molecus-
lar weight marker (kDa) 1s indicated on the left. Antisera
from mice mmmunized with S377-662-Fc were used for
Western blot analysis.

FIG. 3 depicts the binding of a series of severe acute
respiratory syndrome (SARS) S protein-specific mAbs (1
ug/ml) to MERS-CoV 58377-662-Fc protein and SARS-CoV
S-RBD protein. The HA-7 mAb specific for the hemagglu-
timin (HA1) of H5N1 virus was used as an unrelated mAb
control. The data are presented as mean A450zxstandard
deviation (SD) of duplicate wells.
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FIG. 4A and FIG. 4B depict the antibody responses and
neutralization induced by MERS-CoV 8377-662-Fc protein.
FIG. 4A depicts binding to MERS-CoV S377-662 and
SARS-CoV S-RBD proteins by antibodies 1n mouse sera
collected 10 days post-2”¢ immunization. The data are
presented as mean A450+SD of five mice per group at

various dilution points. FIG. 4B depicts neutralization of the
MERS-CoV virus by the same antisera as in FIG. 4A.

Neutralizing antibody titers were expressed as the reciprocal
of the highest dilution of sera that completely inhibited
virus-induced cytopathic effect (CPE) 1n at least 50% of the

wells (NT.,), and are presented as mean+SD from five mice

per group.
FIG. 5 depicts mouse immunization, sample collection,

and immune response detection strategy. Four groups of

mice were immunized subcutaneously (s.c.) or intranasally
(1.n.) with MERS-CoV S377-662-Fc protein plus Montanide

ISA51 (for s.c.) or poly(1:C) ({or 1.n.) adjuvant, or with PBS

plus the corresponding adjuvant as their respective controls.
Mouse sera and lung wash were collected as indicated and
analyzed for humoral and mucosal immune responses and
neutralization against MERS-CoV virus.

FIG. 6 A and FIG. 6B depict the IgG antibody responses
in sera of mice immunized (s.c. and 1.n.) with MERS-CoV
S377-662-Fc protein. FIG. 6A depicts binding of IgG to a
MERS-CoV S1 protein contaiming residues 18-725 of
MERS-CoV 51 with a His6 tag (S1-His). Sera from 10 days
post-last immunization were used for the detection, and the
data are presented as mean A450xSD of five mice per group
at various dilution points. FIG. 6B depicts the long-term IgG
antibody responses using sera collected at 0, 1, 2, 3, 4, 6
months after the first immunization and 10 days post-last
immunization. The data are presented as mean (IgG end-
point titers)=SD of five mice per group.

FIG. 7A and FIG. 7B depict the I1gG subtypes 1n sera of
mice immunized (s.c. and 1.n.) with MERS-CoV 5377-662-
Fc¢ protein. Binding of IgG1 (FIG. 7A) and I1gG2a (FIG. 7B)
to MERS-CoV S1-His protein 1s shown. Sera from 10 days
post-last immunization were used for the detection, and the
data are presented as geometric mean titer (GMT, endpoint
titers)=SD of five mice per group. P<0.001 indicates sig-
nificant difference.

FIG. 8A and FIG. 8B depict the IgA antibody responses
in lung wash and sera of mice immunized (s.c. and 1.n.) with
MERS-CoV S377-662-Fc protein. Binding of IgA 1n lung
wash (1:1,000) (FIG 8A) or sera (FIG. 8B) to MERS-CoV
S1-His protein 1s shown. Samples from 10 days post-last
immunization were used for the detection, and the data are
presented as mean A450xSD (lung wash) or mean (GMT
endpoint titers)+SD (sera) of five mice per group. P<<0.05
indicates significant difference.

FIG. 9A and FI1G. 9B depict the neutralizing antibody titer
against MERS-CoV infection from samples of mice immu-
nized (s.c. and 1.n.) with MERS-CoV S377-662-Fc protein.
Sera (FIG. 9A) and lung wash (1:1,000 dilution in PBS
during collection) (FIG. 9B) were collected at 10 days
post-last immunization and analyzed for neutralization of
MERS-CoV infection in Vero E6 cells. Neutralizing anti-
body titers were expressed as the N'T.,, and are presented as
GMT=SD from five mice per group. P<0.05 indicates sig-

nificant difference.

FIG. 10A and FIG. 10B depict a schematic representation
of the S1 subunit of MERS-CoV (FIG. 10A) and recombi-
nant proteins containing various fragments of the RBD
domain of MERS-CoV S protein (FIG. 10B). Recombinant
proteins S350-588-Fc, S358-588-Fc, S367-588-Fc, S367-
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606-Fc, and S377-388-Fc were constructed by inserting the
corresponding RBD fragments into Fc of human IgG, and
compared with S377-662-Fc.

FIG. 11 A and FIG. 11B depict the SDS-PAGE (FIG. 11A)
and Western blot (FIG. 11B) analysis of the expressed
MERS CoV RBD-Fc¢ proteins. The protein molecular welgh‘[
marker (kDa) 1s indicated on the left. Antisera from mice
immunized with MERS-CoV S1-His were used for Western
blot analysis.

FIG. 12A and FIG. 12B depict the binding of the purnified
MERS-CoV RBD-Fc¢ proteins to cellular receptor dipeptidyl
peptidase 4 (DPP4) 1in Huh-7 cells by co-tmmunoprecipita-
tion followed by Western blot (FIG. 12A) and soluble DPP4
(sDPP4) by ELISA (FIG. 12B). Proteins were mixed with
Huh-7 cell lysates 1n the presence of protein A sepharose
beads, and detected by Western blot using ant1-DPP4 anti-
bodies (1 ug/ml) or antisera from mice immunized with
MERS-CoV S1-His (1:1,000), respectively.

FIG. 13A and FIG. 13B depict IgG antibody responses 1n
sera of mice immumized s.c. with MERS-CoV RBD-Fc
proteins. MERS-CoV S1-His protein (S1-His) was used to
coat the ELISA plates. Sera from 10 days post-3"? immuni-
zation were used for the detection, and the data are presented
as mean A4350 (FIG 13A) or mean endpoint titers (FIG.
13B)+SD of five mice per group. Sera of mice mjected with
PBS were included as the control. P values from different
groups were 1ndicated.

FIG. 14 depicts the IgG subtype antibody responses by
ELISA in sera of mice immunized s.c. with MERS-CoV
RBD-Fc proteins. MERS-CoV S1-His protein (S1-His) was
used to coat the ELISA plates. Sera from 10 days post-3"
immunization were used for the detection, and the data are
presented as mean endpoint titers£SD of five mice per
group. Sera of mice 1njected with PBS were included as the
control. P values from diflerent groups were indicated.

FIG. 15 depicts the neutralizing antibody titer of antisera
from mice immumzed s.c. with MERS-CoV RBD-Fc pro-
teins against MERS-CoV infection in Vero E6 cells. Sera
from 10 days post-3"¢ immunization were used for the assay.
Neutralizing antibody titers were expressed as the NT ., and

are presented as mean+SD from five mice per group.
FIG. 16 A and FIG. 16B depict the flow cytometry detec-

tion of inhibition of MERS-CoV RBD-Fc protein (S377-
588-Fc) binding to Huh-7 cells expressing DPP4 receptor by
antisera from mice immunized with S377-388-Fc protein.
FIG. 16A depicts S377-388-Fc protein (black line, right)
bound to Huh-7 cells (gray shade), while the control human
IeG Fc protein (black line, left) did not exhibit binding
activity. FIG. 16B depicts the inhibition of S377-588-Fc
binding to Huh-7 cells (gray shade) by sera from mice
immunized with S377-388-Fc (white line), but not by sera
from the PBS control group (black line).

FIG. 17 depicts the conformational structure of MERS-
CoV S377-588-Fc protein by cross-linker analysis. The
protein was cross-linked with glutaraldehyde or left uncross-
linked (w/o cross-linker), followed by Western blot detec-
tion using anftisera (1:1,000) from mice immunized with
MERS-CoV S1-His. The protein molecular weight marker
(kDa) 1s indicated on the left.

FIG. 18 depicts the ihibition of MERS-CoV 1nfection 1n
Calu-3 cells by MERS-CoV S377-588-Fc¢ protein. Human
IgeG Fc (hlgG-Fc) was used as the control. The CPE ranged
from O (none), £(<5%), 1 (5-10%), 2 (10-23%), 3 (25-50%),
and 4 (>50%).

FIG. 19A-D. Introduction of glycan probes to MERS-
CoV RBD vaccine. (FIG. 19A) Crystal structure of MERS-
CoV RBD (PDB access code: 41.3N). The core structure 1s
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colored 1n cyan, and the receptor-binding motit (RBM) 1n
red. Four residues are shown where an N-linked glycan
probe was introduced. (FIG. 19B) Structure of MERS-CoV
RBD complexed with human DPP4 (PDB access code:
4KRO0), showing the role of the four epitopes 1n the binding
of the RBD to DPP4. (FIG. 19C) AlphaScreen assay was
performed to detect the binding between recombinant
MERS-CoV RBDs and recombinant human DPP4. PBS
bufler was used as a negative control. Binding aflinity was
characterized as AlphaScreen counts. Error bars indicate
SEM. ***: P<0.001. (FIG. 19D) Fluorescence-activated cell
sorting (FACS) was carried out to detect the binding
between recombinant MERS-CoV RBDs and cell-surface-
expressed human DPP4. Human IgG protein was used as a
negative control. Binding afhmity was characterized as
median fluorescence tensity (MFI). ***; P<0.001.

FIG. 20A-E. Role of engineered glycan probes in RBD
binding to neutralizing mAbs. (FIG. 20A-D) ELISA was
carried out to detect the binding between recombinant
MERS-CoV RBD fragments and neutralizing mAbs. The
binding aflinity was characterized as the ELISA signal at 450
nm. Each of the mAbs was sernially diluted before being used
in ELISA. **%*; P<0.001. (FIG. 20E) Structure of MERS-
CoV RBD, showing the identified binding site of the neu-
tralizing mAbs on the RBD.

FIG. 21 A-C. Measurement of neutralizing immunogenic-
ity of RBD epitopes. (FIG. 21A) Measurement of neutral-
izing antibody titers ol mouse sera induced by wild type
(WT) or glycosylation mutant RBD. The neutralizing anti-
body titer of RBD-1nduced mouse sera was characterized by
its capability to 1nhibit MERS-CoV-induced cytopathic
cellect (CPE) 1n cell culture. To this end, serially diluted
mouse sera were added to MERS-CoV-infected cells, and
the neutralizing antibody titer of the sera was expressed as
the reciprocal of the highest dilution of sera that completely
inhibited MERS-CoV-induced CPE 1n at least 50% of the
wells (NT.,). PBS bufler was used as a negative control. *;
P<0.05. (FIG. 21B) Calculation of NII for each epitope.
NTsq.,.+ NTs, for wild type RBD; NTs,_,,.:N15, for RBD
containing a glycan probe on one of the epitopes. (FI1G. 21C)
Mapping the calculated NIIs on the three-dimensional struc-
ture of MERS-CoV RBD.

FIG. 22A-B. Masking negative epitope on the core led to
immune refocusing on RBM. Competition assay was per-
formed between neutralizing mAbs and glycosylation-mu-
tant-RBD-1nduced mouse serum for the binding of wild type

RBD. Specifically, E

ELISA was carried out between a neu-
tralizing mAb, hMS-1 (FIG. 22A) or m336-Fab (FIG. 22B),
and MERS-CoV RBD i1n the presence of mouse serum
induced by the 3579-glycosylated MERS-CoV RBD or
mouse serum induced by the wild type MERS-CoV RBD.
Mouse serum mnduced by PBS buller was used as a negative
control. Each of the sera was senally diluted before being
used 1n the competition assay. For each serum dilution, the
% reduction 1n mAb-RBD binding was computed {for
immune-sera present relative to immune-sera absent condi-

tions. ***; P<0.001.
FIG. 23A-B. Rational design of MERS-CoV RBD vac-

cine with enhanced eflicacy. Mice were immunized with two
engineered RBD fragments containing a glycan probe at
residue 511 (R511N/E513T) and residue 579 (T379N),
respectively. Wild type RBD and PBS buller were used as
controls. Immunmized mice were challenged with MERS-
CoV (EMC-2012 strain), and observed for survival rate
(FIG. 23A) and weight changes (FIG. 23B).

DETAILED DESCRIPTION

Development of an effective and safe vaccine against a
newly recognized coronavirus MERS-CoV (also known as
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hCoV-EMC or NCoV) 1s urgently needed for the prevention
of current spread and future outbreaks. The present disclo-
sure describes the development of a MERS-CoV immuno-
genic composition based on the spike (S) protein of MERS-
CoV. This mmmunogenic composition induced strong
immune responses and potent neutralizing antibodies 1n
immunized animals.

As used heremn the term “immunogen” refers to any
substrate that elicits an immune response 1n a host. As used
herein an ‘“immunogenic composition” refers to an
expressed protein or a recombinant vector, with or without
an adjuvant, which expresses and/or secretes an immunogen
in vivo and wherein the immunogen elicits an 1mmune
response in the host. The immunogenic compositions dis-
closed herein may or may not be immunoprotective or
therapeutic. When the immunogenic compositions may pre-
vent, ameliorate, palliate, or eliminate disease from the host
then the immunogenic composition may also optionally be
referred to as a vaccine. However, the term immunogenic
composition 1s not mtended to be limited to vaccines.

MERS-CoV 1s closely related to severe acute respiratory
syndrome (SARS) coronavirus (SARS-CoV). Clinically
similar to SARS, MERS-CoV infection leads to severe
respiratory illness with renal failure. As the sixth coronavi-
rus known to infect humans and the first human coronavirus
in lineage C of betacoronavirus (the same lineage as Bat-
CoV-HKU-4 and -HKU-5), MERS-CoV 1s closely related to
SARS-CoV genetically (lineage B). Therefore, MERS-CoV
has recently raised serious concerns of a potential pandemic
and, as such, 1t poses a continuous threat to public health
worldwide. Human dipeptidyl peptidase 4 (DPP4) has been
identified as the MERS-CoV’s receptor.

Like other coronaviruses, the MERS-CoV virion utilizes
a large surface S glycoprotein for interaction with, and entry
into, the target cell. The S glycoprotein consists of a globular
S1 domain at the N-terminal region, followed by membrane-
proximal S2 domain, a transmembrane domain, and an
intracellular domain.

The receptor-binding domain (RBD) of SARS-CoV S
protein contains a critical neutralizing domain (CND),
which induces potent neutralizing antibodies and protection
against SARS-CoV infection in animal models. By compar-
ing and analyzing the S protein sequences of MERS-CoV
and SARS-CoV, it was found that the S1 subunit encom-
passing residues 377-662 of MERS-CoV S protein exhibited
a core structure very similar to that of SARS-CoV S protein,
suggesting that this region of MERS-CoV S protein also
serves as a neutralizing domain. Indeed, a recombinant
protein containing residues 377-662 of MERS-CoV S fused
to Fc (fragment, crystallizable) domain of human IgG
(S377-662-Fc, FIG. 1) was expressed 1n a mammalian cell
expression system (FI1G. 2) and 1s able to induce neutralizing
antibodies through both subcutaneous (s.c.) and intranasal
(1.n.) routes of administration 1n an established mouse model
of MERS-CoV (FIG. 9). Additionally, recombinant RBD
protein fragments spanning residues 350-606 of MERS-
CoV S protein were fused to the Fc domain of human IgG
(e.g., S350-3588-Fc, S358-588-Fc, S367-588-Fc, S377-588-
Fc, S367-606-Fc), were expressed in the mammalian cell
expression system (FIG. 11), and elicited neutralizing anti-
bodies 1 1immumzed mice (FIG. 15). Particularly, a trun-
cated RBD region containing residues 377-588 of MERS-
CoV S protein fused to Fc of human IgG (S377-588-Fc)
induced a potent neutralizing antibody response 1n immu-
nized mice (FIG. 15). Antisera from mice immunized with
this protein eflectively blocked the RBD protein binding to

MERS-CoV’s receptor DPP4 (FIG. 16). Furthermore, the
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S377-588-Fc protein was able to form dimeric or tetrameric
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S protein, a heptad repeat sequence of a MERS-CoV S

conformational structures (FIG. 17), and effectively inhib- protein, a nucleocapsid sequence of a MERS-CoV S protein,

ited MERS-CoV 1nfection 1n DPP4-expressing Calu-3 cells

(FIG. 18).

In one embodiment, the S protein sequence component of 4
the mstant immunogenic composition comprises a MERS-

CoV S protein sequence, a MERS-CoV S1 protein sequence, NO:2), 377-588 (S.

a membrane sequence of a MERS-CoV S protein, or a
portion of any of these sequences. In one embodiment, the
S protein sequence comprises amino acids 377-662 (SEQ 1D

5Q ID NO:3), 350-588 (S

5Q ID NO:4),

a MERS-CoV 82 protein sequence, an RBD sequence of a  338-338 (SEQ ID NO:5), 367-538 (SEQ ID NO:6), or
MERS-CoV S protein, a fusion sequence of a MERS-CoV 367-606 (SEQ ID NO:7) of MERS-CoV S protein.

TABLE 1

Amino acid sequences of MERS-CoV regionsgs and immunopotentiators

SEQ ID NO. 1 |[MERS-CoV S protein]:
MIHSVFLLMFLLTPTESYVDVGPDSVKSACIEVDIQOTEFEFDKTWPRPIDVSKADGI IYPOGRTYSNITI
TYOGLEPYOQGDHGDMYVYSAGHATGTTPOKLEFVANYSQDVKQFANGEVVRIGAAANSTGTVIISPS
TSATIRKIYPAFMLGSSVGNEFSDGKMGREFFNHT LV LLPDGCGTLLRAFYCILEPRSGNHCPAGNS YT
SEFATYHTPATDCSDGNYNRNASLNSEFKEYFNLRNCTEMYTYNITEDEILEWFGITQTAQGVHLESSR
YVDLYGGNMEFOQFATLPVYDTIKYYSIIPHSIRS IQSDRKAWAAFYVYKLOPLTFLLDESVDGY IRRAID
CGFNDLSQLHCSYESEFDVESGVYSVSSFEAKPSGSVVEQAEGVECDESPLLSGTPPOVYNEFKRLY
FINCNYNLTKLLSLESVNDFTCSQISPAATIASNCYSSLILDYFSYPLSMKSDLSVSSAGPISQEFNYKO
SESNPTCLILATVPHNLTTITKPLKYSY INKCSRLLSDDRTEVPOQLVNANQY SPCVSIVPSTVWEDGD
YYRKOQLSPLEGGGWLVASGS TVAMTEQLOMGEFGITVOYGTDTNSVCPKLEFANDTKIASQLGNCY
EYSLYGVSGRGVEFOQNCTAVGVROQOREVYDAYONLVGYYSDDGNYYCLRACVSVPVSVIYDKETKT
HATLEFGSVACEHISSTMSQYSRSTRSMLKRRDSTYGPLOTPVGCVLGLVNSSLEVEDCKLPLGOS L
CALPDTPSTLTPRSVRSVPGEMRLAS IAFNHPIQVDOLNSSYFKLS IPTNESEFGVTQEY IQTTIQKVT
VDCKOYVCNGFOQKCEQLLREYGOFCSKINQALHGANLRODDSVRENLEASVKSSQSSPIIPGEFGGED
FNLTLLEPVSISTGSRSARSAIEDLLEDKVTIADPGYMOGYDDCMQOGPASARDLICAQYVAGYKVL
PPLMDVNMEAAYTSSLLGSIAGVGWTAGLSSFAATPFAQSIFYRLNGVGITOQOVLSENOQKL IANKEN
QALGAMOTGFTTTNEAFQKVODAVNNNAQALSKLASELSNTFGAISASIGDI IQRLDVLEQDAQIDR
LINGRLTTLNAFVAQOLVRSESAALSAQLAKDKVNECVKAQSKRSGEFCGOGTHIVSEFVVNAPNGLY
FMHVGYYPSNHIEVVSAYGLCDAANPTNCIAPVNGYF IKTNNTRIVDEWSYTGSSEYAPEPITSLNT
KYVAPOVTYONISTNLPPPLLGNS TGIDEFQDELDEFFKNVSTSIPNEFGSLTQINTTLLDLTYEMLSLO
QVVKALNESYIDLKELGNYTYYNKWPWY IWLGEF IAGLVALALCVEFFILCCTGCGTNCMGKLEKCNRC
CDRYEEYDLEPHKVHVH

SEQ ID NO. 2 [aal377-662 of MERS-CoV S protein]:
QAEGVECDEFSPLLSGTPPOVYNFKRLVEFTNCNYNLTKLLSLESVNDEFTCSQISPAATASNCYSSLILD
YESYPLSMKSDLSVSSAGPISOQFNYKQSEFSNPTCLILATVPHNLTTITKPLKYSYINKCSRLLSDDRTE
VPOLVNANQYSPCVS IVPSTVWEDGDYYRKOLSPLEGGGWLVASGS TVAMTEQLOMGEGITVQY
GTDTNSVCPKLEFANDTKIASQLGNCVEYSLYGVSGRGVEFQNCTAVGVROOREVYDAYQONLVGYY
SDDGNYYCLRACVSVPVSVI

SEQ ID NO. 2 [aal377-588 of MERS-CoV S protein]:
QAEGVECDEFSPLLSGTPPOVYNFKRLVE TNCNYNLTKLLSLESVNDEFTCSQISPAATASNCYSSLILD
YESYPLSMKSDLSVSSAGPISOQFNYKQSEFSNPTCLILATVPHNLTTITKPLKYSYINKCSRLLSDDRTE
VPOLVNANQYSPCVS IVPSTVWEDGDYYRKQLSPLEGGGWLVASGS TVAMTEQLOMGEGITVQY
GTDTNSVCPKL

SEQ ID NO. 4 [aa350-588 of MERS-CoV S protein]:
SYESEFDVESGVYSVSSEFEAKPSGSVVEQAEGVECDESPLLSGTPPOVYNFKRLVETNCNYNLTKL L
SLESVNDEFTCSQISPAATASNCYSSLILDYEFSYPLSMKSDLSVSSAGPISQFNYKOSESNPTCLILATV
PHNLTTITKPLKYSY INKCSRLLSDDRTEVPOQLVNANQY SPCVSIVPSTVWEDGDY YRKOQLSPLEGG
GWLVASGSTVAMTEQLOMGEFGITVQYGTDTNSVCPKL

SEQ ID NO. 5 [aa358-588 of MERS-CoV S protein]:
SGVYSVSSFEAKPSGSVVEQAEGVECDEFSPLLSGTPPOVYNFKRLVETNCNYNLTKLLSLESVNDFE
TCSQISPAATASNCYSSLILDYFSYPLSMKSDLSVSSAGPISQFNYKQSFSNPTCLILATVPHNLTTITK
PLKYSYINKCSRLLSDDRTEVPOQLVNANQY SPCVSIVPSTVWEDGDYYRKOLSPLEGGGWLVASG
STVAMTEQLOMGEFGITVQYGTDTNSVCPKL

SEQ ID NO. 6 [aa367-588 of MERS-CoV S protein]:
EAKPSGSVVEQAEGVECDEFSPLLSGTPPOVYNFKRLVETNCNYNLTKLLSLESVNDETCSQISPAAT
ASNCYSSLILDYESYPLSMKSDLSVSSAGPISQFNYKOSEFSNPTCLILATVPHNLTTITKPLKYSYINK
CSRLLSDDRTEVPOQLVNANQYSPCVS IVPSTVWEDGDYYRKOLSPLEGGGWLVASGSTVAMTEQL
QMGEFGITVOQYGTDTNSVCPKL

SEQ ID NO. 7 [aal367-606 of MERS-CoV S protein]:
EAKPSGSVVEQAEGVECDEFSPLLSGTPPOVYNFKRLVETNCNYNLTKLLSLESVNDETCSQISPAAT

ASNCYSSLILDYFSYPLSMKSDLSVSSAGPISQEFNYKOSEFSNPTCLILATVPHNLTTITKPLKYSYINK
CSRLLSDDRTEVPQLVNANQYSPCVS IVPSTVWEDGDYYRKQLSPLEGGGWLVASGSTVAMTEQL
QMGFGITVOQYGTDTNSVCPKLEFANDTKIASQLGNCVEY

SEQ ID NO. 8 [8350-588-Fc]:
SYESEFDVESGVYSVSSEFEAKPSGSVVEQAEGVECDESPLLSGTPPOVYNFKRLVETNCNYNLTKL L
SLESVNDFTCSQISPAATASNCYSSLILDYEFSYPLSMKSDLSVSSAGPISQEFNYKQSEFSNPTCLILATV
PHNLTTITKPLKYSY INKCSRLLSDDRTEVPOLVNANQYSPCVSIVPSTVWEDGDY YRKQLSPLEGG
GWLVASGSTVAMTEQLOMGEFGI TVOQYGTDTNSVCPKLRSDKTHTCPPCPAPELLGGPSVELEPPK
PKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQ
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TABLE 1-continued

Amino acid sequences of MERS-CoV regions and immunopotentiators

DWLNGKEYKCKVSNKALPAPIEKTISKAKGOPREPOQVYTLPPSREEMTKNOQVSLTCLVKGEFYPSDIA
VEWESNGOQPENNYKTTPPVLDSDGSEFFLYSKLTVDKSRWOOGNVESCSVMHEALHNHY TOKSLS
LSPGK

SEQ ID NO. 9 [8358-588-Fc]:
SGVYSVSSFEAKPSGSVVEQAEGVECDEFSPLLSGTPPOVYNFKRLVETNCNYNLTKLLSLESVNDE
TCSQISPAATASNCYSSLILDYEFSYPLSMKSDLSVSSAGPISQENYKOQSEFSNPTCLILATVPHNLTTITK
PLKYSYINKCSRLLSDDRTEVPQLVNANQYSPCVSIVPSTVWEDGDY YRKOLSPLEGGGWLVASG
STVAMTEQLOMGEFGITVOQYGTDTNSVCPKLRSDKTHTCPPCPAPELLGGPSVEFLFPPKPKDTLMIS
RTPEVTCVVVDVSHEDPEVKEFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHOQDWLNGKE
YKCKVSNKALPAPIEKTISKAKGOPREPOQVYTLPPSREEMTKNQVSLTCLVKGEFYPSDIAVEWESN
GOPENNYKTTPPVLDSDGSEFLYSKLTVDKSRWOOGNVESCSVMHEALHNHY TQKSLSLSPGK

SEQ ID NO. 10 [8S367-588-Fc]:
EAKPSGSVVEQARGVECDEFSPLLSGTPPOVYNFKRLVETNCNYNLTKLLSLESVNDETCSQISPAAT
ASNCYSSLILDYFSYPLSMKSDLSVSSAGPISQEFNYKOQSESNPTCLILATVPHNLTTITKPLKYSYINK
CSRLLSDDRTEVPQLVNANQY SPCVSIVPSTVWEDGDY YRKOLSPLEGGGWLVASGSTVAMTEQL
OMGFGITVQYGTDTNSVCPKLRSDKTHTCPPCPAPELLGGPSVEFLEFPPKPKDTLMISRTPEVTCVY
VDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL TVLHODWLNGKEYKCKVSNKA
LPAPIEKTISKAKGOPREPOQVYTLPPSREEMTKNOQVSLTCLVKGEFYPSD IAVEWESNGOPENNY KT
TPPVLDSDGSFFLY SKLTVDKSRWOOGNVESCSVMHEALHNHY TOKSLSLSPGK

SEQ ID NO. 11 [S367-606-Fc]|:
EAKPSGSVVEQAEGVECDESPLLSGTPPOQVYNFKRLVETNCNYNLTKLLSLESVNDETCSQISPAAT
ASNCYSSLILDYFSYPLSMKSDLSVSSAGPISQEFNYKOSESNPTCLILATVPHNLTTITKPLKYSYINK
CSRLLSDDRTEVPOQLVNANQYSPCVSIVPSTVWEDGDY YRKOLSPLEGGGWLVASGSTVAMTEQL
OMGEFGITVQYGTDTNSVCPKLEFANDTKIASQLGNCVEYRSDKTHTCPPCPAPELLGGPSVELEPP
KPKDTLMISRTPEVTCVVVDVSHEDPEVKEFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLH
QDWLNGKEYKCKVSNKALPAPIEKTISKAKGOPREPQVYTLPPSREEMTKNOQVSLTCLVKGEFYPSD
IAVEWESNGOPENNYKTTPPVLDSDGSEFFLYSKLTVDKSRWQOGNVESCSVMHEALHNHY TOQKSL
SLSPGK

SEQ ID NO. 12 [S377-588-Fc]|:
QAEGVECDEFSPLLSGTPPOVYNEFKRLVETNCNYNLTKLLSLESVNDEFTCSQISPAATASNCYSSLILD
YFESYPLSMKSDLSVSSAGPISQFNYKOSEFSNPTCLILATVPHNLTTITKPLKYSYINKCSRLLSDDRTE
VPOLVNANQY SPCVSIVPSTVWEDGDY YRKOQLSPLEGGGWLVASGSTVAMTEQLOMGEGITVQY
GTDTNSVCPKLRSDKTHTCPPCPAPELLGGPSVEFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEY

KENWYVDGVEVHNAKTKPREEQYNS TYRVVSVLTVLHODWLNGKEYKCKVSNKALPAPIEKTISKA
KGOPREPOQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGOPENNYKTTPPVLDSDGSFE
FLYSKLTVDKSRWOOGNVESCSVMHEALHNHY TOQKSLSLSPGK

SEQ ID NO. 13 [S377-662-Fc]|:
QAEGVECDFSPLLSGTPPOVYNFKRLVETNCNYNLTKLLSLESVNDEFTCSQISPAATASNCYSSLILD
YFSYPLSMKSDLSVSSAGPISQFNYKOSEFSNPTCLILATVPHNLTTITKPLKYSYINKCSRLLSDDRTE
VPOLVNANQYSPCVSIVPSTVWEDGDY YRKQLSPLEGGGWLVASGSTVAMTEQLOMGEFGI TVQY
GTDTNSVCPKLEFANDTKIASQLGNCVEYSLYGVSGRGVEFQNCTAVGVROOREFVYDAYONLVGYY
SDDGNY YCLRACVSVPVSVIRSDKTHTCPPCPAPELLGGPSVELEFPPKPKDTLMISRTPEVTC
VVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHODWLNGKEYK
CKVSNKALPAPIEKTISKAKGOPREPOQVYTLPPSREEMTKNOVSLTCLVKGEYPSDIAVEW
ESNGOQPENNYKTTPPVLDSDGSEFEFLYSKLTVDKSRWQOGNVESCSVMHEALHNHYTQKS

LSLSPGK

SEQ ID NO. 14 [Foldon (Fd)]:
GYIPEAPRDGQAYVRKDGEWVLLSTFL

SEQ ID NO. 15 |human IgG Fc (hFc)|:

RSDKTHTCPPCPAPELLGGPSVELFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKEFNWY VDGV EV
HNAKTKPREEQYNSTYRVVSVLTVLHODWLNGKEYKCKVSNKALPAPIEKTISKAKGOPREPQVY'T
LPPSREEMTKNOVSLTCLVKGEFYPSDIAVEWESNGOPENNYKT TPPVLDSDGSFEFLYSKLTVDKSR

WOQOGNVESCSVMHEALHNHYTOQKSLSLSPGK

SEQ ID NO. 16 |mouse IgG Fc {(mFc)|:
RSPRGPTIKPCPPCKCPAPNLLGGPSVEFIFPPKIKDVLMISLSPIVICVVVDVSEDDPDVQISWEVNN
VEVHTAQTOQTHREDYNSTLRVVSALPIQHODWMSGKEFKCKVNNKDLPAPIERTISKPKGSVRAPQ
VYVLPPPEEEMTKKOVITLTCMVTDEFMPEDI YVEWTNNGKTELNYKNTEPVLDSDGSYEMYSKLRV
EKKNWVERNSYSCSVVHEGLHNHHTTKSEFSRTPGK

SEQ ID NO. 17 |rabbit IgG Fc (rFc)]:
RSSKPTCPPPELLGGPSVEFIFPPKPKDTLMISRTPEVTCVVVDVSQDDPEVOQETWY INNEQVRTAR
PPLREQOFNSTIRVVSTLPIAHODWLRGKEFKCKVHNKALPAPIEKTISKARGOPLEPKVYTMGPPR
EELSSRSVSLTCMINGEFYPSDISVEWEKNGKAEDNY KT TPAVLDSDGSYFLYSKLSVPTS EWQRGD
VETCSVMHEALHNHYTQKS ISRSPGK

SEQ ID NO. 18 [Human C3d (aa residues 1002-1303 1in C3)]:

HLIVTPSGCGEQNMIGMTP TV IAVHYLDETEQWEKFGLEKROGALELIKKGYTOQLAFROPSSAFA
AFVKRAPSTWLTAYVVEKVEFSLAVNLIAIDSQVLCGAVEKWLILEKQKPDGVEFQREDAPVIHQEMIGGLR
NNNEKDMALTAFVLISLOEAKDICEEQVNSLPGS ITKAGDFLEANYMNLORSY TVAIAGYALAQMGR

10
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TABLE 1-continued

12

Amino acid sequences of MERS-CoV regions and immunopotentiators

LKGPLLNKFLTTAKDKNRWEDPGKOLYNVEATSYALLALLOQLKDEFDEVPPVVRWLNEQRY YGGGY

GSTOQATFMVEFQALAQYQKDAPDHOQELNLDVSLQLPSR

SEQ ID NO. 19 [Cholera toxin b subunit

(aa residues 1-124)]:

MTPONITDLCAEYHNTOQIHTLNDKIFSYTESLAGKREMAI ITFKNGATFOQVEVPGSQHIDSQKKATIER

MKDTLRIAYLTEAKVEKLCVWNNKTPRATIAATSMAN

SEQ ID NO.

25 [aal377-588 of MERS-CoV S protein with T579N mutation]:

QAEGVECDFSPLLSGTPPOVYNFKRLVETNCNYNLTKLLSLESVNDEFTCSQISPAATASNCYSSLILD
YFSYPLSMKSDLSVSSAGPISQFNYKOSEFSNPTCLILATVPHNLTTITKPLKYSYINKCSRLLSDDRTE
VPOLVNANQYSPCVSIVPSTVWEDGDY YRKQLSPLEGGGWLVASGSTVAMTEQLOMGEGITVQY

GNDTNSVCPKL

SEQ ID NO. 26 [S377-588-F¢ with T579N mutation]:

QAEGVECDFSPLLSGTPPOVYNFKRLVETNCNYNLTKLLSLESVNDEFTCSQISPAATASNCYSSLILD
YFESYPLSMKSDLSVSSAGPISQFNYKOSEFSNPTCLILATVPHNLTTITKPLKYSYINKCSRLLSDDRTE
VPOLVNANQYSPCVSIVPSTVWEDGDY YRKQLSPLEGGGWLVASGSTVAMTEQLOMGEFGI TVQY
GNDTNSVCPKLRSDKTHTCPPCPAPELLGGPSVEFLEFPPKPKDTLMISRTPEVITCVVVDVSHEDPEY
KEFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHODWLNGKEYKCKVSNKALPAPIEKTISKA
KGOPREPOQVYTLPPSREEMTKNOQVSLTCLVKGFYPSDIAVEWESNGOPENNYKTTPPVLDSDGSFE

FLYSKLTVDKSRWOQOGNVESCSVMHEALHNHY TQKSLSLSPGK

Optionally, a trimerization stabilization sequence 1s dis-
posed between the MERS-CoV sequence and the immuno-
potentiator. In one embodiment, the stabilization sequence
comprises a sequence that stabilizes the RGB proten
sequence 1 a trimer or oligomer configuration. As used
herein, the terms stabilization sequence, trimeric motif, and
trimerization sequence are interchangeable and equivalent.
Suitable stabilization sequences 1nclude, but are not limited

to, a 27 amino acid region of the C-terminal domain of T4

fibritin (a {foldon-like sequence) (GYIPEAPRDGQAY-
VRKDGEWVLLSTFL, SEQ ID NO. 14 o or
GSGYIPEAPRDGQAYVRKDGE WVLLSTFL, SEQ ID
NO. 20), a GCN4 (MKQIEDKIEEILSKIYHIENEIARIK-
KLIGEV; SEQ ID NO. 21), an 1Q (RMKQIEDKIEE-
IESKQKKIENEIARIKK; SEQ ID NO. 22), or an IZ (IK-
KEIEAIKKEQEAI KKKIEAIEK; SEQ ID NO. 23). Other
suitable stabilization methods include, but are not limited to,
2,2-bipyridine-5-carboxylic acid (BPY), disulfide bonds and
tacile ligation.

In another embodiment, the immunopotentiator com-
prises a sequence to enhance the immunogenicity of the
immunogenic composition. Suitable immunopotentiators
include, but are not limited to, an Fc fragment of human IgG,
a C3d (a complement fragment that promotes antibody
formation binding to antigens enhancing their uptake by
dendritic cells and B cells) (SEQ ID NO:18), an Ov ASP-1
(Onchocerca volvulus homologue of the activation associ-
ated secreted gene family) (see US 20060039921, which 1s
incorporated by reference herein for all 1t discloses regard-
ing ASP-1 adjuvants), a cholera toxin (SEQ ID NO:19), a
muramyl peptide, and a cytokine.

In one embodiment, the immunopotentiator 1s an 1mmu-
noglobulin Fc¢ fragment. The immunoglobulin molecule
consists of two light (L) chains and two heavy (H) chains
held together by disulfide bonds such that the chains form a
Y shape. The base of the Y (carboxyl terminus of the heavy
chain) plays a role 1n modulating immune cell activity. This
region 1s called the Fc region, and 1s composed of two heavy
chains that contribute two or three constant domains depend-
ing on the class of the antibody. By binding to specific
proteins, the Fc region ensures that each antibody generates
an appropriate immune response for a given antigen. The Fc
region also binds to various cell receptors, such as Fc
receptors, and other immune molecules, such as complement
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proteins. By doing this, 1t mediates diflerent physiological
ellects including opsomization, cell lysis, and degranulation
of mast cells, basophils, and eosinophils.

Exemplary subunit MERS-CoV immunogenic composi-
tions are found in FIG. 1. In certain embodiments, the
coronavirus and immunopotentiator portions of the fusion
protein are linked through a flexible linker comprising
(GGGGS), (SEQ ID NO:24), wherein n 1s an integer
between 0 and 8. In certain embodiments, n1s O, n1s 1, n 1s
2,nis3, nis4, nisS nis 6, n1s 7, ornis 8.

The disclosed MERS-CoV mmmunogenic compositions
include conservative variants of the proteins. A conservative
variant refers to a peptide or protein that has at least one
amino acid substituted by another amino acid, or an amino
acid analog, that has at least one property similar to that of
the original amino acid from an exemplary reference pep-
tide. Examples of properties include, without limitation,
similar size, topography, charge, hydrophobicity, hydrophi-
licity, lipophilicity, covalent-bonding capacity, hydrogen-
bonding capacity, a physicochemical property, of the like, or
any combination thereof. A conservative substitution can be
assessed by a variety of factors, such as, e.g., the physical
properties of the amino acid being substituted (Table 1) or
how the original amino acid would tolerate a substitution
(Table 2). The selections of which amino acid can be
substituted for another amino acid 1 a peptide disclosed
herein are known to a person of ordinary skill 1n the art. A
conservative variant can function in substantially the same
manner as the exemplary reference peptide, and can be
substituted for the exemplary reference peptide 1n any aspect
of the present specification.

TABLE 1

Amino Acid Properties

Property Amino Acids
Aliphatic GA LLMPEYV
Aromatic FEH WY

C-beta branched LV, T

Hydrophobic C,FELLL M,V, W
Small polar D, N, P

Small non-polar AC G, S, T

Large polar E,H, K, Q R, W, Y
Large non-polar F,I,L, M,V
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TABLE 1-continued

Amino Acid Properties

Property Amino Acids
Charged D, E, H K, R
Uncharged C, S, T
Negative D, E
Positive H, K, R
Acidic D, E
Basic K, R
Amide N, Q
TABLE 2
Amino Acid Substitutions
Amino Favored Neutral Distavored
Acid Substitution  Substitutions substitution
A G,S, T C,E, I, K, M, L, P, D,F, H N,Y, W
Q, R,V
C E,S, Y, W AHILMLTV D, E, G, K, N, P, Q,
R
D E, N G, H K, PQ R, S, T AC I L,
E D, K, Q A, H N, PR, S, T C,E G, I,L MV,
W, Y
F M,LLWY CILV A, D, E, G, H, K, N,
P,Q R, ST
G A, S D, K, N, P,Q, R C,E F H, I L, M,
T,V,W, Y
H N, Y C,D,E K, Q R, S, AF G, I, L, M, P,
T, W V
| V,L M ACT,EY D, E, G, H, K, N, P,
Q. R, S, W
K Q,E R A, D, G, H, M, N, P, C,ELL VWY
S, T
L F, I, M,V ACWY D, E, G, H, K, N, P,
Q. R, S, T
M F,ILLL V ACCR,Q K, TWY D,E G H N, PS
N D, H, S E,.G K, Q R T A C,E I L, M, P,
V. W, Y
P — A, D E G K, Q,R, C,E H, I, L, M, N,
S, T V. W, Y
Q E, K, R A, D, G, H, M, N, P, C,ELL VWY
S, T
R K, Q A, D, E, G, H, M, N, C,ELL VWY
P,S, T
S AN, T C,D,E G, H K, P, F,ILLL, M,V,W, Y
Q, R, T
T S A C D, E H, I K, F,G,LLW,Y
M,N,PQ RV
V I, L, M ACETY D, E, G, H, K, N, P,
Q, R, S, W
W E,Y H, L, M A C D E G, I K,
N,PLQ R, S,T,V
Y F, H W C,, L, M,V A, D E, G, K, N, P,
Q. R, S, T

Matthew J. Betts and Robert, B. Russell, Amino Acid Properties and Consequences of
Substitutions, pp. 289-316, In Bioinformatics for Geneticists, (eds Michael K. Barnes, lan
C. Gray, Wiley, 2003).

An MERS-CoV immunogenic composition can also com-
prise conservative variants to the disclosed proteins. In
aspects of this embodiment, a conservative variant of an
MERS-CoV immunogenic composition can be, for example,
an amino acid sequence having at least 75%, at least 80%,
at least 85%, at least 90%, at least 95%, at least 7%, at least
08%, or at least 99% amino acid sequence 1dent1ty to the
MERS-CoV immunogenic compositions disclosed herein.
In other aspects of this embodiment, a conservative variant
of an MERS-CoV immunogenic composition can be, for
example, an amino acid sequence having at most 75%, at
most 80%, at most 85%, at most 90%, at most 95%, at most
7%, at most 98%, or at most 99% amino acid sequence
identity to the MERS-CoV immunogenic compositions dis-

closed herein.
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In other embodiments, the MERS-CoV S protein
sequence comprises an amino acid sequence having at least
75%, at least 80%, at least 85%, at least 90%, at least 95%,
at least 97%, at least 98%, or at least 99% amino acid
sequence 1dentity to the MERS-CoV S amino acid
sequences ol any of SEQ ID NOs. 1-7.

In still other embodiments, the i1mmunopotentiator

sequence comprises an amino acid sequence having at least
75%, at least 80%, at least 85%, at least 90%, at least 95%,

at least 97%, at least 98%, or at least 99% amino acid
sequence 1dentity to the immunopotentiator amino acid
sequences of any of SEQ ID NOs. 9-11, 17 or 18.

In other aspects of this embodiment, a conservative vari-
ant of an MERS-CoV immunogenic composition, a MERS-
CoV S protein amino acid sequence, or an immunopoten-
tiator amino acid sequence can have, for example, 1, 2, 3, 4,
5,6,7,8,9,10, 11, 12, 13, 14, 15, or more conservative
substltutlons to the amino ac1d sequence of the MERS-CoV
immunogenic compositions, MERS-CoV S protein, or
immunopotentiator disclosed herein. In other aspects of this
embodiment, a conservative vartant of an MERS-CoV
immunogenic composition, a MERS-CoV S protein amino
acid sequence, or an 1mmunopotentiator amino acid
sequence can be, for example, an amino acid sequence
having at least 1, at least 2, at least 3, at least 4, at least 5,
at least 6, at least 7, at least &, at least 9, at least 10, at least
11, at least 12, at least 13, at least 14, or at least 15
conservative substitutions to the amino acid sequence of the
MERS-CoV 1mmmunogenic compositions, MERS-CoV S
protein, or immunopotentiator disclosed herein. In yet other
aspects of this embodiment, a conservative variant of an
MERS-CoV mmmunogenic composition, a MERS-CoV S
protein amino acid sequence, or an immunopotentiator
amino acid sequence can be, for example, an amino acid
sequence having at most 1, at most 2, at most 3, at most 4,
at most 5, at most 6, at most 7, at most 8, at most 9, at most
10, at most 11, at most 12, at most 13, at most 14, or at most
15 conservative substitutions to the amino acid sequence of
the MERS-CoV immunogenic compositions, MERS-CoV S
protein, or immunopotentiator disclosed hereimn. In further
aspects of this embodiment, a conservative variant of an
MERS-CoV mmmunogenic composition, a MERS-CoV S
protein amino acid sequence, or an i1mmunopotentiator
amino acid sequence can be, for example, an amino acid
sequence having from 1 to 15,2 to 15,3 to 15,4 to 15, 3 to
15,6t0 15, 7to 15, 1to12,2t0 12,3 to 12,4 to 12,5 to
12, 6 to 12,7 to 12, 1 to 10, 2 to 10, 3 to 10, 4 to 10, 5 to
10, 6 t0 10, 7t0 10, 1 t0 8, 210 8,3 1t08,41t08,51t08,6
to 8, 1t06,21t06,31t06,4106,1 104, 21to4, 01'1‘[03
conservative substitutions to the amino acid sequence of the
MERS-CoV immunogenic compositions, MERS-CoV S
protein, or immunopotentiator disclosed herein.

Expression systems such as the following are suitable for
use 1n expressing the disclosed fusion proteins: mammalian
cell expression systems such as, but not limited to, the
pcDNA and GS Gene expression systems; isect cell expres-
sion systems such as, but not limited to, Bac-to-Bac, bacu-
lovirus, and DES expression systems; and E. coli expression
systems including, but not limited to, pET, pSUMO, and
GST expression systems.

Various advantages are associated with expression of
proteins 1n mammalian cell expression systems. The mam-
malian cell expression system 1s a relatively mature eukary-
otic system for expression ol recombinant proteins. It 1s
more likely to achieve a correctly folded soluble protein
with proper glycosylation, making the expressed protein
maintain its native conformation and keep suflicient bioac-
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tivity. This system can either transiently or stably express
recombinant anftigens, and promote signal synthesis.
Recombinant proteins expressed 1n this way may maintain
proper antigenicity and immunogenicity. However, both
insect and bacterial expression systems provide mexpensive
and eflicient expression of proteins, which may be appro-
priate under certain conditions.

The purification systems used to purily the recombinant
proteins are dependent on whether a tag 1s linked or fused
with the coronavirus sequence. If the fusion proteins are
tused with IgG Fc, Protein A, or Protein G, aflinity chro-
matography 1s used for the purification. If the fusion proteins
are fTused with GST proteins, the GST columns will be used
for the purification. If the fusion proteins link with 6xHis tag
at the N- or C-terminal, the expressed proteins are to be
purified using His tag columns. If no tag 1s linked with the
fusion protein, the expressed protein could be purified using
fast protein liquid chromatography (FPLC), high perfor-
mance liquid chromatography (HPLC), or other chromatog-
raphy.

In certain embodiments, the immunogenic compositions
turther comprise or are administered with an adjuvant.
Adjuvants suitable for use 1n amimals include, but are not
limited to, Freund’s complete or incomplete adjuvants,
Sigma Adjuvant System (SAS), and Rib1 adjuvants. Adju-
vants suitable for use 1n humans include, but are not limited
to, MF39 (an oil-in-water emulsion adjuvant); Montanide
ISA 351 or 720 (a mineral oil-based or metabolizable oil-
based adjuvant); aluminum hydroxide, -phosphate, or -0x-
ide; HAVLOGEN® (an acrylic acid polymer-based adju-
vant, Intervet Inc., Millsboro, Del.); polyacrylic acids; o1l-
in-water or water-in-oil emulsion based on, for example a
mineral o1l, such as BAYOL™ or MARCOL™ (Esso Impe-
rial O1l Limited, Canada), or a vegetable o1l such as vitamin
E acetate; saponins; and Onchocerca volvulus activation-
associated proteimn-1 (Ov ASP-1) (see US 20060039921,
which 1s incorporated by reference herein for all 1t discloses
regarding Ov ASP-1 adjuvants). However, components with
adjuvant activity are widely known and, generally, any
adjuvant may be utilized that does not adversely interfere
with the eflicacy or safety of the vaccine and/or immuno-
genic composition.

Vaccines and/or immunogenic compositions according to
the various embodiments disclosed herein can be prepared
and/or marketed 1n the form of a liquid, frozen suspension,
or 1n a lyophilized form. Typically, vaccines and/or 1immu-
nogenic compositions prepared according to the present
disclosure contain a pharmaceutically acceptable carrier or
diluent customarily used for such compositions. Carriers
include, but are not limited to, stabilizers, preservatives, and
buflers. Suitable stabilizers are, for example SPGA, Tween
compositions (such as are available from A.G. Scientific,
Inc., San Diego, Calif.), carbohydrates (such as sorbitol,
mannitol, starch, sucrose, dextran, glutamate, or glucose),
proteins (such as dried milk serum, albumin, or casein), or
degradation products thereol. Examples of suitable builers
include alkali metal phosphates. Suitable preservatives
include thimerosal, merthiolate, and gentamicin. Diluents
include water, aqueous bufller (such as bullered saline),
alcohols, and polyols (such as glycerol).

Also disclosed heremn are methods for inducing an
immune response to a MERS-CoV using the disclosed
proteins. Generally, the vaccine and/or immunogenic com-
position may be administered subcutaneously, intradermally,
submucosally, intranasally, or intramuscularly 1n an effective
amount to prevent infection from the MERS-CoV and/or
treat an imnfection from the MERS-CoV. An effective amount
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to prevent infection 1s an amount of immunizing protein that
will induce immunity in the immunized animals against

challenge by a virulent virus such that infection is prevented
or the severity 1s reduced. Immunaity 1s defined herein as the
induction of a significant higher level of protection 1 a
subject after immunization compared to an unimmunized
group. An effective amount to treat an infection 1s an amount
of immunizing protein that induces an appropriate immune
response against MERS-CoV such that severity of the infec-
tion 1s reduced.

Protective immune responses can 1include humoral
immune responses and cellular immune responses. Protec-
tion against MERS-CoV 1s believed to be conferred through
serum antibodies (humoral immune response) directed to the
surface proteins, with mucosal IgA antibodies and cell-
mediated 1mmune responses also playing a role. Cellular
immune responses are useful 1n protection against MERS-
CoV virus infection with CD4+ and CD8+ T cell responses
being particularly important. CD8+ immunity 1s of particu-
lar importance 1n killing virally infected cells.

Additionally, the disclosed proteins and/or immunogenic
compositions can be administered using 1mmunization
schemes known by persons of ordinary skill 1in the art to
induce protective immune responses. These include a single
immunization or multiple immunizations 1n a prime-boost
strategy. A boosting immunization can be administered at a
time after the mitial, prime, immunization that i1s days,
weeks, months, or even years after the prime immunization.
In certain embodiments, a boost immunization 1s adminis-
tered 2 weeks, 1 month, 2, months, 3 months, 4 months, 5
months, or 6 months or more after the initial prime 1mmu-
nization. Additional multiple boost immunizations can be
administered such as weekly, every other week, monthly,
every other month, every third month, or more. In other
embodiments, the boost immunization 1s administered every
3 weeks, every 4 weeks, every 5 weeks, every 6 weeks,
every 7 weeks, every 8 weeks, every 9 weeks, every 10
weeks, every 11 weeks, or every 12 weeks. In certain
embodiments, boosting immunizations can continue until a
protective anti-MERS-CoV antibody fiter 1s seen in the
subject’s serum. In certain embodiments, a subject 1s given
one boost immunization, two boost immunizations, three
boost immunizations, or four or more boost immunizations,
as needed to obtain a protective antibody ftiter. In other
embodiments, the adjuvant 1n the initial prime immunization
and the adjuvant 1n the boost immunizations are diflerent.

Further, in various formulations of the proteins and/or
immunogenic compositions, suitable excipients, stabilizers,
and the like may be added as are known by persons of
ordinary skill 1n the art.

The disclosed proteins, immunogenic compositions, and
methods may be used to prevent MERS-CoV virus infection
in a subject susceptible thereto such as, but not limited to, a
human, a primate, a domesticated animal, an animal 1n the
wild, or a bird.

EXAMPLES

Example 1

Materials and Methods

Construction, Expression, and Purification of Recombi-
nant Proteins.

The construction, expression, and purification of the
recombinant protein fused with Fc (8350-588-Fc¢, S358-588-
Fc, S367-588-Fc, S367-606-Fc, S377-588-Fc, and S377-

662-Fc) were done as follows. Brietly, genes encoding
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residues 350-588, 358-588, 367-588, 367-606, 377-388, or
377-662 of MERS-CoV S protein were amplified by PCR
using synthesized codon-optimized MERS-CoV S
sequences (GenBank: AFS88936.1) as the template. These
fragments were then digested by EcoRI and BgllI restriction

enzymes and inserted into the pFUSE-hlgG1-Fc2 expres-
s1on vector (hereinafter named Fc). The sequence-confirmed

recombinant plasmids were respectively transfected into
2937 cells which had been seeded 24 hr before transfection,

followed by replacing culture medium with serum-iree
DMEM 8-10 hr later, and collection of supernatant contain-

ing expressed protein 72 hr post-transiection. The recombi-
nant S350-588-Fc, S358-588-Fc¢, S367-588-Fc, S367-606-
Fc, S377-588-Fc, and S377-662-Fc proteins were then
purified by Protein A aflinity chromatography.

SDS-PAGE and Western Blot.

The purified proteins were analyzed by SDS-PAGE and
Western blot. Briefly, the proteins were either boiled at 95°
C. for 5 min or not boiled, and separated by 10% Tris-
Glycine gel. The proteins were then stained with Coomassie

Blue or transferred to nitrocellulose membranes for Western
blot analysis. After blocking with 5% non-fat milk in PBST
overnight at 4° C., the blots were incubated for 1 hr at room
temperature with MERS-CoV S1-specific polyclonal anti-
bodies (1:1,000). After three washes, the blots were then
incubated with horseradish peroxidase (HRP)-conjugated
goat anti-mouse 1gG (1:5,000) for 1 hr at room temperature.
Signals were visualized with ECL Western blot substrate
reagents and Amersham Hyperfilm.
Mouse Immunization and Sample Collection.

Mice were prime-immunized s.c. with 10 pg/mouse of
recombinant S350-588-Fc, S358-588-Fc, S367-58%-Fc,

S367-606-Fc, S377-588-Fc¢, or S377-662-Fc protein formu-
lated with Montanide ISA 31 adjuvant, or 1.n. with 10
ug/mouse of recombinant S377-662-Fc formulated with
poly(I:C) adjuvant. Both groups were boosted with 10
ug/mouse of the same immunogen and adjuvant at 3-week
intervals. Sera were collected at 10 days post-last immuni-
zation to detect MERS-CoV S1-specific IgG antibodies and
neutralizing antibodies.

ELISA.

Collected mouse sera were analyzed for MERS-CoV or
SARS-CoV S-specific antibody responses by ELISA.
Briefly, 96-well ELISA plates were respectively precoated
with recombinant proteins overnight at 4° C. and blocked
with 2% non-fat milk for 2 hr at 37° C. Senially diluted
mouse sera or monoclonal antibodies (mAbs) were added to
the plates and incubated at 37° C. for 1 hr, followed by four
washes. Bound antibodies were incubated with HRP-conju-
gated goat anti-mouse 1gG (1:2,000) for 1 hr at 37° C. The
reaction was visualized by substrate 3,3'.5,5' -tetramethyl-
benzidine (TMB) and stopped by 1 N H,SO,. The absor-
bance at 450 nm (A450) was measured by ELISA plate
reader.

Live Virus-Based Neutralization Assay.

Neutralizing antibody titers of mouse sera against infec-
tion by live MERS-CoV or SARS-CoV were further
detected as described below. Brietly, serial 2-fold dilutions
of mouse sera or mAbs were 1cubated with 100 TCID.,
(50% t1ssue culture infective dose) of MERS-CoV or SARS-
CoV for 1 hr at 37° C. prior to addition to a monolayer of
tetal rhesus monkey kidney (FRhK4) cells for SARS-CoV
and Vero E6 cells for MERS-CoV 1n triplicate. Virus super-
natant was removed and replaced with fresh medium after 1
hr of culture at 37° C. The cytopathic effect (CPE) 1n each
well was observed daily and recorded on day 3 post-
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infection. The neutralizing titers of mouse antisera that
completely prevented CPE 1n 50% of the wells (NT,) were
calculated.

Pseudovirus-Based Neutralization Assay.

An MERS-CoV pseudovirus neutralization assay was
also established for detection of neutralizing activity
induced by MERS-CoV RBD-Fc protein-immunized mouse
sera against MERS-CoV infection. Brefly, a plasmid
expressing codon-optimized MERS-CoV (hCoV-EMC,
GenBank: AFS88936.1) genes was cotransiected with a
plasmid encoding Env-defective, luciferase-expressing
HIV-1 genome (pNL4-3.1uc.RE) mto 2937T cells to collect
pseudovirus 1n supernatants. Pseudovirus-containing super-
natant was incubated with serially diluted mouse sera at 37°

C. for 1 hr before adding to the target Huh-7 cells. Fresh
medium was added 24 hr later, and the culture was continued

for 72 hr. Cells were lysed by cell lysis buil

er and transferred
to 96-well luminometer plates. Luciferase substrate was
added, and relative luciferase activity was determined by
Ultra 384 luminometer. The neutralization of MERS-CoV S
pseudovirus was presented as NT.,.

Results

MERS-CoV S protein was expressed and 1ts reactivity
was tested with a variety of SARS-CoV S protein-specific
monoclonal antibodies (mAbs) including 24HS, 31HI12,
35B5, 33G4, 19B2, 17H9, S40, S50, S20, S38, S53, S44,
and S29 (He, et al., J. Immunol. 174:4908-15, 2005; He, et
al., Vaccine 24:5498-508, 2006, which are incorporated by
reference herein for all they disclose regarding SARS-CoV
S protein-specific MAbs). An antibody to the HA1 domain
of influenza H5N1 wvirus, HA-7, was used as a control.
Purified S377-662-Fc protein was expressed in soluble
forms 1n the culture supernatant of transiected 293T cells,
maintaining high expression with good purity (FIG. 2, lett).
This protein could be recognized by MERS-CoV S1-specific
polyclonal antibodies, as detected by Western blot (FIG. 2,
right). The expressed S377-662-Fc has a lower OD430 value
(most antibodies have an OD450 value less 0.2) when tested
by ELISA using 5-specific SARS mAbs, with similar reac-
tivity to the control HA-7 mAb (FIG. 3). These data suggest
that S377-662-Fc 1s highly specific to the S protein of
MERS-CoV, and that 1t maintains lower or no cross-reac-
tivity with the majority of SARS-CoV S-specific mAbs.

Next, the ability of expressed MERS-CoV S377-662-Fc
protein to mduce antibody responses, particularly neutraliz-
ing antibodies, was tested, and the ability of S377-662-Fc to
clicit cross-reactivity and cross-neutralizing activity with

SARS-CoV was evaluated. Mice were immunized with
MERS-CoV 8377-662-Fc, and then mouse sera were col-

lected for the detection. MERS-CoV S377-662-Fc induced
IgG antibodies against the S protein of MERS-CoV after the
2”4 dose of immunogenic composition, which was con-
firmed by coating of the ELISA plates with an MERS-CoV
S-specific protein not fused to Fc (MERS-CoV S377-662)
(FIG. 4A). The MERS-CoV S-specific antibodies have low
or no reactivity with a recombinant RBD protein of SARS-
CoV used 1 development of a subunit SARS candidate
vaccine (FIG. 4A). Nevertheless, the anti-MERS-CoV-S
antibodies could neutralize live MERS-CoV 1infection 1n cell
cultures 1n vitro, as detected by a MERS-CoV neutralization
assay (FIG. 4B). However, the ability of the MERS-CoV
S-specific antibodies to neutralize live SARS-CoV 1nfection
1s very low (<<1:40). The above data suggest that MERS-
CoV has low to no cross-reactivity and cross-neutralizing
activity with SARS-CoV.

The systemic and mucosal immune responses induced by

MERS-CoV RBD-Fc¢ protein were further evaluated by
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immunizing mice with S377-662-Fc¢ protein via the 1.n. and
s.c. immunization routes, and then detecting MERS-CoV
S-specific IgG and IgA antibodies 1n immunized mouse sera
and lung wash (FIG. 5). Indeed, sera from mice immunized
via both administration routes could bind specifically to
MERS-CoV S1-His protein, with the 1.n. pathway inducing
strong systemic humoral IgG antibody response similar to
that of s.c. immunization (FIG. 6A). In addition, like the s.c.
route, 1.n. immunization with S377-662-Fc was able to
stimulate long-term humoral 1mmune responses in immu-
nized mice through multiple boost immunizations, capable

ol maintaining protection for at least 6 months during the
detection period (FIG. 6B). Furthermore, MERS-CoV
S1-specific IgG1l (Th2-associated) and I1gG2a (‘Thl-associ-

ated) antibody responses induced by the 1.n. pathway were

similar to those by the s.c. immumzation (P>0.05), with a
relatively higher level of Ig(G2a ('Thl-associated) than 1gG1
(Th2-associated) antibody against MERS-CoV S1 protein
(FIG. 7), suggesting that MERS-CoV S5377-662-Fc induced
a slightly biased Thl-associated antibody response. Impor-
tantly, the 1.n. immunization pathway induced similarly high
level of IgA antibody to the s.c. route with equally strong
neutralizing antibody responses against MERS-CoV in
immunized mouse sera (P>0.05) (FIGS. 8B and 9A), but
with a significantly higher level of IgA antibody with
neutralizing activity than the s.c. route in mouse lungs
(FIGS. 8A and 9B), indicating the ability of MERS-CoV
S377-662-Fc protein in the induction of strong local
mucosal immune response.

Structural analysis of MERS-CoV RBD alone or com-
plexed with 1ts receptor DPP4 has identified residues 367/ -
588 or 367-606 of MERS-CoV S1 subunit as the essential
RBD (FIG. 10A). To identify the CND 1n the RBD of
MERS-CoV that potentially induces the highest neutralizing
antibody response, five additional recombinant proteins
were constructed based on the structure-defined RBD of
MERS-CoV (FIG. 10B), and these proteins were evaluated
for their receptor-binding, antibody responses, and neutral-
ization activity in immunized amimals. As shown i FIG.
11A, all five RBD-Fc proteins, namely S350-588-Fc, S358-
588-Fc, S367-588-F¢, S377-388-Fc, and S367-606-Fc, were
expressed 1n a mammalian cell expression system at similar
expression levels as S377-662-Fc. These proteins are
capable of forming suitable conformational structures, hav-
ing the molecular weight of non-boiled proteins 1-fold
higher than that of the boiled proteins, and being recognized
by MERS-CoV S1-specific antibodies (FIG. 11B), suggest-
ing the high specificity of these proteins to MERS-CoV. In
addition, all proteins bound well to the cellular-associated
DPP4 receptor, with two clear bands (corresponding to the
s1ze of DPP4 or respective MERS-CoV RBD-Fc monomers)
being detected 1n protein-Huh-7 cell co-immunoprecipitated
samples, which reacted strongly with anti-DPP4 and anti-
MERS-CoV S1 (FIG 12A). The ability of these MERS-CoV
RBD-Fc¢ protemns 1n the binding to sDPP4 1s notably difler-
ent, with S367-588-Fc, S338-588-Fc, and S377-588-Fc
maintaining higher binding athnity than S377-662-Fc, S367/-
606-Fc, and S350-388-Fc. As expected, a control protein
hlgG-F¢ had no binding with sDPP4 (FIG. 12B). The
comparison of the humoral immune response 1n immunized
mice indicates that S367-588-Fc, S377-588-Fc¢, and S377-
662-Fc were able to induce higher levels of I1gG antibody
than S350-588-Fc, S358-588-Fc, and S367-606-Fc (FIGS.
13A and 13B), while S367-588-Fc¢ potentially induced the
highest titer of IgG2a subtype specific to the S1 of MERS-
CoV (FIG. 14). More importantly, S377-588-Fc¢ elicited the
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highest neutralizing antibody response among the tested
RBD-Fc proteins against MERS-CoV 1nfection (FIG. 15).

The produced MERS pseudovirus was able to efliciently
infect a variety of target cells, including DPP4-expressing
Huh-7, FRhK-4, MDCK, Vero, Vero E6, HEP-G2, A549,
and Caco-2. The infection of MERS pseudovirus in target
Huh-7 cells was significantly inhibited by antisera from
mice immunized with MERS-CoV RBD-Fc proteins, such
as the S377-3588-Fc protein.

The S377-388-Fc protein was further characterized and
cvaluated for the potential as a therapeutic agent against
MERS-CoV mfection. Antisera from S377-588-Fc immu-
nized mice can eflectively block MERS-CoV RBD binding
the DPP4 receptor, while control sera from PBS-immunized
mice did not show any signs ol inhibiting binding of
S377-588 to DPP4-expressing Huh-7 cells (FIG. 16). The
cross-linker analysis of the conformation of the S377-388-
Fc indicates that this protein was able to form dimeric or
tetrameric conformational structures (FIG. 17, left), which
was confirmed by MERS-CoV S1-specific antibodies (FIG.
17, rnight). Importantly, the S377-388-Fc protein showed
high ability to eflectively inhibit MERS-CoV replication in
the highly permissive human bronchial epithelial Calu-3
cells that express MERS-CoV’s receptor DPP4, with the
concentration as low as ~3 ug/ml imnhibiting over 50% CPE
formation caused by MERS-CoV nfection (FIG. 18). These
results suggest the use of S377-588-Fc as an important
therapeutic agent against infections from MERS-CoV.

In conclusion, disclosed herein are recombinant proteins
containing RBD fragments of MERS-CoV S1, a novel
critical neutralizing domain of a new human coronavirus,
MERS-CoV. These recombinant proteins, based on different
fragments of RBD of MERS-CoV S protein linked to human
IgG Fc, induced potent neutralizing antibodies against infec-
tion by MERS-CoV. Previous studies on S protein-based
SARS vaccines have revealed that the mean neutralizing
antibody titers as low as 1:284 could protect vaccinated
ammals against SARS-CoV challenge, suggesting that the
expressed recombinant MERS-CoV RBD-Fc proteins have
a great potential to be developed as a safe and eflective
vaccine and therapeutic agent against MERS-CoV infection.

The current study revealed low to no cross-reactivity and
cross-neutralizing activity of MERS-CoV with SARS-CoV,
suggesting that MERS-CoV has different mechanisms of
infection, including using diflerent receptors to infect cells.

Example 2

Viral subunit vaccines often contain immunodominant
non-neutralizing epitopes that divert host 1mmune
responses. These epitopes should be eliminated 1n vaccine
design, but there i1s no reliable method for evaluating an
epitope’s capacity to elicit neutralizing immune responses.
Here we introduce a new concept “neutralizing immunoge-
nicity index” (NII) to evaluate an epitope’s neutralizing
immunogenicity. To determine the NII, we mask the epitope
with a glycan probe and then assess the epitope’s contribu-
tion to the vaccine’s overall neutralizing immunogenicity.
As proof-of-concept we measure the NII for different
epitopes on an immunogen comprised of the receptor-
binding domain from MERS coronavirus (MERS-CoV).
Further, we design a variant form of this vaccine by masking
an epitope that has a negative NII. This engineered vaccine
demonstrate significantly enhanced eflicacy in protecting
transgenic mice from lethal MERS-CoV challenge.

A major goal of viral subunit vaccine development 1s to
rationally design immunogens that can elicit strong neutral-
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1zing 1mmune responses in hosts. The receptor-binding
domains (RBDs) of virus surface spike proteins are the
prime candidates for subunit vaccine design because they
contain epitopes that can trigger strong immune responses.
In addition, viral RBDs play essential roles 1n viral infection
cycles by binding to their host receptor for viral attachment.
Thus, part of the host immune responses elicited by viral
RBDs can target the receptor-binding region and thereby
neutralize viral entry into host cells. Rational design of viral
subunit vaccines aims to focus the immune responses on
neutralizing epitopes through masking or deletion of 1mmu-
nodominant non-neutralizing epitopes.

A critical gap i subunit vaccine design 1s the lack of an
cllective way to evaluate an epitope’s neutralizing 1mmu-
nogenicity (1.e., 1ts capacity to elicit neutralizing immune
responses). There have been extensive eflorts to predict
epitopes’ immunogenicity based on the physical and chemi-
cal properties of the epitopes. However, these methods are
not designed to predict epitopes’ “neutralizing” immunoge-
nicity, which holds the key for subumt vaccine design.
Although some experimental methods are available to mea-
sure the neutralizing immunogenicity of linear epitopes by
taking linear peptides out of the context of proteins, these
methods do not work for conformational epitopes, which are
prevalent on RBD-based viral vaccines.

RBD-based coronavirus vaccines have been extensively
pursued due to the threat that coronaviruses pose to human
health. Coronaviruses are enveloped and positive-stranded
RNA viruses. In 2002-2003, SARS coronavirus (SARS-
CoV) mfected over 8000 people with ~10% {fatality rate.
Since 2012, MERS coronavirus (MERS-CoV) has infected
about 1700 people with ~36% fatality rate. The RBDs from
SARS-CoV and MERS-CoV both contain a core structure
and a receptor-binding motif (RBM). Their core structures
are highly similar, but their RBMs are markedly different,
leading to different receptor specificity: SARS-CoV recog-

nizes angiotensin- convertmg enzyme 2 (ACE2), whereas
MERS-CoV recognizes dipeptidyl peptidase 4 (DPP4). Both

SARS-CoV and MERS-CoV RBDs are capable of eliciting
strong neutralizing antibody responses. On one hand,
because of the enriched neutralizing epitopes 1n their RBM
and their high-yvield expression as recombinant proteins,
coronavirus RBDs are promising subunit vaccine candi-
dates. Moreover, because of their relatively simple struc-
tures compared to the intact spike proteins, coronavirus
RBDs provide an excellent model system for structure-based
subunit vaccine design. On the other hand, recently deter-
mined cryo-EM structures of coronavirus spike proteins
revealed that whereas the RBM of coronavirus RBDs 1s
accessible, large surface areas of the RBD core structure are
buried 1n the full-length spike proteins. Thus, when these
previously buried areas on the surface of the RBD core
become exposed 1n recombinant RBD vaccines, they likely
contain i1mmunodominant non-neutralizing epitopes that
divert host immune responses. Therefore, coronavirus RBDs
both hold promises and present challenges for vaccine
development. It 1s critical to evaluate the neutralizing 1immu-
nogenicity of diflerent epitopes on coronavirus RBDs, such
that 1mmunodominant neutralizing and non-neutralizing

epitopes can be preserved and eliminated, respectively.
Materials and Methods

Animals.

6-8 week female BAILB/c mice and 4-month female
human-DPP4-transgenic mice were used 1n the study. The
animal studies were carried out in strict accordance with the
recommendations 1n the Guide for the Care and Use of

Laboratory Amimals of the National Institutes of Health. The
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amimal protocols were approved by the Committee on the
Ethics of Animal Experiments of the New York Blood
Center (Permit Number: 194.17) and Beijing Institute of
Microbiology and Epidemiology (Permit Number: PMB15-
0012).

Cell Lines.
HEK293T (human embryonic kidney) and Vero E6 (mon-
key kidney) cells were obtained from American Type Cul-
ture Collection. Huh-7 (human hepatoma) cells were kindly
provided by Dr. Charles M. Rice at Rockefeller University.
These cell lines were cultured 1n Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 100 umits/mL penicillin,
and 100 ug/mL streptomycin. SI9 insect cells were pur-
chased from Life Technologies Inc., and cultured 1n S1-900
III SFM medium supplemented with 100 units/mL penicillin
and 100 ug/mL streptomycin.

Expression and Purification of Recombinant Proteins.

The expression and purification of recombinant MERS-

CoV RBD was carried out as previously described (Ma C, et
al., Vaccine 32:6170-6176, 2014). Brietly, wild type (WT)

RBD (residues 377-588; GenBank accession number:
AFS88936.1) contalnmg a C-terminal human IgG1l Fc tag
was expressed mn HEK293T cells, secreted into the cell
culture supernatant, and purified by protein A aflinity chro-
matography. Mutant RBD fragments containing engineered
glycan probes were constructed via site-directed mutagen-
es1s, and expressed and purified 1n the same way as the wild
type RBD.

The expression and purification of recombinant human
DPP4 was carried out as previously described (Yang Y, et al.,
Proc Natl Acad Sci USA 111:12316-12521, 2014). Brietly,
human DPP4 ectodomain (residues 39-766; GenBank acces-
sion no. NP_001926.2) containing an N-terminal human
CD5 signal peptide and a C-terminal His6 tag was expressed
in 1sect s19 cells using the Bac-to-Bac expression system,
secreted to cell culture medium, and purified sequentially on
HiTrap nickel chelating HP column and Superdex 200 gel
filtration column.

SDS Gel Electrophoresis.

5 ug wild type or mutant MERS-CoV RBDs were sub-
jected to SDS gel electrophoresis under denatured condition.
Protein bands were stained using Coomassie Brilliant Blue
R, and mmage captured using myECL Imager (Life Tech-
nologies Inc.).

Mass Spectrometry.
Wild type or mutant MERS-CoV RBDs at 100 uM

concentration in 20 mM Tris-Cl, pH 7.4, 200 mM NaCl was
ultrafiltrated with deionized water five times using an Ami-
con Ultra Centrifugal filter with a 10 kDa molecular weight
cutofl. The desalted protein samples were subjected to
MALDI-TOF Mass Spectrometry. Mass Spectrometry was
performed 1n linear mode for molecular weight screening.

AlphaScreen Protein-Protein Binding Assay.

Binding between recombinant MERS-CoV RBDs and
recombinant human DPP4 was measured using an
AlphaScreen assay as previously described (Ma et al.,
2014). Brietly, 3 nM wild type or mutant MERS-CoV RBD
with a C-terminal Fc tag was incubated with 300 nM human
DPP4 with a C-terminal His6 tag at room temperature for 1
hr. AlphaScreen protein A acceptor beads and nickel chelate
donor beads (PerkinElmer Life Sciences) were added to the
mixture at a final concentration of 5 ug/ml each. After
incubation at room temperature for 1 hr, the AlphaScreen
signal was measured using an EnSpire plate reader (Perki-
nElmer Life Sciences), reflecting the binding afhinity
between the two proteins.
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FACS.

The binding between recombinant MERS-CoV RBDs and
human DPP4 expressed on the Huh-7 cell surface was
measured using fluorescence-activated cell sorting (FACS)
as previously described (Du L, et al., J Virol 87:9939-9942,
2013). Briefly, Huh-7 cells were incubated with wild type or
mutant MERS-CoV RBD (1.25 ug/ml) at room temperature
for 30 min, followed by addition of FITC-conjugated anti-
human-IgG-Fc¢ polyclonal antibody (1:50 dilution) for 30
min. The amounts of RBD-bound Huh-7 cells were mea-
sured using tlow cytometry, and the binding aflinity between
RBD and cell-surface DPP4 was characterized as median
fluorescence intensity (MFI).

Animal Immunization and Sample Collection.

Animal immunization and sample collection were carried
out as previously described (Ma et al., 2014). Briefly,
BALB/c mice were subcutaneously immunized with wild
type or mutant MERS-CoV RBD (10 ug/mouse) in the
presence of Montanide ISAS1 adjuvant. PBS plus Monta-
nide ISAS1 was included as a negative control. Immunized
mice were boosted twice with the same immunogen and
adjuvant at a 3-week interval, and sera were collected 10
days after the last immunization for detection of neutralizing
antibodies.

ELISA.

The binding between recombinant MERS-CoV RBD and
neutralizing mAbs was measured using ELISA as previously
described (Du L, et al., J Virol 88:7045-7053, 2014). Brietly,
ELISA plates were pre-coated with the same amount of wild
type or mutant RBD (1 ug/ml) overnight at 4° C. After
blocking with 2% non-fat milk at 37° C. for 2 hr, serially
diluted mAbs were added to the plates and incubated at 37°
C. for 1 hr. After washes, the plates were incubated at 37° C.
for 1 hr with horseradish-peroxidase-conjugated anti-hu-
man-IgG-Fab polyclonal antibody (1:5,000 dilution). Enzy-
matic reaction was carried out using substrate 3,3'.5,5'-
tetramethylbenzidine and stopped with 1IN H,SO,.
Absorbance at 450 nm (A450) was measured using ELISA
Plate Reader.

The competition between neutralizing mAbs and mutant-
RBD-1induced mouse serum for the binding of wild type
MERS-CoV RBD was carried out using ELISA as described
above, except that the binding between wild type RBD and
the neutralizing mAb (hMS-1 or m336-Fab at 5 ug/ml
concentration) was performed 1n the presence of serially
diluted mouse serum (T379N-RBD-induced, wild-type-
RBD-induced, or PBS-induced). The RBD-mAb binding
was detected by addition of horseradish-peroxidase-conju-
gated anti-human-IgG-Fab polyclonal antibody (1:5,000
dilution) and subsequent enzymatic reaction.

Live MERS-CoV Neutralization Assay.

A micro-neutralization assay was carried out to test neu-
tralizing antibodies against live MERS-CoV as previously
described (Du et al., 2014). Briefly, senally diluted mouse
sera were incubated at room temperature for 1 hr with ~100
infectious MERS-CoV virions (EMC-2012 strain), and were
then incubated with Vero E6 cells at 37° C. for 72 hr. The
neutralizing capability of the mouse sera was measured by
determining the presence or absence of virus-induced cyto-
pathic effect (CPE). Neutralizing antibody ftiters were
expressed as the reciprocal of the highest dilution of sera that
completely mnhibited virus-induced CPE 1n at least 50% of
the wells (NT,).

MERS-CoV Challenge Studies.

MERS-CoV challenge studies were carried out using
human-DPP4-transgenic mice as previously described

(Zhao G, et al., PLoS One 10:€¢0145561, 2015). Briefly, mice
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were mtramuscularly immunized with wild type or mutant
MERS-CoV RBD (5 ug/mouse) in the presence of alumi-
num adjuvant, and boosted once 4 weeks after the nitial

immunization. 12 weeks after the second immunization,
mice were challenged with MERS-CoV (EMC-2012 strain,

10* TCID.,), and observed for 21 days for detection of
survival rate and weight changes.

Statistical Analyses.

In FIG. 19C-D, comparisons between W1 RBD and each
of the mutant RBDs 1n their binding to recombinant DPP4
by AlphaScreen (FIG. 19C) or to cell-surface DPP4 by
FACS (FIG. 19D) were done using two-tailed t-test (*%%*:
P<0.001; 3 measurements for each RBD in FIGS. 19C and
4 measurements for each RBD 1n FIG. 19D).

In FIG. 20A-D, nonlinear regression was performed using,
a log(inhibitor) vs. normalized response-variable slope
model. R2 of curve fit 1s larger than 0.97 for all curves in
FIG. 20A-D, except for the curve representing R511/E513
mutant RBD 1n FIG. 20A where R2 of curve fit 1s 0.194.
Comparisons between WT RBD and each of the four mutant
RBDs 1n their binding athnity to mAbs by ELISA were done
using the extra sum-of-squares F test (***:. P<t0.001; 12
different dilutions of each mAb, 4 measurements at each

dilution for each mAb).

In FIG. 21A, comparisons between W'T RBD and each of
the mutant RBDs 1n their capacity to induce neutralizing
serum 1n mice were done using two-tailed t-test (*: P<0.05;
4 measurements for each RBD).

In FIG. 22, nonlinear regression was performed using a
log(inhibitor) vs. normalized response-variable slope model.
R2 of curve fit 1s larger than 0.98 for all curves 1in FIG. 22.
Comparisons between WT-RBD-1nduced serum and TS579N-
RBD-1induced serum 1n their mhibition of RBD/mADb bind-
ing by ELISA were done using the extra sum-of-squares F
test (***: P<0.001; 4 different dilutions of each serum, 4
measurements at each dilution for each serum).

All statistical analyses were performed using GraphPad
Prism 6 soitware.

Results

Introduction of Glycan Probes onto
CoV RBD.

To evaluate the neutralizing immunogenicity ol a specific
epitope on viral RBD vaccines, we can either delete or mask
the epltope and then measure the corresponding changes n
the wvaccine’s capacity to elicit neutralizing immune
responses. Alanine scanning of vaccine-surface residues
likely leads to changes 1n the vaccine’s overall immunoge-
nicity that are too subtle to be measurable using currently
available experimental methods, while deletion of a whole
epitope may disturb the tertiary structure of the viral RBD.
Instead, 1n this study we chose to mask the epitope of interest
using a host-cell-derived glycan probe. This approach 1s
ellective and convenient because the glycan probe can
impose steric interference for the access of antibodies and
immune cells to the epitope, and also because the glycan
probe 1s unlikely to interfere with the folding and solubility
of the RBD. To place the glycan probe on an epitope, we
introduced the N-linked glycosylation motif, asparagine-X-
threonine (where X 1s any amino acid other than proline),
onto different epitopes on viral RBD vaccines using site-
directed mutagenesis.

As proof-of-concept, we chose to study several epitopes
on the MERS-CoV RBD vaccine. The Fc-tagged RBD
fragment containing residues from 377 to 588 was selected
in this study because we previously showed that this frag-
ment 15 a stable and eflective vaccine candidate (see

Example 1). Four distinct epitopes on this MERS-CoV RBD

Epitopes on MERS-
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fragment were selected based on their location on the RBD
surface and their possible functional role i receptor bind-
ing: (1) Arg511 (located on a protruding loop and in the
receptor-binding motif (RBM) region); (11) Ala562 (located
on a [3-strand and in the RBM region); (111) Val403 (located
on a PB-strand and in the core region); (1v) Thr579 (located
on a protruding loop and 1n the core region) (FIG. 19A-B).
Based on the three-dimensional protrusion index map, the
epitopes containing Arg511 and Thr579 both have a high
protrusion index, whereas the epitopes containing Ala562
and Val403 both have a low protrusion index.

We introduced a glycan probe onto each of the above four
epitopes on MERS-CoV RBD. To this end, we introduced
single mutations V403N, T579N and A562N to pair with the
already existent Thr4035, Thr381 and Thr364, respectively, to
generate three N-linked glycosylation sites. We also 1ntro-
duced double mutations R311N/E513T to generate the
fourth N-linked glycosylation site. Each of these glycosy-
lation sites was located in an mdividual MERS-CoV RBD
fragment. We expressed and purified each of the four mutant
RBDs 1n mammalian cells.

Characterization of RBDs Containing Engineered Glycan
Probes.

To test whether each of the above four epitopes on
MERS-CoV RBD was actually glycosylated, we performed
both SDS gel electrophoresis and mass spectrometry. Com-
pared with the wild type RBD, each of the mutant RBDs
exhibited a slower electrophoretic mobility on the gel,
consistent with additional glycosylation. Mass spectrometry
revealed that the molecular weights of the mutant RBDs
were ~1 to 2 kDa larger than that of the wild type RBD,
which was also consistent with an introduced glycan probe
in each of the mutant RBDs. For each of the purified mutant
RBD samples, there was no visible presence of unglycosy-
lated RBD on the SDS gel or the mass spectrometry spec-
trum. Thus, each of the four epitopes on MERS-CoV RBD
had been successiully glycosylated.

To understand the correlation between the epitopes’ role
in receptor binding and their potential to be recognized by
immune responses, we examined whether these engineered
glycan probes on MERS-CoV RBD interiered with receptor
binding. To this end, we used two alternative approaches.
One approach was an AlphaScreen assay, which analyzed
the mteraction between recombinant RBDs and recombinant
human DPP4 1n solution (FIG. 19C), and the other approach
was FACS, which examined the interaction between recom-
binant RBDs and human DPP4 expressed on the Huh-7 cell
surface (FI1G. 19D). The results from both assays revealed
that the glycan probe located at residue 562 reduced the
binding of the RBD to DPP4, the glycan probe located at
residue 511 reduced the binding of the RBD to DPP4 even
more, and the ones located at residues 403 and 579 had no
impact on DPP4 binding. Structural analysis of the RBD/
DPP4 imteractions suggests that a glycan probe located at
residue 511 would have serious steric clash with DPP4
binding, whereas a glycan probe located at residue 562
would have partial steric interference with DPP4 binding
(FIG. 19B). Glycan probes located at residues 403 and 579
would be too far away from the receptor-binding region to
have any impact on DPP4 binding. Hence, both the bio-
chemical and structural analyses similarly elucidated the
role of each of the glycan probes 1n the binding of the RBD
to DPP4.

To understand the epitopes’ potential to interact with
neutralizing monoclonal antibodies (mAbs), we analyzed
how the engineered glycan probes interfered with the bind-
ing of the RBD to different neutralizing mAbs. We used four
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humanized mAbs (hMS-1, m336-Fab, m337-Fab, and
m338-Fab). All of these mAbs were previously shown to be
highly potent in neutralizing MERS-CoV infection of
human cells. ELISA between each of the RBDs and each of
the mAbs demonstrated that the glycan probe located at
residue 511 abolished the binding of the RBD to hMS-1
(F1G. 20A), reduced the binding of the RBD to m336-Fab
and m337-Fab (FIG. 20B-C), and had no sigmificant impact
on the binding of the RBD to m338-Fab (FIG. 20D). In
contrast, the glycan probes located at the other three resi-
dues, 403, 562 and 579, did not interfere with the binding of
the RBD to any of the mAbs. The binding sites on the RBD
for each of the mAbs were previously characterized through
mutagenesis and/or structural studies. Three of the four
mAbs, hMS-1, m336-Fab and m337-Fab, bind at or near the
epitope containing Arg511, whereas all of the mAbs bind
away Irom the epitopes containing Ala362, Val403, and
Thr579 (FIG. 20E). Overall, among the four selected
epitopes, the epitope contaimng Arg511 played the most
important role i the binding of neutralizing mAbs, and
consequently the glycan probe covering this epitope inter-
fered most with the binding of neutralizing mAbs.

This study thus far has characterized the structural fea-
tures, receptor binding, and neutralizing mAb binding for
four selected RBD epitopes using a glycan probe strategy.
Each of the glycan probes introduced to one of the RBD
epitopes only interfered with the binding of DPP4 or mAbs
that interact with this specific epitope, but had no impact on
the binding of DPP4 or mAbs to distant epitopes. This
observation suggests that each of the glycan probes only
shielded the epitope where the glycan probe was attached to,
but did not affect the structures of other antigenic sites. It 1s
consistent with findings obtained 1n studies on another viral
spike protein, respiratory syncytial (RSV) virus F protein.

Measurement of Neutralizing Immunogenicity of RBD
Epitopes.

To evaluate how the glycan probes altered the neutralizing
immunogenicity (that 1s, the capacity to induce neutralizing
immune responses) of MERS-CoV RBDs, we immunized
BALB/c mice with each of the four RBDs containing one of
the glycan probes. Sera were collected from mice 1immu-
nized with each of the RBDs, and tested for MERS-CoV-
neutralizing antibodies. Compared to the wild type RBD
vaccine, the RBDs containing a glycan probe at residues 579
and 511 induced significantly higher and lower neutralizing
antibody titers, respectively, in mouse sera, whereas the
RBDs containing a glycan probe at residues 403 and 562
failed to induce significant changes in neutralizing antibody
titers 1n mouse sera (FI1G. 21A). Thus, masking the epitope
containing ArgS511 led to reduced neutralizing antibody titers
in the immumzed mice, demonstrating that this epitope
made a positive contribution to the vaccine’s overall neu-
tralizing immunogenicity. Based on the same rationale, the
epitope containing Thr579 made a negative contribution and
the epitopes containing Val403 and Ala562 made mnsignifi-
cant contributions to the vaccine’s overall neutralizing
immunogenicity. The experiments were further repeated
twice and similar results were obtained. These results pro-
vided a qualitative evaluation of the neutralizing immuno-
genicity for each of these epitopes.

Here we itroduce a novel concept “neutralizing immu-
nogenicity imndex” (NII) to describe an epitope’s neutralizing
immunogenicity. NII 1s defined as the contribution of an
epitope to the vaccine’s overall neutralizing immunogenic-
ity. It can be determined by masking the epitope with a
glycan probe and then measuring the relative change of the
vaccine’s overall capacity to elicit neutralizing antibody
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titers (F1G. 21B). Based on this definition, we calculated the
NII for each of the four epitopes on the RBD (FIG. 21C).
The epitope containing Thr579 had an NII of -3.0. The
negative sign of the NII suggests a negative contribution
from this epitope to the vaccine’s overall neutralizing 1mmu-
nogenicity, and the value of the NII implicates that masking
this epitope using a glycan probe increased the vaccine’s
overall neutralizing immunogenicity by three-fold. Con-
versely, the epitope containing Arg511 had an NII of 0.6,
suggesting that this epitope made a positive contribution to
the vaccine’s overall neutralizing immunogenicity and that
masking this epitope using a glycan probe reduced the
vaccine’s overall neutralizing immunogenicity to 60% of
that of the wild type vaccine. Therefore, the NII can serve as
an ellective tool to quantitatively evaluate the neutralizing
immunogenicity of any epitope on the MERS-CoV RBD
vaccine.

To 1nvestigate why masking a negative epitope led to
enhanced neutralizing immunogenicity of the MERS-CoV
RBD vaccine, we performed a competition assay between
neutralizing mAbs and mutant-RBD-induced mouse serum
for the binding of wild type MERS-CoV RBD. More spe-
cifically, ELISA was carried out between a neutralizing mAb
and MERS-CoV RBD 1n the presence of mouse serum
induced by the 579-glycosylated MERS-CoV RBD (FIG.
22A-B). As a comparison, the mouse serum induced by the
wild type MERS-CoV RBD was also included. Two differ-
ent mAbs were used in the competition binding assay:
hMs-1, which binds to the RBM epitope containing Arg511,
and m336-Fab, which binds to the RBM epitope surround-
ing Glu536-Asp539. The result showed that the serum
induced by the 579-glycosylated RBD inhibited the mAb-
RBD binding significantly better than the serum induced by
the wild type RBD, revealing enhanced neutralizing capa-
bility of the mouse serum due to the glycosylation at the 579
position. Moreover, the mouse serum induced by the 579-
glycosylated RBD demonstrated enhanced binding for at
least two separate neutralizing epitopes on the RBM, one
surrounding Arg311 and the other Glu536-Asp539. Thus,
masking an epitope on the RBD core structure with a high
negative NII refocuses the host immune response on neu-
tralizing epitopes on the RBM, leading to enhanced neutral-
1zing immunogenicity of the RBD vaccine.

Rational Design of RBD Vaccine with Enhanced Eflicacy.

To prove that highly effective MERS-CoV RBD vaccines
can be rationally designed based on epitopes’ neutralizing
immunogenicity, we mvestigated the eflicacy of two engi-
neered MERS-CoV RBD vaccines using virus challenge
studies. These engineered RBD vaccines have a negative
epitope (1.€., the epitope containing Thr579 and with an NII
of -3.0) and a positive epitope (1.e., the epitope containing
Arg3511 and with an NII of 0.6) masked, respectively, by a
glycan probe. We chose to mask the epitopes rather than
deleting them or mutating all of their residues to alanines
because introducing a glycan 1s more convenient in practice
and less disruptive to the immunogen’s tertiary structure.
The wild type RBD vaccine was used as a control. The
amimal model for vaccine testing was the lethal transgenic
mouse model expressing human DPP4 (hDPP4-Tg mice).
These mice were chosen for analysis because they are very
susceptible to MERS-CoV and also because preventing
disease 1n these mice 1s a stringent test of etlicacy. Brietly,
hDPP4-Tg mice were immunized with each of the RBD
vaccines and challenged with MERS-CoV, and the survival
rate and weight changes of the mice were recorded.

The eflicacies of the RBD vaccines were evaluated based
on the morbidity and mortality of the immunized and
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challenged mice. First, hDPP4-Tg mice immunized with the
negative-epitope-masked RBD vaccine (1.e., RBD contain-
ing T579N mutation) all survived MERS-CoV challenge
(100% survival rate), whereas hDPP4-Tg mice immunized
with the wild type RBD vaccine and with the positive-
epitope-masked RBD vaccine (1.e., RBD containing RS11N/
E313T mutations) demonstrated survival rates of 67% and
17%, respectively, alter MERS-CoV challenge (FI1G. 23A).
Second, MERS-CoV challenge did not cause any weight
loss in hDPP4-Tg mice mmmunized with the negative-
epitope-masked RBD vaccine, but led to significant weight
loss 1n hDPP4-Tg mice immunized with either the wild type
RBD vaccine or the positive-epitope-masked RBD vaccine
(FIG. 23B). The experiments were further repeated twice
and similar results were obtained. These results revealed the
enhanced eflicacy of the negative-epitope-masked RBD
vaccine and reduced etlicacy of the positive-epitope-masked
RBD vaccine, and demonstrated the utility of NII 1n devel-
oping a vaccine with increased immunogenicity in a strin-
gent model of severe MERS.

Current vaccine design lacks an eflective approach to
evaluate the neutralizing immunogenicity of epitopes on
viral subunit vaccines. In this study, we have developed a
novel approach to measure vaccine epitopes’ neutralizing
immunogenicity. Using the MERS-CoV RBD as a model,
we singly mask selected epitopes using host-derived glycan
probes, and then measure the corresponding changes in the
vaccine’s overall neutralizing immunogenicity. We have
also developed a method for calculating the NII for the
selected epitopes. An epitope’s neutralizing immunogenicity
contains two parts: the neutralization capacity and immu-
nogenicity. On the one hand, an epitope’s neutralizing
capacity 1s determined by the physical overlap of the epitope
with the receptor-binding region and the potential role of the
epitope 1n receptor binding. On the other hand, an epitope’s
immunogenicity 1s determined by 1ts immune seliness (i.e.,
how similar or dissimilar the viral epitope 1s to a host-
originated epitope), protrusion, and other physical and
chemical properties of the epitope. Logically, an epitope’s
NII 1s correlated with a combination of factors such as
immune seliness, protrusion, potential overlap with recep-
tor-binding region, and more. Because of the complex nature
of NII, 1t 1s unlikely that the NII can be reliably predicted by
soltware; instead, this study demonstrates that NII can be
experimentally measured using the glycan probe approach.

As proof-of-concept, we measured the Nil for four distinct
epitopes on the MERS-CoV RBD vaccine, and also char-
acterized the protrusion index, receptor binding, and mono-
clonal antibody binding of the RBDs each with an epitope
masked by a glycan probe. The results revealed that the
epitopes with a high and low protrusion index tend to have
an NII with a high and low absolute value, respectively. In
addition, epitopes within the receptor-binding region tend to
have a positive NII, and the epitopes located outside the
receptor-binding region tend to have a negative NII. We
cannot correlate the immune seliness of epitopes with NII
because there 1s no good method to evaluate the immune
seliness of conformational epitopes. Overall, 1n rational
design of viral subunit vaccines, the epitopes with a high
positive NII should be preserved and exposed, while those
with a high negative NII should be eliminated via deletion
or masking. Indeed, our study has identified an epitope
containing Thr579 as one with a high negative NII on
MERS-CoV RBD. Thr579 is located on a protruding loop
and away from the receptor-binding region, both of which
contribute to 1ts high negative NII. Importantly, Thr379 1s
buried 1nside the full-length coronavirus spike proteins, and
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only becomes exposed on the surface of the recombinant
MERS-CoV RBD vaccine as an outcome of subunit vaccine

design. To overcome this limitation of subunit vaccine

design, the newly exposed epitopes with a high negative NII
need to be masked or deleted.

To apply the NII strategy to vaccine design, we success-

tully enhanced the eficacy of the MERS-CoV RBD vaccine
in virus challenge studies by masking its strong negative
epitope (1.e., the epitope containing Thr379, with an NII of
-3.0) with a glycan probe. This engineered vaccine eflec-
tively protected hDPP4-transgenic mice from a lethal
MERS-CoV i1nfection. Compared with the wild type RBD

vaccine, mice immunized with the engineered RBD vaccine
showed increased neutralizing antibody responses in their
sera; when challenged by MERS-CoV, they also demon-
strated higher survival rate and less weight loss. These
results prove that negative epitopes should be eliminated in
vaccine design. In contrast, another engineered vaccine with
a positive epitope masked (i.e., the epitope containing
ArgS11, with an NII of 0.6) showed reduced eflicacy 1n virus
challenge studies, confirming that positive epitopes should
be preserved and exposed in vaccine design. Taken together,
we validated both the significance and feasibility of the NII
strategy 1n vaccine design by successtully engineering a
variant form of the MERS-CoV RBD vaccine with signifi-
cantly enhanced eflicacy.

Overall, our study contributes to viral subunit vaccine
design 1n the following ways. First, our study introduces a
new concept neutralizing immunogenicity index for the
ecvaluation of how individual epitopes contribute to the
overall neutralizing immunogenicity of subunit vaccines.
Previous studies could not evaluate the neutralizing 1immu-
nogenicity of conformational B-cell epitopes that dominate
coronavirus RBD vaccines. Second, using the NII strategy
our study identified an immunodominant non-neutralizing
epitope on the surface of the MERS-CoV RBD core struc-
ture. This result shows that exposure of previously buried
epitopes on viral subunit vaccines poses a challenge for
subunit vaccine design. This concept may be critical for the
development of many viral RBD-based vaccines. Third, our
study demonstrates that masking an immunodominant non-
neutralizing epitope with a negative NII value on the surface
of the MERS-CoV RBD core structure can shift host
immune responses towards the neutralizing epitopes 1n the
RBM region, providing means to overcome the limitation of
viral subunit vaccines from vaccine design. Previous studies
showed that hypervariable regions on HIV gp120 divert host
immune responses and that masking these regions can shiit
host 1immune responses towards conserved neutralizing
epitopes, providing means to overcome the limitation of
viral subumit vaccines from viral evolution. Fourth, although
the NII strategy was used in the current study to improve the
ellicacy of viral subunit vaccines, 1t can also be potentially
helpful 1n other epitope-based wvaccine research. For
example, previous studies masked or resurfaced non-neu-
tralizing epitopes on viral immunogens, and used the engi-
neered immunogens as baits to screen from neutralizing sera
for monoclonal antibodies that bind to conserved neutraliz-
ing epitopes. It 1s concervable that the NII strategy can help
identily 1mmunodominant non-neutralizing epitopes on
immunogens, allowing more targeted epitope modifications
for etlicient antibody screening. Finally, our study suggests
that a three-dimensional “neutralizing immunogenicity
map” (NIM) can be drawn to describe the distribution of
epitopes with different neutralizing immunogenicity on the
surface of viral subunit vaccines. Such an NIM can guide
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targeted masking of multiple strong negative epitopes, fur-
ther enhancing the ethicacy of viral subunit vaccines.

Unless otherwise indicated, all numbers expressing quan-
tities of ingredients, properties such as molecular weight,
reaction conditions, and so forth used in the specification
and claims are to be understood as being modified 1n all
instances by the term “about.” Accordingly, unless indicated
to the conftrary, the numerical parameters set forth in the
specification and attached claims are approximations that
may vary depending upon the desired properties sought to be
obtained by the present invention. At the very least, and not
as an attempt to limit the application of the doctrine of
equivalents to the scope of the claims, each numerical
parameter should at least be construed 1n light of the number
of reported significant digits and by applying ordinary
rounding techniques. Notwithstanding that the numerical
ranges and parameters setting forth the broad scope of the
invention are approximations, the numerical values set forth
in the specific examples are reported as precisely as possible.
Any numerical value, however, inherently contains certain
errors necessarily resulting from the standard deviation
found 1n their respective testing measurements.

The terms ““a,” “an,” “the” and similar referents used in
the context of describing the invention (especially in the
context of the following claims) are to be construed to cover
both the singular and the plural, unless otherwise indicated
herein or clearly contradicted by context. Recitation of
ranges of values herein 1s merely mntended to serve as a
shorthand method of referring individually to each separate
value falling within the range. Unless otherwise indicated
herein, each individual value 1s incorporated into the speci-
fication as 11 1t were individually recited herein. All methods
described herein can be performed in any suitable order
unless otherwise indicated herein or otherwise clearly con-
tradicted by context. The use of any and all examples, or
exemplary language (e.g., “such as”) provided herein 1is
intended merely to better 1lluminate the invention and does
not pose a limitation on the scope of the mvention otherwise
claiamed. No language in the specification should be con-
strued as indicating any non-claimed element essential to the
practice of the mvention.

Groupings of alternative elements or embodiments of the
invention disclosed herein are not to be construed as limi-
tations. Each group member may be referred to and claimed
individually or 1n any combination with other members of
the group or other elements found herein. It 1s anticipated
that one or more members of a group may be included 1n, or
deleted from, a group for reasons of convenience and/or
patentability. When any such inclusion or deletion occurs,
the specification 1s deemed to contain the group as modified
thus fulfilling the written description of all Markush groups
used 1n the appended claims.

Certain embodiments of this invention are described
herein, including the best mode known to the inventors for
carrying out the invention. Of course, variations on these
described embodiments will become apparent to those of
ordinary skill in the art upon reading the foregoing descrip-
tion. The mventor expects skilled artisans to employ such
variations as appropriate, and the inventors intend for the
invention to be practiced otherwise than specifically
described herein. Accordingly, this mvention includes all
modifications and equivalents of the subject matter recited in
the claims appended hereto as permitted by applicable law.
Moreover, any combination of the above-described elements
in all possible variations thereof 1s encompassed by the
invention unless otherwise indicated herein or otherwise
clearly contradicted by context.
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Specific embodiments disclosed herein may be further
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limited 1n the claims using consisting of or consisting
essentially of language. When used 1n the claims, whether as
filed or added per amendment, the transition term “consist-
ing of” excludes any element, step, or ingredient not speci-
fied 1n the claims. The transition term “consisting essentially
of” limuts t

ne scope of a claim to the specified materials or

nose that do not materially a:
novel characteristic(s). Embodiments of the mmvention so
claimed are inherently or expressly described and enabled
herein.
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tion. Each of the above-cited references and printed publi-
cations are individually incorporated herein by reference 1n

their entirety.

In closing, 1t 1s to be understood that the embodiments of
the invention disclosed herein are illustrative of the prin-
ciples of the present invention. Other modifications that may
be employed are within the scope of the invention. Thus, by
way ol example, but not of limitation, alternative configu-

rations ol the present invention may be utilized in accor-
dance with the teachings herein. Accordingly, the present
invention 1s not limited to that precisely as shown and

described.
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Val

Leu

Cys

525

val

Gly

Ala

Vval

Val

Ser

Val

750

His

Tle

Thr

Phe

Lys

830

Val

Tle

Ser

Leu

ASP

910

Ala

Agn

Val

Gln

Leu
990

Agn

Leu

735

ATrg

Pro

Pro

Ile

Gln

815

Ile

Arg

Pro

Ile

Phe

895

ASpP

Gln

Met

Gly

Ser

975

Ser

Ser
720

Ser

ITle

Thr

Gln

800

Agn

Agn

Gly

Ser

880

ASp

Glu
Trp
560

ITle

Glu

36

Asn Gln Lys Leu Ile Ala Asn

905

Lys
1000

Phe Asn Gln Ala Leu Gly Ala Met
1005

Gln
1020

Phe Thr Thr Thr Glu Ala Phe

1015

Thr
1010

Gln Gly Asn Lys Val Gln

2la Gln Ala Ala

1030

2la Val

1025

ASp Asn Asn Asn Leu Ser Lys Leu Ser

1035

Glu Thr Phe Ala Ile Ala Ser Ile

1050

Leu Ser Asn sSer

1040

Gly
1045

Gly Asp

Ala Gln Ile

1065

Val Glu Gln

1060

Tle Gln

1055

Ile Arg Leu AsSp Leu ASpP Asp

2la Phe Val Ala

1080

Tle Leu Thr Thr Leu Asn

1075

Leu Asn

1070

Arg Gly Arg

Glu Ala Ala Ala Gln

1090

Gln Val

1085

Gln Ser Leu

1095

Leu Arg Ser Ser Leu

Gln
1110

Glu Val Ala

1105

Ala Lys Val Asn Ser

1100

ASpP



37
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-contilnued

Ser Gly Phe Cygs Gly Gln Gly Thr His Ile Val Ser Phe Val Val
1115 1120 1125

Asn Ala Pro Asn Gly Leu Tyr Phe Met His Val Gly Tyr Tyr Pro
1130 1135 1140

Ser Asn His Ile Glu Val Val Ser Ala Tyr Gly Leu Cygs Agsp Ala
1145 1150 1155

Ala Asn Pro Thr Asn Cys Ile Ala Pro Val Asn Gly Tyr Phe Ile
1160 1165 1170

Lys Thr Asn Asn Thr Arg Ile Val Asp Glu Trp Ser Tyr Thr Gly
1175 1180 1185

Ser Ser Phe Tyr Ala Pro Glu Pro Ile Thr Ser Leu Asn Thr Lys
1190 1195 1200

Tyr Val Ala Pro Gln Val Thr Tyr Gln Asn Ile Ser Thr Asn Leu
1205 1210 1215

Pro Pro Pro Leu Leu Gly Asn Ser Thr Gly Ile Asp Phe Gln Asp
1220 1225 1230

Glu Leu Asp Glu Phe Phe Lys Asn Val Ser Thr Ser Ile Pro Asn
1235 1240 1245

Phe Gly Ser Leu Thr Gln Ile Asn Thr Thr Leu Leu Asp Leu Thr
1250 1255 1260

Tyr Glu Met Leu Ser Leu Gln Gln Val Val Lys Ala Leu Asn Glu
1265 1270 1275

ser Tyr Ile Asp Leu Lys Glu Leu Gly Asn Tyr Thr Tyr Tyr Asn
1280 1285 1290

Lys Trp Pro Trp Tyr Ile Trp Leu Gly Phe Ile Ala Gly Leu Val
1295 1300 1305

Ala Leu Ala Leu Cys Val Phe Phe Ile Leu Cys Cys Thr Gly Cys
1310 1315 1320

Gly Thr Asn Cys Met Gly Lys Leu Lys Cys Asn Arg Cys Cys Asp
1325 1330 1335

Arg Tyr Glu Glu Tyr Asp Leu Glu Pro His Lys Val His Val His
1340 1345 1350

<210> SEQ ID NO 2

<211> LENGTH: 286

<212> TYPE: PRT

<213> ORGANISM: MERS coronavirus

<400> SEQUENCE: 2

Gln Ala Glu Gly Val Glu Cys Asp Phe Ser Pro Leu Leu Ser Gly Thr

1 5 10 15

Pro Pro Gln Val Tyr Asn Phe Lys Arg Leu Val Phe Thr Asn Cys Asn

20 25 30
Tyr Asn Leu Thr Lys Leu Leu Ser Leu Phe Ser Val Asn Asp Phe Thr
35 40 45

Cys Ser Gln Ile Ser Pro Ala Ala Ile Ala Ser Asn Cys Tyr Ser Ser
50 55 60

Leu Ile Leu Asp Tyr Phe Ser Tyr Pro Leu Ser Met Lys Ser Asp Leu

65 70 75 80

Ser Val Ser Ser Ala Gly Pro Ile Ser Gln Phe Asn Tyr Lys Gln Ser

85 S50 55
Phe Ser Asn Pro Thr Cys Leu Ile Leu Ala Thr Val Pro His Asn Leu
100 105 110
Thr Thr Ile Thr Lys Pro Leu Lys Tyr Ser Tyr Ile Asn Lys Cys Ser
115 120 125



ATy

Agn

145

ASP

Trp

Met

Gly
225

Phe

ASpP

Leu
130

Gln

Gly

Leu

Gly

Pro

210

Agn

Gln

Ala

Leu

ASP

Val

Phe
195

Agn

Leu
275

Ser

Ser

Ala
180

Gly

Leu

Val

Gln
260

ATrg

Asp

Pro

Tyr

165

Ser

Tle

Glu

Glu

Thr

245

Asn

Ala

<210> SEQ ID NO 3

<211> LENGTH:

<212> TYPE:

<213> ORGANISM: MERS coronavirusg

PRT

<400> SEQUENCE:

Gln Ala Glu Gly

1

Pro

Leu

65

Ser

Phe

Thr

ATrg

Asnh
145

ASp

Trp

Met

Pro

Agn

Ser

50

Ile

Val

Ser

Thr

Leu
130

Gln

Gly

Leu

Gly

Pro

Gln

Leu

35

Gln

Leu

Ser

Agn

Tle
115

Leu

ASP

Val

Phe
195

Val

20

Thr

Tle

ASP

Ser

Pro

100

Thr

Ser

Ser

Ala
180

Gly

Leu

212

3

Ser

2la
g5

Thr

AsSp

Pro

Tvr
165

Ser

ITle

ASP

Cys

150

ATrg

Gly

Thr

Phe

Tyr

230

Ala

Leu

Glu

Asn

Leu

Pro

Phe

70

Gly

Pro

ASpP

Cvs

150

ATrg

Gly

Thr

39

Arg
135

Val

Ser
Val
Ala

215

Ser
Val
Val

Val

Phe
Leu
Ala
55

Ser
Pro
Leu
Leu
Arg

135

Val

Ser

Val

Thr

Ser

Gln

Thr

Gln

200

Agn

Leu

Gly

Gly

Ser
280

ASP

Ser
40

Ala

Tle

Tle

Lys

120

Thr

Ser

Gln

Thr

Gln
200

Glu

Tle

Leu

Val
185

Val
Tyr
265

Val

Phe

25

Leu

Tle

Pro

Ser

Leu
105

Glu

Tle

Leu

Val
185

Val

Val

Ser

170

Ala

Gly

Thr

Gly

Arg

250

Pro

Ser

10

Leu

Phe

2la

Leu

Gln

90

2la

Sexr

Val

Val
Ser
170

2la

Gly

US 11,103,575 B2

Pro

Pro

155

Pro

Met

Thr

Val

235

Gln

Ser

Val

Pro

Val

Ser

Ser

Ser

75

Phe

Thr

Pro

Pro
155

Pro

Met

Thr

-continued

Gln

140

Ser

Leu

Thr

ASpP

ITle

220

Ser

Gln

ASP

Ser

Leu

Phe

Val

AsSn

60

Met

AsSn

Val

Tle

Gln
140

Ser

Leu

Thr

ASDP

Leu

Thr

Glu

Glu

Thr

205

Ala

Gly

Arg

Asp

Vval
285

Leu

Thr

AsSn
45

Pro

Asn
125

Leu

Thr

Glu

Glu

Thr
205

Val

Val

Gly

Gln

120

Agn

Ser

ATrg

Phe

Gly

270

Tle

Ser

Agn
30

ASP

Ser

His

110

Val

Val

Gly

Gln

120

AgSh

Agn

Trp

Gly

175

Leu

Ser

Gln

Gly

Val

255

Agn

Gly

15

Phe

Ser

ASP

Gln

o5

Agn

Agn

Trp

Gly

175

Leu

Ser

Ala

Glu

160

Gly

Gln

Val

Leu

Val
240

Thr

Agn

Thr

Ser

Leu

80

Ser

Leu

Ser

Ala

Glu

160

Gly

Gln

Val

40



210

<210> SEQ ID NO 4

<211> LENGTH:

<212> TYPE:

<213>

PRT

<400> SEQUENCE:

Ser Tyr Glu Ser

1

Phe

Glu

Agn

Leu

655

Pro

Phe

Gly

Pro
145

ASP

ATrg

Gly

Thr
225

Glu

Phe
50

Leu

Ala

Ser

Pro

Leu

130

Leu

ATy

Val

Ser
210

Val

Ala

ASP

35

Ser

Ala

Ile
115

Tle

Thr

Ser

Gln

195

Thr

Gln

Lys

20

Phe

ATrg

Leu

Ile

Pro

100

Ser

Leu

Glu

Tle
180

Leu

Val

239

4

Phe

5

Pro

Ser

Leu

Phe

Ala

85

Leu

Gln

Ala

Ser

Val

165

Vval

Ser

Ala

Gly

<210> SEQ ID NO b5

<211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Ser Gly Val Tyr

1

Val

Ser

Asn

ASpP
655

Val

Gly

Cys

50

Phe

Ser

Glu

Thr

35

Agn

Thr

Ser

Gln
20

Pro

Leu

231

MERS coronavirus

Ser

Ala

Pro

Asn

Ser

Tle

ASP

Ser

Pro

Vval

Ser

70

Ser

Ser

Phe

Thr

Tyr

150

Pro

Pro

Pro

Met

Thr
230

Val

Glu

Gln

Leu

Gln

70

Leu

41

Val
Gly
Leu
Phe
55

Val
Asn
Met
Asn
Val
135
Tle
Gln

Ser

Leu

Thr
215

AsSp

Ser
Gly
Val
Thr
55

Tle

AsSp

ORGANISM: MERS coronavirus

Glu

Ser

Leu

40

Thr

Agn

Tyr

120

Pro

Agn

Leu

Thr

Glu

200

Glu

Thr

Ser

Val

Tyr
40

Ser

Ser

Val

25

Ser

Agn

ASP

Ser
105

His

Val

Val

185

Gly

Gln

ASn

Phe

Glu

25

ASn

Leu

Pro

Phe

Gly
10
Val

Gly

Phe

Ser

50

ASp

Gln

AgSh

Agn
170

Trp

Gly

Leu

Ser

Glu
10

Phe

Leu

Ala

Ser

US 11,103,575 B2

Val

Glu

Thr

Asnh

Thr

75

Ser

Leu

Ser

Leu

Ser

155

Ala

Glu

Gly

Gln

Val
235

Ala

ASpP

Ser

Ala
75

-continued

Gln

Pro

Tvr

60

Leu

Ser

Phe

Thr

140

ATYg

AsSn

ASD

Trp

Met
220

Phe

AYg

Leu

60

Tle

Pro

Ser

Ala

Pro

45

AsSn

Ser

Ile

Vval

Ser

125

Thr

Leu

Gln

Gly

Leu

205

Gly

Pro

Pro

Ser

Leu

45

Phe

Ala

Leu

Val

Glu

30

Gln

Leu

Gln

Leu

Ser

110

Agn

Tle

Leu

ASP
190

Val

Phe

Ser

Pro

30

Val

Ser

Ser

Ser

Ser

15

Gly

Val

Thr

Ile

ASP

55

Ser

Pro

Thr

Ser

Ser

175

2la

Gly

Leu

Gly

15

Leu

Phe

Val

AgSh

Met

Ser

Val

Ala

Thr

ASp
160

Pro

Ser

ITle

Ser

Leu

Thr

Agn

Cys
80

42



Ser

His

Lys

145

Val

Val

Gly

Gln

Agn
225

ASpP

Gln

AgSh

130

Cys

Agn

Trp

Gly

Leu

210

Ser

Leu

Ser

115

Leu

Ser

Ala

Glu

Gly

195

Gln

Val

Ser

100

Phe

Thr

ATg

Agn

ASDP

180

Trp

Met

85

Val

Ser

Thr

Leu

Gln

165

Gly

Leu

Gly

Pro

<210> SEQ ID NO o

<211> LENGTH:

<212> TYPERE:

<213>

PRT

<400> SEQUENCE:

Glu Ala Lys Pro

1

Cys

Phe

Leu

Ala

65

Ser

Pro

Leu

Leu

ATg
145

Val

Ser

Val

ASpP

Ser
50

Ala

Ile

Tle

Lys

130

Thr

Ser

Gln

Thr

Gln
210

Phe
Arg
35

Leu

Tle

Pro

Ser

Leu
115

Glu

Tle

Leu

Val
195

Ser

20

Leu

Phe

Ala

Leu

Gln

100

Ala

Ser

Val

Val

Ser

180

Ala

Gly

222

6

Ser

5

Pro

Vval

Ser

Ser

Ser

85

Phe

Thr

Pro

Pro

165

Pro

Met

Thr

Ser

AsSn

Tle

Leu

150

Tyr

ASpP

Val

Phe

Lys
230

Gly

Leu

Phe

Val

ASh

70

Met

Asn

Val

Tle

Gln

150

Ser

Leu

Thr

ASpP

43

Ser
Pro
Thr
135

Ser

Ser

Ala
Gly
215

Leu

Ser
Leu

Thr

Asn
55

Pro

ASn
135

Leu

Thr

Glu

Glu

Thr
215

2la

Thr

120

ASP

Pro

Ser
200

Ile

ORGANISM: MERS coronavirus

Val

Ser

Agn
40

ASP

Ser

His

120

Val

Val

Gly

Gln

200

Agn

Gly

105

Pro

ASP

ATrg
185
Gly

Thr

Val
Gly

25

Phe

Ser

ASDP

Gln

105

AgSh

Agn

Trp

Gly

185

Leu

Ser

50

Pro

Leu

Leu

Val

170

Ser

Val

Glu

10

Thr

Agn

Thr

Sexr

Leu

90

Ser

Leu

Ser

ala

Glu

170

Gly

Gln

Val

US 11,103,575 B2

ITle

Ile

Thr

155

Ser

Gln

Thr

Gln

Gln

Pro

Leu

75

Ser

Phe

Thr

ATrg

Agnh
155

ASp

Trp

Met

-continued

Ser

Leu

Tyr

140

Glu

ITle

Leu

Val

Tvr
220

Ala

Pro

AsSn

Ser

60

Tle

Val

Ser

Thr

Leu

140

Gln

Gly

Leu

Gly

Pro
220

Gln

Ala

125

Ser

Val

Val

Ser

Ala

205

Gly

Glu

Gln

Leu

45

Gln

Leu

Ser

Asn

ITle

125

Leu

Asp

Val

Phe
205

Phe
110

Thr

Pro

Pro

Pro

120

Met

Thr

Gly

Val

30

Thr

Tle

ASP

Ser

Pro

110

Thr

Ser

Ser

Ala
120

Gly

Leu

55

Agn

Val

Tle

Gln

Ser

175

Leu

Thr

ASP

Val
15

Ser

2la
o5

Thr

ASP

Pro

Tyr
175

Ser

Ile

Pro

Agh

Leu

160

Thr

Glu

Glu

Thr

Glu

Agn

Leu

Pro
Phe
80

Gly

Pro

ASDP

Cys

160

Arg

Gly

Thr

44



<210>
<211>
<212 >
<213>

<400>

PRT

SEQUENCE :

Glu Ala Lys Pro

1

Cys

Phe

Leu

Ala

65

Ser

Pro

Leu

Leu

ATrg

145

Val

Ser

Val

Ala
225

<210>
<211>
<«212>
<213>
<220>
<223 >

<400>

ASpP

Ser
50

2la

Tle

Ile

Lys

130

Thr

Ser

Gln

Thr

Gln

210

Agn

Phe

ATy

35

Leu

Ile

Pro

Ser

Leu

115

Glu

Ile

Leu

Val

195

ASP

Ser

20

Leu

Phe

Ala

Leu

Gln

100

Ala

Ser

Val

Val

Ser

180

Ala

Gly

Thr

PRT

SEQUENCE :

Ser Tyr Glu Ser

1

Phe

Glu

Asn

Leu

65

Pro

Glu

Phe
50

Leu

2la

Ala

ASP
35

Ser

Ala

Lys

20

Phe

ATg

Leu

Tle

SEQ ID NO 7
LENGTH:
TYPE :
ORGANISM: MERS coronavirus

240

v

Ser

5

Pro

Val

Ser

Ser

Ser

85

Phe

Thr

Pro

Pro

165

Pro

Met

Thr

SEQ ID NO 8
LENGTH :
TYPE :
ORGANISM: artificial sequence
FEATURE:
OTHER INFORMATION:

468

8

Phe
5

Pro

Ser

Leu

Phe

Ala

Gly

Leu

Phe

Val

Asn

70

Met

Agn

Val

Tle

Gln

150

Ser

Leu

Thr

ASP

Tle
230

ASpP

Ser

Pro

Val

Ser

70

Ser

45

Ser
Leu

Thr

ASn
55

Pro
Asn
135
Leu
Thr
Glu
Glu
Thr

215

Ala

S350-588-F¢ peptide

Val

Gly

Leu

Phe

55

Val

ASn

Val

Ser

Agn

40

ASP

Ser

Hig

120

Val

Val

Gly

Gln

200

Agh

Ser

Glu

Ser
Leu
40

Thr

Agh

Val

Gly

25

Phe

Ser

ASP

Gln

105

Agn

Agn

Trp

Gly

185

Leu

Ser

Gln

Ser

Val
25
Ser

Agn

ASP

Glu

10

Thr

Agn

Thr

Ser

Leu

50

Ser

Leu

Ser

2la

Glu

170

Gly

Gln

Val

Leu

Gly

10

Val

Gly

Cys

Phe

Ser

US 11,103,575 B2

Gln

Pro

Leu

75

Ser

Phe

Thr

Arg

Agn

155

ASDP

Trp

Met

Gly
235

Val

Glu

Thr

Agnh

Thr

75

Ser

-continued

Ala

Pro

AsSn

Ser

60

Ile

Val

Ser

Thr

Leu

140

Gln

Gly

Leu

Gly

Pro

220

ASn

Gln

Pro

Tvyr
60

Leu

Glu

Gln

Leu

45

Gln

Leu

Ser

ASn

Ile
125

Leu

Asp

Vval

Phe
205

Ser

Ala

Pro

45

Asn

Ser

Tle

Gly

Val

30

Thr

Tle

ASP

Ser

Pro

110

Thr

Ser

Ser

Ala
190

Gly

Leu

Val

Val

Glu

30

Gln

Leu

Gln

Leu

Val
15

Ser

Ala
o5

Thr

ASpP

Pro

Tyr

175

Ser

Ile

Glu

Glu

Ser
15

Gly

Val

Thr

Tle

ASP

Glu

Agn

Leu

Pro

Phe

80

Gly

Pro

ASp

Cys

160

ATrg

Gly

Thr

Phe

Tyr
240

Ser

Val

46



Phe

Gly

Pro
145

ASDP

ATrg

Gly

Thr

225

Ser

Gly

Met

His

Val

305

Gly

Tle

Val

Ser

385

Glu

Pro

Val

Met

Ser
465

Ser

Pro

Leu

130

Leu

ATy

Val

Ser

210

Val

ASpP

Gly

Tle

Glu

290

His

Arg

Glu

Tyr

370

Leu

Trp

Val

ASpP

His
450

Pro

Ile
115

Tle

Thr

Ser

Gln

195

Thr

Gln

Pro

Ser

275

ASP

Agn

Val

Glu

Lys

355

Thr

Thr

Glu

Leu
Lys
435

Glu

Gly

Pro
100

Ser

Leu

Glu
Tle
180

Leu

Val

Thr

Ser

260

ATg

Pro

Ala

Val

Tyr

340

Thr

Leu

sSer
ASP
420

Ser

Ala

85

Leu

Gln

Ala

Ser

Val

165

Vval

Ser

Ala

Gly

Hig

245

Vval

Thr

Glu

Ser

325

Tle

Pro

Leu

AsSn

405

Ser

ATy

Leu

<210> SEQ ID NO ©

<211> LENGTH:

<212> TYPE:
<213> ORGANISM: artificial sequence

PRT

460

Ser

Phe

Thr

Tyr

150

Pro

Pro

Pro

Met

Thr

230

Thr

Phe

Pro

Val

Thr

310

Val

Ser

Pro

Vval
290

Gly

ASP

Trp

His

47

Met
Asn
Val
135
Ile
Gln
Ser
Leu
Thr

215

AsSp

Leu
Glu

Lys
295

Leu

Ser
375

Gln
Gly

Gln

Asn
455

Tyr

120

Pro

Agn

Leu

Thr

Glu

200

Glu

Thr

Pro

Phe

Val

280

Phe

Pro

Thr

Val

2la

360

ATy

Gly

Pro

Ser

Gln
440

His

Ser
105

His

Val

Val

185

Gly

Gln

ASn

Pro

Pro

265

Thr

Agn

ATrg

Val

Ser

345

Glu

Phe

Glu

Phe
425

Gly

50

ASDP

Gln

AgSh

Agn

170

Trp

Gly

Leu

Ser

Cys

250

Pro

Trp

Glu

Leu

330

AgSh

Gly

Glu

Agn
4710

Phe

Agn

Thr

US 11,103,575 B2

Leu

Ser

Leu

Ser

155

Ala

Glu

Gly

Gln

Val

235

Pro

Val

Glu
315

His

Gln

Met

Pro
395

Agn

Leu

Val

Gln

-continued

Ser

Phe

Thr

140

ATYg

AsSn

ASpP

Trp

Met

220

Ala

Pro

Val

Val

300

Gln

Gln

Ala

Pro

Thr

380

Ser

Phe

Lys
460

Val

Ser

125

Thr

Leu

Gln

Gly

Leu

205

Gly

Pro

Pro

Val
285

Asp

Asp

Leu

Arg
365

Ser

Ser
445

Ser

Ser
110
Agn

Tle

Leu

ASP
190
Val

Phe

Glu

ASP

270

ASP

Gly

Agn

Trp

Pro

350

Glu

Agn

Tle

Thr

Lys
430

Leu

55

Ser

Pro

Thr

Ser

Ser

175

2la

Gly

Leu

Leu

255

Thr

Val

Val

Ser

Leu

335

Ala

Pro

Gln

2la

Thr

415

Leu

Ser

Ser

Ala

Thr

ASp
160

Pro

Ser

Ile

Arg

240

Leu

Leu

Ser

Glu

Thr

320

Agn

Pro

Gln

Val

Val

400

Pro

Thr

Val

Leu

48



<«220> FEATURE:

<«223> OTHER INFORMATION:

<400> SEQUENCE:

ser Gly Val Tyr

1

Val

Ser

AsSn

ASp

65

Ser

His

Lys

145

Val

Val

Gly

Gln

ASh

225

Pro

Pro

Thr

Asn

ATg

305

Val

Ser

Glu

Phe
285

Val

Gly

Cys

50

Phe

Ser

ASpP

Gln

Agn

130

Agn

Trp

Gly

Leu

210

Sexr

Pro

Trp
290

Glu

Leu

Agn

Gly

Glu
370

Glu

Thr

35

Agn

Thr

Ser

Leu

Ser

115

Leu

Ser

Ala

Glu

Gly

195

Gln

Val

Pro

Val
275

Glu

Hig

Gln
355

Met

Pro

Gln
20

Pro

Leu

Ser

100

Phe

Thr

ATrg

Agn

ASP

180

Trp

Met

Ala

Pro
260

Val

Val

Gln

Gln

Ala

340

Pro

Thr

Ser

5

Ser

5

Ala

Pro

Asn

Ser

Ile

85

Val

Ser

Thr

Leu

Gln

165

Gly

Leu

Gly

Pro

Pro

245

Vval

AsSp

Asp
325

Leu

Arg

Asp

Val

Glu

Gln

Leu

Gln

70

Leu

Ser

Agn

ITle

Leu

150

ASP

Val

Phe

Lvs

230

Glu

ASpP

ASpP

Gly

AsSn
3210

Trp

Pro

Glu

AsSn

Tle
290

49

S358-588-F¢ peptide

Ser

Gly

Val

Thr

55

Tle

Asp

Ser

Pro

Thr
135

Ser

Ser

Ala

Gly

215

Leu

Leu

Thr

Val

Val

295

Ser

Leu

bAla

Pro

Gln
375

bAla

Ser

Val

Tyr

40

Ser

Ala

Thr

120

ASDP

Pro

Ser

200

Ile

Arg

Leu

Leu

Ser

280

Glu

Thr

Agn

Pro

Gln

360

Val

Val

Phe

Glu

25

Agn

Leu

Pro

Phe

Gly

105

Pro

ASDP

ATg

185

Gly

Thr

Ser

Gly

Met

265

His

Val

Gly

Tle

345

Val

Ser

Glu

Glu

10

Phe

Leu

2la

Ser

50

Pro

Leu

Leu

Arg

Val

170

Ser

Val

ASp

Gly

250

Ile

Glu

His

Arg

Lys

330

Glu

Leu

Trp

US 11,103,575 B2

Ala

ASpP

Ser

Ala

75

Ile

ITle

Thr

155

Ser

Gln

Thr

Gln

Liys

235

Pro

Ser

ASp

Agn

Val
315

Glu

Thr

Thr

Glu
395

-continued

Phe

ATYg

Leu

60

Tle

Pro

Ser

Leu

Tvr

140

Glu

Tle

Leu

Val

Tvyr

220

Thr

Ser

AYg

Pro

Ala

300

Val

Thr

Leu

Cys

380

Ser

Pro

Ser

Leu

45

Phe

Ala

Leu

Gln

Ala

125

Ser

val

Val

Ser

Ala

205

Gly

His

Vval

Thr

Glu

285

Ser

Tle
Pro
365

Leu

AsSn

Ser

Pro

30

Val

Ser

Ser

Ser

Phe

110

Thr

Pro

Pro

Pro

120

Met

Thr

Thr

Phe

Pro

270

Val

Thr

Val

Ser
350

Pro

Val

Gly

Gly

15

Leu

Phe

Val

Agn

Met

55

Agn

Val

Ile

Gln

Ser

175

Leu

Thr

ASP

Leu
255

Glu

Leu

Lys
335

Ser

Gln

Ser

Leu

Thr

Agn

Cys
80

Pro

Agn

Leu

160

Thr

Glu

Glu

Thr

Pro

240

Phe

Val

Phe

Pro

Thr
320

Val

Ala

ATrg

Gly

Pro
400



Glu

Phe

Gly

<210>
<211>
<212 >
<213>
<220>
<223 >

Agn

Phe

Agn

Thr
450

Agn

Leu

Val
435

Gln

Tvr Lys Thr

405

Tyr Ser Lys

420

Phe Ser Cys

PRT

<400> SEQUENCE:

Glu Ala Lys Pro

1

Cys

Phe

Leu

Ala

65

Ser

Pro

Leu

Leu

ATrg

145

Val

Ser

Val

ASP

225

Gly

Tle

Glu

Hig

ASpP

Ser
50

2la

Tle

Ile

Lys

130

Thr

Ser

Gln

Thr

Gln
210

Lys

Pro

Ser

ASpP

Agn
290

Phe

ATrg

35

Leu

Tle

Pro

Ser

Leu

115

Glu

Ile

Leu

Val
195

Thr

Ser

ATrg

Pro

275

Ala

Ser

20

Leu

Phe

Ala

Leu

Gln

100

Ala

Ser

Val

Val

Ser

180

Ala

Gly

Hig

Val

Thr
260

Glu

Ser

SEQ ID NO 10
LENGTH :
TYPE :
ORGANISM: artificial sequence
FEATURE:
OTHER INFORMATION:

451

10

Ser
5

Pro

Val

Ser

Ser

Ser

85

Phe

Thr

Pro

Pro
165

Pro

Met

Thr

Thr

Phe

245

Pro

Val

Thr

Leu

Gly

Leu

Phe

Vval

Agn

70

Met

Agn

Val

Tle

Gln

150

Ser

Leu

Thr

ASP

Cys

230

Leu

Glu

51

Thr
Leu
Ser

Ser
455

S367-588-F¢ peptide

Ser

Leu

Thr

Asn
55

Pro

Agnh

135

Leu

Thr

Glu

Glu

Thr
215

Pro

Phe

Val

Phe

Pro
295

Pro

Thr

Val

440

Leu

Val

Ser

Agn

40

ASDP

Ser

His

120

Val

Val

Gly

Gln

200

Agn

Pro

Pro

Thr

Agn

280

Arg

Pro
Val
425

Met

Ser

Val

Gly

25

Phe

Ser

ASP

Gln

105

Agn

ASn

Trp

Gly

185

Leu

Ser

Pro

Cys
265

Trp

Glu

Val
410
ASp

His

Pro

Glu

10

Thr

Agn

Thr

Ser

Leu

50

Ser

Leu

Sexr

2la

Glu

170

Gly

Gln

Val

Pro
Lys
250

Val

Glu

US 11,103,575 B2

Leu

Glu

Gly

Gln

Pro

Leu

75

Ser

Phe

Thr

Arg

Agnh

155

ASDP

Trp

Met

Ala

235

Pro

Val

Val

Gln

-continued

ASDP

Ser

Ala

Lys
460

Ala

Pro

Asn

Ser

60

Tle

Val

Ser

Thr

Leu

140

Gln

Gly

Leu

Gly

Pro
220

Pro

Val

ASP

Tvyr
300

Ser

Arg

Leu
445

Glu

Gln

Leu

45

Gln

Leu

Ser

ASn

Ile

125

Leu

Asp

val

Phe

205

Glu

Asp

Asp

Gly

285

AsSn

ASP
Trp
430

His

Gly

Val

30

Thr

Tle

ASP

Ser

Pro

110

Thr

Ser

Ser

Ala
120

Gly

Leu

Leu

Thr

Val

270

Val

Ser

Gly
415
Gln

Agn

Val
15

Ser

ala
o5

Thr

ASpP

Pro

Tyr

175

Ser

Tle

ATrg

Leu

Leu
255

Ser

Glu

Thr

Ser

Gln

His

Glu

Agn

Leu

Pro

Phe

80

Gly

Pro

ASp

Cys

160

ATrg

Gly

Thr

Ser
Gly
240

Met

His

Val

52



ATy
305

Glu

Leu

Trp

385

Val

ASP

His

Pro

<210>
<211>
<«212>
<213>
<220>
<223 >

Val

Glu

Thr
Thr
370

Glu

Leu

Glu

Gly
450

Val

Thr

Leu

355

Ser

ASP

Ser

Ala
435

Ser

Ile

340

Pro

Leu

Agn

Ser

ATg

420

Leu

PRT

<400> SEQUENCE:

Glu Ala Lys Pro

1

Cys

Phe

Leu

Ala

65

Ser

Pro

Leu

Leu

Arg

145

Val

Ser

ASpP

Ser
50

2la

Tle

Ile

Lys

130

Thr

Ser

Gln

Thr

Phe

Arg

35

Leu

Ile

Pro

Ser

Leu
115

Glu

Tle

Leu

Val
195

Ser

20

Leu

Phe

Ala

Leu

Gln

100

Ala

Ser

Val

Val

Ser

180

Ala

Val

Cys

325

Ser

Pro

Val

Gly

Asp

405

Trp

Hig

SEQ ID NO 11
LENGTH :
TYPE :
ORGANISM: artificial sequence
FEATURE:
OTHER INFORMATION:

469

11

Ser

5

Pro

Val

Ser

Ser

Ser

85

Phe

Thr

Pro

Pro
165

Pro

Met

Leu
310

Lys

Ser

Gln
390
Gly

Gln

AsSn

Gly

Leu

Phe

Val

Asn
70

Met

Agn

Val

ITle

Gln

150

Ser

Leu

Thr

53

Thr
Val
Ala
Arg
Gly
375
Pro
Ser

Gln

Hig

S367-606-Fc peptide

Ser

Leu

Thr

ASn
55

Pro

Asn

135

Leu

Thr

Glu

Glu

Val

Ser

Glu

360

Phe

Glu

Phe

Gly

Tyr
440

Val

Ser

ASn
40

ASP

Ser

Hig

120

Val

Val

Gly

Gln
200

Leu

Agn

Gly

345

Glu

Agn

Phe

Agn

425

Thr

Val

Gly

25

Phe

Ser

ASDP

Gln

105

Agn

Agn

Trp

Gly

185

Leu

Hisg

Lys

330

Gln

Met

Pro

Agn

Leu

410

Val

Gln

Glu

10

Thr

AgSh

Thr

Ser

Leu

50

Ser

Leu

Ser

2la

Glu

170

Gly

Gln

US 11,103,575 B2

Gln

315

A2la

Pro

Thr

Ser

Tyr

395

Phe

Gln

Pro

Leu
75

Ser

Phe

Thr

AYg

Asnh

155

ASpP

Trp

Met

-continued

ASDP

Leu

AY(

ASpP

380

Ser

Ser

Ser

Ala

Pro

Agnh

Ser

60

Ile

Val

Ser

Thr

Leu

140

Gln

Gly

Leu

Gly

Trp

Pro

Glu

Agh

365

Tle

Thr

Leu
445

Glu

Gln

Leu

45

Gln

Leu

Ser

AsSn

Ile
125

Leu

Asp

Val

Phe
205

Leu

Ala

Pro

350

Gln

Ala

Thr

Leu

Ser

430

Ser

Gly

Val

30

Thr

Tle

ASP

Ser

Pro

110

Thr

Ser

Ser

Ala
190

Gly

Agn

Pro

335

Gln

Val

Val

Pro

Thr

415

Val

Leu

Val
15

Ser

2la
o5

Thr

ASP

Pro

Tyr

175

Ser

Tle

Gly

320

Tle

Val

Ser

Glu

Pro

400

Val

Met

Ser

Glu

Agn

Leu

Pro

Phe

80

Gly

Pro

ASpP

Cys

160

ATrg

Gly

Thr

54



Val

Ala

225

ATrg

Leu

Leu

Ser

Glu

305

Thr

AsSn

Pro

Gln

Val

385

Val

Pro

Thr

Val

Leu
465

<210>
<«211>
«212>
<213>
«220>
<223 >

<400>

Gln

210

Agn

Ser

Gly

Met

His

290

Val

Gly

Tle

Val

370

Sexr

Glu

Pro

Val

Met

450

Sexr

ASP

ASP

Gly

Tle

275

Glu

His

Glu
355

Leu

Trp

Val

ASP

435

His

Pro

Gly

Thr

Pro

260

Ser

ASP

Agn

Val

Glu

340

Thr

Thr

Glu

Leu

420

Glu

Gly

PRT

SEQUENCE :

Gln Ala Glu Gly

1

Pro

Leu
65

Ser

Pro

Agn

Ser

50

Ile

Val

Gln

Leu

35

Gln

Leu

Ser

Val

20

Thr

Tle

ASP

Ser

Thr

Thr

245

Ser

Arg

Pro

2la

Val

325

Thr

Leu

Ser
405

Asp

Ser

2la

SEQ ID NO 12
LENGTH :
TYPE :
ORGANISM: artificial sequence
FEATURE:
OTHER INFORMATION:

441

12

Ser

2la
85

ASP

Tle

230

His

Val

Thr

Glu

Lys

310

Ser

Tle

Pro

Leu

390

Agn

Ser

ATrg

Leu

Glu

AsSn

Leu

Pro

Phe

70

Gly

3

Thr
215
Ala
Thr
Phe
Pro
Val
295

Thr

Val

Ser
Pro
375
Val
Gly
Asp

Trp

Hisg
455

S377-588-F¢ peptide

Phe

Leu

Ala

55

Ser

Pro

Agn

Ser

Leu

Glu
280

Leu

Lys
360

Ser

Gln

Gly

Gln

440

Agn

ASP

Ser
40

Ala

Tle

Ser

Gln

Pro

Phe

265

Val

Phe

Pro

Thr

Val

345

Ala

ATrg

Gly

Pro

Ser

425

Gln

His

Phe

ATg

25

Leu

Tle

Pro

Ser

Val

Leu

Pro

250

Pro

Thr

Agn

Arg

Val

330

Ser

Glu

Phe

Glu

410

Phe

Gly

Ser
10

Leu

Phe

2la

Leu

Gln
90

US 11,103,575 B2

Gly
235

Pro

Trp

Glu

315

Leu

Asnhn

Gly

Glu

Tyr

395

Agn

Phe

Asnh

Thr

Pro

Val

Ser

Ser

Ser

75

Phe

-continued

Pro
220

AsSn

Pro

Val
Tvr
300

Glu

Hig

Gln

Met

380

Pro

AsSn

Leu

Val

Gln
460

Leu

Phe

Val

AsSn

60

Met

AsSn

Ala

Pro

Val

285

Val

Gln

Gln

Ala

Pro

365

Thr

Ser

Phe
445

Leu

Thr

AsSn
45

Leu

Val

Pro

Lys

270

Val

ASP

ASP
Leu
3250

ATrg

Ser
430

Ser

Ser

Ser

Agn
30

ASP

Ser

Glu

Glu

Glu

255

ASpP

ASpP

Gly

Agn

Trp

335

Pro

Glu

Agn

Tle

Thr
415

Leu

Gly
15

Phe

Ser

ASP

Gln
o5

Phe
Tyr
240

Leu

Thr

Val

Val

Ser

320

Leu

Ala

Pro

Gln

Ala

400

Thr

Leu

Ser

Ser

Thr

Agn

Thr

Ser

Leu

80

Ser

56



Phe

Thr

ATrg

ASh

145

ASpP

Trp

Met

Ala

225

Pro

Val

Val

Gln

Gln

305

Ala

Pro

Thr

Ser

Tyr

385

Phe

<210>
<211>
<212 >
<213>
220>
<223 >

Ser

Thr

Leu

130

Gln

Gly

Leu

Gly

Pro

210

Pro

Val

ASp

Tyr

290

ASpP

Leu

Arg

ASpP

370

Sexr

Ser

Ser

Agn
Tle

115

Leu

ASP

Val

Phe

195

Glu

ASP

ASP

Gly

275

Agn

Trp

Pro

Glu

AgSh

355

Tle

Thr

Leu
435

Pro
100
Thr

Ser

Ser

Ala

180

Gly

Leu

Leu

Thr

Val

260

Val

Ser

Leu

Ala

Pro

340

Gln

Ala

Thr

Leu

Ser

420

Ser

PRT

<400> SEQUENCE:

Thr

Asp

Pro

Tyr

165

Ser

Tle

Arg

Leu

Leu

245

Ser

Glu

Thr

Asn

Pro

325

Gln

Val

Vval

Pro

Thr

405

Vval

Leu

SEQ ID NO 13
LENGTH :
TYPE :
ORGANISM: artificial sequence
FEATURE:
OTHER INFORMATION:

515

13

Pro

ASP

Cvs

150

ATrg

Gly

Thr

Ser

Gly

230

Met

His

Val

Gly

310

Tle

Val

Ser

Glu

Pro

390

Val

Met

Ser

S7

Leu
Leu
Arg

135

Val

Ser
Val
Asp
215
Gly
Ile
Glu
His
Arg

295

Glu

Leu
Trp
375
Val
Asp

Hig

Pro

S377-662-Fc peptide

Ile

Lys

120

Thr

Ser

Gln

Thr

Gln

200

Pro

Ser

ASP

Agh

280

Val

Glu

Thr
Thr
260

Glu

Leu

Glu

Gly
440

Leu

105

Glu

Tle

Leu

Val

185

Thr

Ser

ATrg

Pro

265

Ala

Val

Thr

Leu

345

Ser

ASP

Ser

Ala
425

ala

Ser

Val

Val

Ser

170

2la

Gly

His

Val

Thr

250

Glu

Ser

Tle

330

Pro

Leu

Agn

Ser

Arg

410

Leu

US 11,103,575 B2

Thr

Pro

Pro

155

Pro

Met

Thr

Thr

Phe

235

Pro

Val

Thr

Val

Cys

315

Ser

Pro

Val

Gly

ASDP

395

Trp

His

-continued

Val

Tle

Gln

140

Ser

Leu

Thr

ASD

Cvys

220

Leu

Glu

Leu
200

Ser

Gln
380
Gly

Gln

ASn

Pro
AsSn

125

Leu

Thr

Glu

Glu

Thr

205

Pro

Phe

Vval

Phe

Pro

285

Thr

Val

Ala

Arg

Gly

365

Pro

Ser

Gln

His

Hig

110

Val

Val

Gly

Gln

120

Agn

Pro

Pro

Thr

Agn

270

Arg

Val

Ser

Glu

350

Phe

Glu

Phe

Gly

Tyr
430

Agn

Agn

Trp

Gly

175

Leu

Ser

Pro

Cys

255

Trp

Glu

Leu

Agn

Gly
335

Glu

Agn

Phe

ASnh
415

Thr

Leu

Ser

2la

Glu

160

Gly

Gln

Val

Pro

Lys

240

Val

Glu

His

Lys

320

Gln

Met

Pro

Agn

Leu

400

Val

Gln

Gln Ala Glu Gly Val Glu Cys Asp Phe Ser Pro Leu Leu Ser Gly Thr

1

5

10

15

58



Pro

Leu

65

Ser

Phe

Thr

ATrg

AsSn

145

ASp

Trp

Met

Gly
225
Phe

ASpP

ASp

Gly

305

Tle

Glu

His

Arg

Lys
385

Glu

Pro

Agn

Ser

50

Tle

Val

Ser

Thr

Leu

130

Gln

Gly

Leu

Gly

Pro

210

Agn

Gln

2la

Lys

290

Pro

Sexr

ASpP

Agn

Val
370

Glu

Thr

Gln

Leu

35

Gln

Leu

Ser

Agn

Tle

115

Leu

ASP

Val

Phe
195

Agn

Leu
275
Thr

Ser

Pro

Ala
355

Val

Thr

Leu

Val

20

Thr

Ile

ASP

Ser

Pro

100

Thr

Ser

Ser

Ala
180
Gly

Leu

Val

Gln

260

ATy

His

Val

Thr

Glu
340

Ser

Ile

Pro
420

Ser

2la
a5

Thr

Asp

Pro

Tvr

165

Ser

ITle

Glu

Glu

Thr

245

AsSn

Ala

Thr

Phe

Pro

325

Vval

Thr

Vval

Ser
405

Pro

AsSn

Leu

Pro

Phe

70

Gly

Pro

ASpP

Cvs

150

ATrg

Gly

Thr

Phe

Tvyr

230

Ala

Leu

Leu
210

Glu

Leu

Lys
390

Ser

59

Phe
Leu
Ala
55

sSer
Pro
Leu
Leu
Arg

135

Val

Ser
Val
Ala
215
Ser
Val
Val
Val
Pro
295
Phe
Val

Phe

Pro
Thr
375
Val

Ala

Arg

Ser
40

2la

Tle

Ile

Lys

120

Thr

Ser

Gln

Thr

Gln

200

Agn

Leu

Gly

Gly

Ser

280

Pro

Pro

Thr

Agn

ATy
360

Val

Ser

Glu

ATy

25

Leu

Ile

Pro

Ser

Leu
105

Glu

Ile

Leu

Val
185

Val

Tyr
265

Val

Pro

Trp
345

Glu

Leu

Agn

Gly

Glu
425

Leu

Phe

2la

Leu

Gln

90

2la

Ser

Val

Val

Ser

170

2la

Gly

Thr

Gly

Arg

250

Pro

Pro

Val
330

Glu

His

Lys

Gln

410

Met

US 11,103,575 B2

Val

Ser

Ser

Ser

75

Phe

Thr

Pro

Pro

155

Pro

Met

Thr

Val

235

Gln

Ser

Val

Ala

Pro

315

Val

Val

Gln

Gln

Ala

395

Pro

Thr

-continued

Phe

Val

Asn

60

Met

AsSn

Val

Tle

Gln

140

Ser

Leu

Thr

ASDP

Tle

220

Ser

Gln

ASpP

Ser

Pro

300

Val

ASpP

ASD
380

Leu

ATYJ

Thr

AsSn
45

Pro

AsSn

125

Leu

Thr

Glu

Glu

Thr

205

Ala

Gly

Arg

Asp

Val

285

Glu

Asp

Asp

Gly

Asn

365

Trp

Pro

Glu

AsSn

Agn
30

ASP

Ser

His

110

Val

Val

Gly

Gln

120

AgSh

Ser

ATg

Phe

Gly

270

Tle

Leu

Thr

Val

Val

350

Ser

Leu

Ala

Pro

Gln
430

Cys

Phe

Ser

ASpP

Gln

o5

Agn

Agn

Trp

Gly

175

Leu

Ser

Gln

Gly

Val

255

Agn

Arg

Leu

Leu

Ser

335

Glu

Thr

Agn

Pro

Gln

415

Val

Agn

Thr

Ser

Leu

80

Ser

Leu

Ser

2la

Glu

160

Gly

Gln

Val

Leu

Val
240

Ser

Gly

Met

320

His

Val

Gly
Ile
400

Val

Ser

60



Leu

Trp

Val

4165

ASP

His

Pro

<210>
<211>
<212 >
<213>

<400>

Thr

Glu
450

Leu

Glu

Gly

Cys

435

Ser

ASP

Ser

Ala

Lys
515

Leu

Agn

Ser

ATg

Leu
500

PRT

SEQUENCE :

277

Val

Gly

Asp

Trp

485

Hig

SEQ ID NO 14
LENGTH :
TYPE :
ORGANISM: Bacteriophage T4

14

Gln
Gly
470

Gln

AsSn

61

Gly
Pro
455
Ser

Gln

Hig

Phe
440
Glu

Phe

Gly

Agn

Phe

Agn

Thr
505

Pro

Agn

Leu

Val

490

Gln

US 11,103,575 B2

Ser

Tyr
475

Phe

-continued

Asp Ile Ala Val

Lys
460
sSer

Ser

Ser

445

Thr

Leu

Thr

Leu

Ser

Ser
510

Pro

Thr

Val
495

Leu

Glu

Pro

Val
480

Met

Ser

Gly Tyr Ile Pro Glu Ala Pro Arg Asp Gly Gln Ala Tyr Val Arg Lys

1

5

10

Asp Gly Glu Trp Val Leu Leu Ser Thr Phe Leu

<210>
<211>
«212>
<213>

<400>

20

PRT

SEQUENCE :

Arg Ser Asp Lys

1

Leu

Leu

Ser

Glu

65

Thr

ASh

Pro

Gln

Val

145

Val

Pro

Thr

Gly

Met

His

50

Val

Gly

Tle

Val
120

Ser

Glu

Pro

Val

Gly

Tle
35

Glu

His

Glu
115

Leu

Trp

Val

ASP
195

Pro

20

Ser

ASP

Agn

Val

Glu

100

Thr

Thr

Glu

Leu
180

SEQ ID NO 15
LENGTH :
TYPE :
ORGANISM:

229

homo sapiens

15

Thr

5

Ser

Arg

Pro

Ala

Val

85

Thr

Leu

Ser
165

Asp

Ser

Hig

Vval

Thr

Glu

Lys
70

Ser

Tle

Pro

Leu

150

Agn

Ser

ATrg

Thr

Phe

Pro

Val
55
Thr

Val

Ser

Pro

135

Val

Gly

Asp

Trp

Leu

Glu
40

Leu

Lys
120

Ser

Gln

Gly

Gln
200

25

Pro

Phe

25

Val

Phe

Pro

Thr

Val

105

Ala

ATg

Gly

Pro

Ser

185

Gln

Pro
10
Pro

Thr

AgSh

Val
Q0

Sexr

Glu

Phe

Glu

170

Phe

Gly

Pro

Trp

Glu

75

Leu

AgSn

Gly

Glu

155

Agn

Phe

Asnh

Pro

Val

Tyr
650
Glu

Hig

Gln

Met

140

Pro

AsSn

Leu

Val

Ala

Pro

Val

45

Val

Gln

Gln

Ala

Pro

125

Thr

Ser

Tvr

Phe
205

Pro

Lys
30

Val

ASP

ASP

Leu
110

ATrg

Ser
190

Ser

15

Glu

15

ASpP

ASpP

Gly

Agn

Trp

55

Pro

Glu

Agn

Tle

Thr
175

Leu

Thr

Val

Val

Ser

80

Leu

Ala

Pro

Gln

Ala

160

Thr

Leu

Ser

62



Val Met His Glu Ala

210

Leu Ser Pro Gly Lys

225

<210> SEQ ID NO 1o

<211> LENGTH:

«212> TYPE:

<213>

PRT

<400> SEQUENCE:

Arg Ser Pro Arg

1

Pro

Val

Phe

65

Glu

Hig

Ser

Met
145

Pro

ASh

Met

Ser

Thr
225

<210>
<211>
<212>
<213>

<400>

2la

Ile

Val

50

Val

ASpP

Gln

ASpP

Val

130

Thr

Glu

Tyr
210

Pro
Lys
35

Val

Agn

ASP

Leu
115

ATg

Ser
195

Ser

Ser

Agn

20

ASP

ASP

Agn

Agn

Trp

100

Pro

Ala

Ile

ASh
180

Phe

PRT

SEQUENCE :

Arg Ser Ser Lys

1

Ser

Val Phe Ile

20

Arg Thr Pro Glu

35

Pro Glu Val Gln

50

234

ORGANISM: mus

lo

Gly

5

Leu

Val

Val

Vval

Ser

85

Met

2la

Pro

Gln

Tyr

165

Thr

Leu

Ser

Ser

SEQ ID NO 17
LENGTH :
TYPE :
ORGANISM: Oryctolagus

225

17

Pro

5

Phe

Val

Phe

63

US 11,103,575 B2

-continued

Leu His Asn His Tyr Thr Gln Lys Ser Leu Ser

musculus

Pro

Leu

Leu

Ser

Glu

70

Thr

Ser

Pro

Gln

Val

150

Val

Glu

ATrg

Val

ATrg
230

Thr

Pro

Thr

Thr

215

Thr

Gly

Met

Glu

55

Val

Leu

Gly

Tle

Val

135

Thr

Glu

Pro

Val

Val

215

Thr

Pro

Trp
55

Ile

Gly

Ile

40

ASP

His

ATrg

Glu

120

Leu

Trp

Val

Glu

200

His

Pro

Lys Pro
10

Pro Serxr
25

Ser Leu

Asp Pro

Thr Ala

Val Val
90

Glu Phe
105

Arg Thr

Val Leu

Thr Cys

Thr Agsn

170

Leu AsSp
185

Lys Lys

Glu Gly

Gly Lys

cuniculus

Pro

Lys

Val
40

Tyr

Pro
10

Pro

Pro
25

Lys

Val Val

Tle Asn

Val

Ser

ASpP

Gln

75

sSer

ITle

Pro

Met
155

Agnh

Ser

Agnh

Leu

Glu

ASpP

ASDP

Asnh

220

Pro

Phe

Pro

Val

60

Thr

Ala

Ser

Pro
140

Val

Gly

ASDP

Trp

Hig
220

Leu

Thr

Val

Glu
60

Pro

Tle

Ile

45

Gln

Gln

Leu

Lys
125

Pro

Thr

Gly
Val
205

Asn

Leu

Leu

Ser

45

Gln

Phe

30

Val

Ile

Thr

Pro

Val

110

Pro

Glu

ASP

Thr

Ser

120

Glu

His

Gly
Met
30

Gln

Val

Lys

15

Pro

Thr

Ser

His

Ile

55

Agn

Glu

Phe

Glu

175

Arg

His

Gly
15
Ile

ASP

Arg

Pro

Gln

Agn

Gly

Glu

Met
160

Leu

Phe

Agn

Thr

Pro

Ser

ASpP

Thr

64



Ala

65

Val

Phe

Thr

Met

Cys

145

ASp

Ser

Ala

Lys
225

Arg

Ser

Ile

Gly

130

Met

Agn

Ser

Glu

Leu
210

Pro

Thr

Ser
115

Pro

Tle

Gly

ASP

Trp

195

Hig

Pro

Leu

Lys

100

Pro

Agn

Gly
180

Gln

Agn

Leu
Pro
85

Vval

Ala

Gly
Ala
165

Ser

Hig

<210> SEQ ID NO 18

<211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Hig Leu Ile Val

1

Met

Trp

Phe
65
Val

Gln

Pro

ITle

Phe

145

Val

Ala

Thr

Glu

Lys

50

2la

Val

Val

ASpP

Gly

130

Val

Agn

Agn

2la

Pro
Lys
35

Gly

Ala

Leu

Gly
115
Gly

Leu

Ser

Leu
195

Thr
20

Phe

Phe

Val

Cys
100
Val

Leu

Tle

Leu

Met
180

Ala

302

homo sapiens

18

Thr

5

Val

Gly

Thr

Val

Phe

85

Gly

Phe

ATy

Ser

Pro
165

Asn

Gln

ATrg

70

ITle

His

ATg

Glu

Phe

150

Glu

Gly

Tyr

Pro

ITle

Leu

Gln

Lys

70

Ser

Ala

Gln

AsSn

Leu

150

Gly

Leu

Met

65

Glu

Ala

Asn

Gly

Glu

135

Asp

Phe

AsSp

Thr
215

Ser

Ala

Glu

Gln

55

Arg

Leu

Val

Glu

Asn

135

Gln

Ser

Gln

Gly

Gln

His

Gln

120

Leu

Pro

Agn

Leu

Val

200

Gln

Gly

Val

Lys

40

Leu

2la

Ala

ASP
120

Agn

Glu

Tle

ATy

Arg
200

Gln

Gln

Ala

105

Pro

Ser

Ser

Tyr
185

Phe

His

25

Arg

Ala

Pro

Val

Trp

105

Ala

Glu

Ala

Thr

Ser

185

Leu

Phe

ASpP

50

Leu

Leu

Ser

ASp

Lys

170

Ser

Thr

Ser

Gly

10

Gln

Phe

Ser

Agn

50

Leu

Pro

Lys
170

US 11,103,575 B2

Agn

75

Trp

Pro

Glu

ATrg

ITle

155

Thr

Ile

Glu

Leu

Gly

ATrg

Thr
75

Leu

ITle

Val

ASDP

ASp

155

Ala

Thr

Gly

-continued

Ser

Leu

Ala

Pro

Ser

140

Ser

Thr

Leu

Ser

Ser
220

Gln

ASDP

Ala

Gln

60

Trp

Tle

Leu

ITle

Met

140

Tle

Gly

Val

Pro

Thr Ile Arg

Arg

Pro

Lys

125

Val

Vval

Pro

Ser

Val

205

Arg

ASn

Glu

Leu

45

Pro

Leu

Ala

Glu

Hig

125

Ala

Asp

Ala

Leu
205

Gly

Tle

110

Val

Ser

Glu

Ala

Val

120

Met

Ser

Met

Thr

30

Glu

Ser

Thr

Tle

Lys

110

Gln

Leu

Glu

Phe

Ile

190

Leu

Lys

55

Glu

Tyr

Leu

Trp

Val

175

Pro

His

Pro

Tle

15

Glu

Leu

Ser

2la

ASpP

55

Gln

Glu

Thr

Glu

Leu

175

ala

Agn

Val
80

Glu

Thr

Thr

Glu

160

Leu

Thr

Glu

Gly

Gly

Gln

ITle

Ala

Tyr

80

Ser

Met

Ala
Gln
160

Glu

Gly

06



Phe

Gln

225

Gln

Glu

Met

Gln

Leu

210

Leu

Leu

Gln

Val

Glu
290

Thr

Arg

Phe
275

Leu

Thr

Agn

ASP

Tyr

260

Gln

Agn

Ala

Vval

Phe
245

2la

Leu

<210> SEQ ID NO 19

<211> LENGTH:

«212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met Thr Pro Gln

1

Gln

Ala

Phe

Ala

65

Ala

Tle

<210>
<211>
<212>
<213>

<400>

Tle

Gly

Gln

50

Tle

2la

His

Lys

35

Val

Glu

Val

Ala

Thr

20

ATg

Glu

ATrg

Glu

Tle
100

PRT

SEQUENCE :

29

104

Glu

230

ASP

Gly

Leu

ASpP

67

Asp

215

Ala

Phe

Gly

Ala

Val
295

Thr

Val

Gly

Gln

280

Ser

vibrio cholerae

19

Asn
5

Leu

Glu

Val

Met

Lys

85

Ser

SEQ ID NO 20
LENGTH :
TYPE :
ORGANISM: Bacteriophage T4

20

ITle

Agn

Met

Pro

Lys

70

Leu

Met

Thr

Asp

Ala

Gly

55

AsSp

bAla

ASP

Ile

40

Ser

Thr

Val

Agn

Agn

Ser

Pro

Tyr

265

Leu

Leu

Tle

25

Ile

Gln

Leu

Trp

Pro
250
Gly

Gln

Gln

Cys

10

Phe

Thr

His

Arg

Agn
S0

US 11,103,575 B2

Trp
Ala
235

Val

Ser

Leu

Ala

Ser

Phe

Ile

ITle

75

Agnh

-continued

Glu

220

Leu

Val

Thr

ASpP

Pro
300

Glu

ASDP
60

Ala

Asp

Leu

Arg

Gln

Ala

285

Ser

Thr

Asn
45

Ser

Thr

Pro

Ala

Trp

Ala

270

Pro

ATg

Hig

Glu

30

Gly

Gln

Leu

Pro

Gly

Leu

Leu

255

Thr

ASpP

Agn
15

Ser

2la

Thr

Arg
55

Leu

240

Agn

Phe

His

Thr

Leu

Thr

Glu
80

2la

Gly Ser Gly Tyr Ile Pro Glu Ala Pro Arg Asp Gly Gln Ala Tyr Val

1

5

10

Arg Lys Asp Gly Glu Trp Val Leu Leu Ser Thr Phe Leu

<210>
<211>

<212>
<213>

<400>

20

PRT

SEQUENCE :

32

SEQ ID NO 21
LENGTH:

TYPE :
ORGANISM: Saccharomyces cerevigiae

21

25

15

Met Lys Gln Ile Glu Asp Lys Ile Glu Glu Ile Leu Ser Lys Ile Tyr

1

5

10

15

Hig Ile Glu Asn Glu Ile Ala Arg Ile Lys Lys Leu Ile Gly Glu Val

20

<210> SEQ ID NO 22

<«211> LENGTH:

28

25

30

08



<212> TYPE:
<213> ORGANISM: artificial sequence
<220> FEATURE:

«223> OTHER INFORMATION:

PRT

<400> SEQUENCE:

22

69

US 11,103,575 B2

-continued

IQ trimerization sequence

Arg Met Lys Gln Ile Glu Asp Lys Ile Glu Glu Ile Glu Ser Lys Gln

1

5

10

Lys Lys Ile Glu Asn Glu Ile Ala Arg Ile Lys Lys

<210>
<211>
<212 >
<213>
<220>
<223 >

20

PRT

<400> SEQUENCE:

24

SEQ ID NO 23
LENGTH :
TYPE :
ORGANISM: artificial sequence
FEATURE:
OTHER INFORMATION:

23

25

IZ trimerization sequence

15

Ile Lys Lys Glu Ile Glu Ala Ile Lys Lys Glu Gln Glu Ala Ile Lys

1

5

Lys Lys Ile Glu Ala Ile Glu Lys

<210>
<211>
<«212>
<213>
<220>
<223 >

20

PRT

<400> SEQUENCE:

SEQ ID NO 24
LENGTH: b
TYPE :
ORGANISM: artificial sequence
FEATURE:
OTHER INFORMATION: Linker sequence

24

Gly Gly Gly Gly Ser

1

<210>
<211>
<«212>
<213>
<220>
<223 >

<400>

PRT

mutation

SEQUENCE :

Gln Ala Glu Gly

1

Pro

Leu

65

Ser

Phe

Thr

Arg

Pro

Agn

Ser

50

Ile

Val

Ser

Thr

Leu
130

Gln

Leu
35

Gln

Leu

Ser

Agn

Ile

115

Leu

Val
20
Thr

Ile

ASP

Ser

Pro

100

Thr

Ser

5

SEQ ID NO 25
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:

212

25

Ser

2la
85

Thr

Asp

Glu

Agn

Leu

Pro

Phe
70

Gly

Pro

ASpP

aal77-588 of MERS-CoV S protein with T579N

Phe

Leu

Ala
55

Ser

Pro

Leu

Leu

Arg
135

ASP

Ser
40

Ala

Tle

Tle

Lys

120

Thr

Phe

Arg
25

Leu

Ile

Pro

Ser

Leu

105

Glu

10

Ser
10

Leu

Phe

ala

Leu

Gln
90

2la

Ser

Val

Pro

Val

Ser

Ser

Ser
75

Phe

Thr

Pro

Leu

Phe

Val

AsSn

60

Met

AsSn

Val

ITle

Gln
140

Leu

Thr

AsSn
45

Pro

Asn
125

Leu

Ser

Agn
30

ASP

Ser

His
110

Val

15

Gly
15

Phe

Ser

ASP

Gln
o5

Agn

Agn

Thr

Agn

Thr

Ser

Leu

80

Ser

Leu

Ser

Ala

70



AsSn
145

ASp

Trp

Met

<210>
<211>
<212 >
<213>
<220>
<223 >

<400>

Gln

Gly

Leu

Gly

Pro
210

ASP

Val

Phe
195

Ser

Ala
180

Gly

Leu

PRT

SEQUENCE :

Gln Ala Glu Gly

1

Pro

Leu

65

Ser

Phe

Thr

ATrg

Asn

145

ASp

Trp

Met

Ala
225

Pro

Val

Val

Pro

Agn

Ser

50

Ile

Val

Ser

Thr

Leu

130

Gln

Gly

Leu

Gly

Pro
210

Pro

Val

ASp

Gln

Leu

35

Gln

Leu

Ser

Agn

Tle

115

Leu

ASP

Val

Phe
195

Glu

ASP

ASP

Gly
275

Val

20

Thr

Tle

ASP

Ser

Pro

100

Thr

Ser

Ser

Ala
180

Gly

Leu

Leu

Thr

Val

260

Val

Pro

Tyr
165

Cvs
150

ATrg

71

Val

Lys

Ser Gly Ser

ITle

SEQ ID NO 26
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:

441

26

Ser

Ala
g5

Thr

AsSp

Pro

Tyr

165

Ser

Ile

ATy

Leu

Leu

245

Ser

Glu

Thr

Glu

Asn

Leu

Pro

Phe

70

Gly

Pro

ASpP

Cvys

150

ATrg

Gly

Thr

Ser

Gly
230

Met

Hig

Vval

Val

Ser Ile Val

Gln Leu Serxr

170

Thr Val Ala

185

Gln Tyr Gly

200

US 11,103,575 B2

Pro
155

Pro

Met

AgSn

-continued

Ser

Leu

Thr

ASDP

S377-588-Fc with THE79N

Phe

Leu

Ala

55

Ser

Pro

Leu

Leu

Arg

135

Val

Ser

Val

Asp

215

Gly

Tle

Glu

Hisg

ASP

Ser
40

Ala

Tle

Ile

Lys

120

Thr

Ser

Gln

Thr

Gln
200

Pro

Ser

ASP

Agn
280

Phe

ATrg

25

Leu

Tle

Pro

Ser

Leu

105

Glu

Ile

Leu

Val
185

Thr

Ser

Pro
265

Ala

Ser

10

Leu

Phe

2la

Leu

Gln

90

2la

Sexr

Val

Val

Ser

170

2la

Gly

Hisg

Val

Thr
250

Glu

Pro

Val

Ser

Ser

Ser

75

Phe

Thr

Pro

Pro
155

Pro

Met

Agnh

Thr

Phe

235

Pro

Val

Thr

Leu

Phe

Val

AsSn

60

Met

ASn

Val

Tle

Gln

140

Ser

Leu

Thr

ASP

Cys

220

Leu

Glu

Thr

Glu

Glu

Thr
205

mutation

Leu

Thr

AsSn
45

Pro

Agh

125

Leu

Thr

Glu

Glu

Thr
205

Pro

Phe

Val

Phe

Pro
285

Val

Gly

Gln

190

AgSh

Ser
Agn
30

ASP

Ser

His

110

Val

Val

Gly

Gln

190

Agn

Pro

Pro

Thr

Agn

270

ATrg

Trp
Gly
175

Leu

Ser

Gly

15

Phe

Ser

ASP
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What 1s claimed 1s:

1. A protein comprising:

a Middle East respiratory syndrome coronavirus (MERS-
CoV) spike (S) protemn sequence comprising amino
acids 377-588 of the MERS-Co-V S protein with a
T579N mutation (SEQ ID NO: 25); and an immuno-
potentiator.

2. The protein of claim 1, wherein the immunopotentiator
sequence 1s an Fc fragment of human IgG (Fc), a C3d
protein, an Onchocerca volvulus ASP-1, a cholera toxin, a
muramyl peptide, or a cytokine.

3. The protein of claim 1, wherein the immunopotentiator
1s Fc.

4. The protemn of claim 1, wherein the protein further
comprises a stabilization sequence disposed between the
MERS-CoV S protein sequence and the immunopotentiator
sequence.

5. The protein of claim 4, wherein the stabilization
sequence 1s a foldon (Fd) or GCN4.

6. The protein of claim 1, wheremn the protein further
comprises a linker sequence disposed between the MERS-
CoV S protein sequence and the immunopotentiator
sequence, and the linker 1s (GGGGS), (SEQ ID NO:24),
wherein n 1s an integer between 0 and 8.

7. The protein according to claim 6, wherein n 1s 1.

8. The protein of claim 1, wherein the protein comprises
the sequence of S377-588-Fc T379N (SEQ ID NO:26).

9. An 1mmunogenic composition comprising a protein,
the protein comprising:

an MERS-CoV S protein sequence comprising amino
acids 377-588 of the MERS-Co-V S protein with a
TS579N mutation (SEQ ID NO: 25); and

an 1immunopotentiator.

10. The immunogenic composition of claim 9, wherein
the immunopotentiator sequence 1s an Fc fragment of human
IgG (Fc), a C3d, an Onchocerca volvulus ASP-1, a cholera
toxin, a muramyl peptide, or a cytokine.
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11. The immunogenic composition of claim 9, wherein
the immunopotentiator 1s Fc.

12. The immunogenic composition of claim 9, wherein
the protein further comprises a stabilization sequence dis-
posed between the MERS-CoV S protein sequence and the
immunopotentiator sequence.

13. The immunogenic composition of claim 12, wherein
the stabilization sequence 1s a foldon (Fd) or GCN4.

14. The immunogenic composition of claim 9, wherein
the protein further comprises a linker sequence disposed
between the MERS-CoV S protein sequence and the immu-
nopotentiator sequence, and the linker 1s (GGGGS), (SEQ
ID NO:24), wherein n 1s an 1mteger between O and 8.

15. The immunogenic composition of claim 9, wherein
the protein comprises the sequence of S377-588-Fc T579N

(SEQ ID NO:26).
16. A method of inhibiting MERS-CoV comprising:
administering the immunogenic composition of claim 9 or
the protein of claim 1 to a subject in need thereof;

wherein the i1mmunogenic composition induces an
immune response that inhibits MERS-CoV 1nfection 1n
the subject.

17. The method according to claim 16, wherein the
immunogenic composition further comprises an adjuvant.

18. The method according to claim 16, wherein the
administering step comprises a prime immunization and at
least one boost immunization.

19. The method according to claim 18, comprising more
than one boost immunization, wherein the boost immuniza-
tions are administered weekly, every other week, monthly, or
every other month.

20. The method according to claim 18, comprising more
than one boost immunization, wherein the boost immuniza-
tions are administered weekly, every 2 weeks, every 3
weeks, every 4 weeks, every 5 weeks, every 6 weeks, every
7 weeks, every 8 weeks, every 9 weeks, every 10 weeks,
every 11 weeks, or every 12 weeks.
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