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receptor-binding domain of the spike protein of the SARS-CoV; and
20(b) contacting a conpound to be screened with the systemof (a), a
decrease in binding of the antibody to the receptor-binding domain of
t he spi ke protein of the SARS-CoV indicating that the conpound is
capable of interfering with the binding and inhibiting infection of
the receptor-binding domain of the spike protein of SARS-CoV.
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The present invention provides a nethod for producing the antibody
capabl e of binding to receptor-binding domain (RBD) of the spike (S)
protein of the SARS-CoV so as to conpetitively inhibit the binding of

t he SARS-CoV to host cells, conprising operatively-linking the

nucl eic acid nol ecul e descri bed above to appropriate regul atory
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pr oduce hove net hod. Hybridoma cell lines 32H5 (Conf 1),
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19B2 (Conf VI) were deposited on Jan. 13, 2005 with Anerican Type
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culture supernatants fromthe wells containing hybridoma col oni es
were screened by enzynme- 25 |inked inmunosorbent assay (ELISA) using
Sl -C9 prepared as previously described (35) as a coating antigen.
Cells frompositive wells were expanded and retested. Cultures that
remai ned positive were subcloned to generate stable hybridoma cell
lines. Al mAbs were purified fromculture supernatants by Protein A
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(Com ngAtRSstar Acton Mass.) in 0.1 M carbonate buffer (pH 9.6) at
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Fol Towed by rBOPWRareRI N SEREGH YRR r e MEb Rl rBd wilis g "

anti bodi es were detected with HRP-conjugated goat anti-nouse |gG

( ZymedFigatre. BYC(rfOOFacdmﬂlingftOlth@\ltﬂfhnﬁyn)\l\lﬁﬁﬂﬂtﬁ;& mipEing @dahAb$ 4D8Sand 17H9 by
vi sual i zed by addi. of th subtra E%g .

t et r anBYH P’b‘éﬁﬁ%‘? é tﬁarmyer H’Ef’ém’ét ol REnRrRdesevs oalgd By 5

an ELI ponfllaad s ARIASE 4048 TeRARHSE. Research Triangle Park, N.C. ). To
determ e the effect of disul'fide bond reduction on the bindi ng of
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at 1 p.g/nml as described above. A m xture containing 50 jig/m of an
unl abel ed mAb and 1 jig/mL of a biotinylated mAb was added, foll owed
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Isolation and initial characterization of mAbs specific for RBD.

RBD- Fc fusion protein was transiently expressed in 293T cells and
purified to honogenicity by Protein A Five mce (Ato E) were

i mmuni zed four times with RBD-Fc in the presence of Ri bi adjuvant.
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Fecogn PTG HERHNa B e Ry lEn Dy CRUBE 1d op URSHEre® e (Rl F o
the comapickdibrOtechiSalSe@sthad peadiheftodecABO uliciBRlakidaholbfifie may be expressed. The
conformati on-dependant mAbs_ (13/25) conpeted with biotinylated 10E7,

whi | e JYFRER! IRyENion; TathisPryidseie eebeEpmprisde ibe akpvrmosqribed aigleis aFidiraelecule.
of slshe HANARTRRI N GedPSexbhisibil A7ecRi e WABRowAN 6 @%‘ﬁ%é €.2., Graupner,
| ar wth the rﬁﬁr%g

subsequently biotinylated and tested simla

conpet i4.-PoRatadloay.33F208 "¢ilonihg VEStorsAbssuedh dan. B0 2000 Szt @lsei Sbhntnesher et. al.,
biotin t 0 ocked e bi.ot i nyl at 45B5 Dbi.ndi t.0 )
RED. Fo et B e S R a0y IS R b KBl bi2 RSy L DBt Genes n
conf or Mebkadyotay)eiciued FeA0S20MH! Br dhicnitedindit,ahsvectdds Siphemidsonpet i tion
groups (designated as Conf 1-VI). Two |inear epitope-specific mAbs
(4D5 and 17H9) did not conpete with any of conformation-specific

mAbs. These results suggest that the RED of S protein contains



receptor binding, suggesting that they recogni ze the confornmational
epitopes that do not overlap the receptor-binding sites in RBD.

These results highlight the epitopic heterogenecity of the

RBD- speci fic mAbs and further indicate that the RBD of S protein
contains multiple antigenic conformations. RBD specific mAbs have
potent neutralizing activity. Each of the RBD specific inAbs was
tested I Zi t M i ; i i
i ki e e e e S e aR Ry AR Bgigs o
had poteaptonbintingldomiaimgRadd)iof itheyspikiet(R) BO%mellithe SARSeEd\Oro aoisgompetitively

(ND. sub,50) ,r angi.n 0 6.569, 1.ia/ml (Table JI[). ereas.
tuo. T AE Bt SRS ARD RV, RulfosE il pBb o B b g e RE i
mAb f r acid GaslécuM desdritBa)abate @ PR nt regulaoryaderidngBo astol&@rets d4d afltididl;
not neutralize the SARS pseudovirus infection. The mAbs 3304 from 10,
Conf VPfEE S0 Enied gt mojegul R EPIS PRIt aonduions peEpEIE BF SEPRTIRaef sald
hi ghest iRy akirgd hitli ckpR&eA QR ﬁla%bp@%'adaﬁg k438 antibody. The present
Interestingly, even 45F6 from Conf VI, "with 1tls relatively |ower
pseudovivenisonsa nrayidessan apiibedst iroducyd bpthetabavd metbbdcked t he bi ndi ng of
RBD- Fc with ACE2. The dose-dependent neutralizing activity of several
repres i AR 0 S i

These r sﬁ ‘%ﬁsﬁ?guggegtﬁﬁgl]a@tﬁ ﬂg %}B}%f%@éfgﬁb%égﬁﬁ%;ﬁg om39§§tkﬁ%ynfﬁx u3(:3é} 4
15neut (@nfA ngndnéBb ooV vadre depesied agdamsit3, Q00T euthedmenah Type Culture

epLtop j tal,.Prscussi nt studi ho hat t.he
SP B0 oF Bt R AR Do DRty M TRl AL YER A1 B HeRayigtons
r esponsfhe Budbpegt Trah9Thi 8 tdAatimhl RIJoesiios BGe Tepbditdf MiteooSeddisdt irfhe
may serve as ?n i munogen for _induci n&@neutral i zing mAbs. In the

pr esenfURPHAP] PRisnisBerdre EEBABPN (st On3 b Hilenéihy 1B EonbHDa30r9
| MTUNOGES, 1) | (RITURHI AL 1 HECinPlRio e N8 Gat @D X! LA IBR L ORESVE Qvdrt QL &ed
27 mAbs. A majority of these mAbs (25/27) récogni zed conformational
epi t opéd GandceenvmyNumbans PA3\-0305s PhAch 5361 B-6A2UtHTA-6 72 3n §TAc§526i and PTA-
On t mapped to adjacent |inear epitopes by overl apping
pelpl)%,i dﬁgzjgﬁ%s?c\tﬁu%@?boul d not neutralize infection by SARS pseudovirus.
Interestingly, the conformation-dependant mAbs coul d be divided into
si x di Thepesdnt greopen (ot eccordi@btoGbainventitdn) abagedvides epitbpasdeqgnized by the

conpetition experinment, s tj.ng ghat there are veral disti.nc
cont or f P asa BEh Paplorah FHRdED S8 cidRtse) FafetRegt O mpfosal are
ant i bogh@stand for lisg@spe ot @drabfiaic w@éd. the neutralizing mAbs directed
agai nst the RBD can bl ock the interaction between RBD and ACE2, the

functi igal receptor, for SARS- CoV. However, .we fou&d that only_the
mAbs r &EDGFFF AGYIHEN EEHFA\A SHEPSFILATL FURRIISTE b ATFSHVE | R nRBDhe above-
bi pgli NGeskAb AGESnocRAMAE antBORS ab@AdihE BY M thPeriBf 260Rfsulthille 3RGieN I The effective
partially inhibited interaction between the RBD and ACE2. This
sugges oW anay e detapiinedply rertipe ovreetimpniatinn. rBeepresant hvratipy adilitiesally
on the Lndi.ng: . . . r ; ]
ohangePioy eh e PR AcAl cdleRiolcBhohitn Rl YRR RE BP 1B BB ped
bi ndi nogroheclAGE2 antltody mdbd thhahamecegivhip atdeptablenfcatrieandAd | ugidd hefeimota
significantly affect t RBD.bi nding wi th . ACE2, but . also possessed.

o obont PREGETFFIbA G| T8 TRy G Fhaberhid PRRBERR R oririer

SARS- Ca¥arhplEL61t b Wikttt ark ReRdn6Wh ) thearRBlAAGE? ichide] 9 takdRot 1iHie:d to,
mechani sm of action_ of these mAbs needs to be further | nvestigated.

These &t af ithfdplendasd ihammacpeicRBRATigtusiss #eatnhasphaienbuffgied iseliicesolutions,

speci f . gﬁpﬂ; - hi peli i - S r
uni queb }gotspl%%% ur a%fe({: %pl]fn% ?rgr%t%?lo s,oq%%08¢1?(?’g‘ﬁ¥fr?lé&lﬁlt%§0nggﬁ Célfl%si Oglé‘%%(%:r %ﬂ‘é&on,
het er ogehvariony tyrem i sugges igentsaDtlteh eaRBB ohy SARSa(ode Sepleatobitions, tablets,

oo Ty SRR, SBhSBES: SARPIS B s BB R
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comprising the steps of (a) establishing a system for the antibody of the invention to bind to the

receptor-binding domain (RBD) of the spike (S) protein of the SARS-CoV; and (b) contacting

the compounds with the system of (a), whereby a decrease in binding of the above antibody to

the RBD of the S protein of the SARS-CoV indicates that the compounds are capable of

15  interfering with said binding, thereby inhibiting infection of the RBD of the S protein of the
SARS-CoV.

The present invention provides a kit comprising a compartment containing an antibody according
to the invention capable of recognizing the SARS virus and/or a substance which can

competitively inhibit the binding of said antibody.

20  The present invention demonstrates that the RBD contains multiple conformation-dependant
neutralization epitopes which induce a panel of potent neutralizing monoclonal antibodies

(mAbs), which can be used for the treatment, diagnosis and prevention of SARS.
The invention will be better understood by reference to the Experimental Details which follow.
Experimental Details

25 Twenty-seven hybridoma clones were generated by fusing SP2/0 myeloma cells with the
splenocytes from Balb/c mice immunized with a fusion protein containing a receptor-binding

domain (RBD) in the spike (S) protein of the SARS-CoV linked to human IgG1 Fc fragment
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(designated RBD-Fc). Among the 27 monoclonal antibodies (mAbs) produced from these
hybridoma clones, except 2 mAbs bound to the adjacent linear epitopes, all other mAbs
recognized conformation-dependant epitopes. Based on the results obtained from binding
competition experiments, these 25 conformation-specific mAbs could be divided into six groups,
designated as Conf I-VI. The Conf IV and Conf V mAbs significantly blocked RBD-Fc binding
to ACE2, the receptor for SARS-CoV, suggesting that their epitopes overlap with the receptor-
binding sites in the S protein. Most of the mAbs (23/25) that recognize the conformational
epitopes possessed potent neutralizing activities against SARS pseudovirus with 50%

neutralizing dose (NDsg) raging from 0.005 to 6.569 pg/ml.

These SARS-CoV neutralizing mAbs can be used: 1) as immunotherapeutics for early treatment
of SARS-CoV infection; 2) as biological reagents for diagnosis of SARS-CoV infection; and 3)
as probes for studying the immunogenicity, antigenicity, structure and function of the SARS-
CoV S protein. Furthermore, these murine mAbs can be humanized for therapy and prevention of

SARS-CoV infection.
Materials and Methods

Immunization of mice and generation of mAbs. Five Balb/c mice (4 wks old) were immunized
subcutaneously with 20 pg of Protein A Sepharose-purified RBD-Fc prepared as previously
described (35) in the presence of MLP+TDM Adjuvant System (Sigma, Saint Louis, Mich.) and
boosted with 10 pg of the same antigen plus the MLP+TDM adjuvant at 3-wk intervals. Mouse
antisera were collected for detecting anti-RBD antibodies and SARS-CoV-neutralizing

antibodies.

Hybridomas for producing anti-RBD mAbs were generated using standard protocol. Briefly, the
splenocytes from the immunized mice were harvested and fused with SP2/0 myeloma cells. Cell
culture supernatants from the wells containing hybridoma colonies were screened by enzyme-
linked immunosorbent assay (ELISA) using S1-C9 prepared as previously described (35) as a
coating antigen. Cells from positive wells were expanded and retested. Cultures that remained
positive were subcloned to generate stable hybridoma cell lines. All mAbs were purified from

culture supernatants by Protein A Sepharose 4 Fast Flow (Amersham Biosciences).
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ELISA and binding competition. Reactivity of mouse sera or mAbs with various antigens was
determined by ELISA. Briefly, | pg/ml recombinant proteins (RBD-Fc or S1-C9) or purified
human IgG (Zymed, South San Francisco, Calif.) were used, respectively, to coat 96-well
microtiter plates (Coming Costar, Acton, Mass.) in 0.1 M carbonate buffer (pH 9.6) at 4°C
5 ovemight. After blocking with 2% non-fat milk, serially diluted mouse sera or mAbs were added
and incubated at 37°C for 1 h, followed by four washes with PBS containing 0.1% Tween 20.
Bound antibodies were detected with HRP-conjugated goat anti-mouse IgG (Zymed) at 37°C for
1 h, followed by washes. The reaction was visualized by addition of the substrate 3,3',5,5'-
tetramethylbenzidine (TMB) and absorbance at 450 nm was measured by an ELISA plate reader
10 (Tecan US, Research Triangle Park, N.C.).

To determine the effect of disulfide bond reduction on the binding of RBD-specific mAbs,
ELISA plate was coated with recombinant RBD-Fc or S1-C9 at a concentration of 1 pg/ml and
then treated for 1 h at 37°C with dithiothreitol (DTT) at a concentration of 10 mM, followed by
washes. Then the wells were treated with 50 mM iodoacetamide for 1 h at 37°C. After washes, a

15 standard ELISA was performed as described above.

A competitive ELISA was performed to determine the inhibitory activity of the RBD-specific
mAbs on binding of the biotinylated mAbs to RBD-Fc. Briefly, the wells of ELISA plates were
coated with RBD-Fc at 1 pg/ml as described above. A mixture containing 50 pg/ml of an
unlabeled mAb and 1 pg/ml of a biotinylated mAb was added, followed by incubation at 37°C
20 for 1 h. Binding of the biotinylated mAbs was detected after addition of HRP-conjugated
streptavidin (Zymed) and TMB sequentially. Biotinylation of mAbs was performed using the
EZ-link NHS-PEO Solid Phase Biotinylation Kit (Pierce, Rockford, Ill.) according to the

manufacturer's protocol.

Neutralization of SARS pseudovirus infection. The conventional neutralization assay using live
25  SARS-CoV is cumbersome and has to be performed in BSL-3 facilities. We therefore adapted a
SARS-CoV pseudovirus system (27, 32, 42, 43) in our laboratory. This assay is sensitive and
quantitative and can be carried out in BSL-2 facilities. SARS pseudovirus bearing SARS-CoV S
protein and a defective HIV-1 genome that expresses luciferase as reporter was prepared as

previously described (27, 42, 43). In brief, 293T cells were co-transfected with a plasmid
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encoding codon-optimized SARS-CoV S protein and a plasmid encoding Env-defective,
luciferase-expressing HIV-1 genome (pNL4-3.luc.RE) using Fugene 6 reagents (Boehringer
Mannheim). Supernatants containing SARS pseudovirus were harvested 48 hours post-
transfection and used for single-cycle infection of ACE2-transfected 293T (293T/ACE2) cells.
Briefly, 293T/ACE2 cells were plated at 10* cells/well in 96-well tissue-culture plates and grown
overnight. The supernatants containing pseudovirus were preincubated with 2-fold senally
diluted mouse sera or mAbs at 37°C for 1 h before addition to cells. The culture was re-fed with
fresh medium 24 h later and incubated for an additional 48 h. Cells were washed with PBS and
lysed using lysis reagent included in a luciferase kit (Promega, Madison, Wis.). Aliquots of cell
lysates were transferred to 96-well Costar flat-bottom luminometer plates (Comning Costar,
Corning, N.Y.), followed by addition of luciferase substrate (Promega). Relative light units
(RLU) were determined immediately in the Ultra 384 luminometer (Tecan US).

Binding inhibition of RBD-Fc with receptor by mAbs. Inhibition of mAbs on RBD-Fc binding to
ACE2-expressing cells was measured by flow cytometry. Briefly, 10° 293T/ACE2 cells were
detached, collected, and washed with Hank's balanced salt solution (HBSS) (Sigma, St. Louis,
Mo.). RBD-Fc was added to the cells to a final concentration of 1 pg/ml in the presence or
absence of 50 ug/ml mAbs, followed by incubation at room temperature for 30 min. Cells were
washed with HBSS and incubated with anti-human 1gG-FITC conjugate (Zymed) at 1:50 dilution
at room temperature for an additional 30 min. After washing, cells were fixed with 1%
formaldehyde in PBS and analyzed in a Becton FACSCalibur flow cytometer (Mountain View,
Calif.) using CellQuest soft:vare.

Inhibition of RBD-Fc binding to soluble ACE2 by mAbs was measured by ELISA. Briefly,
recombinant soluble ACE2 (R&D systems, Inc., Minneapolis, Minn.) at 2 ug/ml was coated onto
96-well ELISA plates (Coming Costar) in 0.1 M carbonate buffer (pH 9.6) at 4°C overnight.
After blocking with 2% non-fat milk, 1 pg/ml RBD-Fc was added to the wells in the presence or
absence of 50 pg/ml mouse mAbs and incubated at 37°C for 1 hour. After washing, the HRP-
conjugated goat anti-human IgG (Zymed) was added and incubated an additional 1 h. After

washing, the substrate TMB was used for detection.

Results

10
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Isolation and initial characterization of mAbs specific for RBD. RBD-Fc fusion protein was
transiently expressed in 293T cells and purified to homogenicity by Protein A. Five mice (A to
E) were immunized four times with RBD-Fc in the presence of Ribi adjuvant. All animals
developed appreciable antibody responses against RBD-Fc after the first boost, and their
antibody titers increased with subsequent immunizations. The antisera collected 4 days after the
third boost showed highly potent neutralizing activity against SARS-CoV and SARS
pseudovirus bearing SARS-CoV S protein.

A panel of 27 RBD-specific mAbs was generated by fusing splenocytes from the RBD-Fe-
immunized mice with Sp2/0 myeloma cells and then screening hybridomas with S1-C9 as an
antigen. Epitope specificities of these mAbs were initially determined by ELISAs using RBD-Fe,
DTT-reduced RBD-Fe¢, S1-C9, DTT-reduced S1-C9, and a purified human IgG as coating
antigens (Table I). Majority of the mAbs (25/27) were reactive with native RBD-Fc and S1-C9,
but not DTT-reduced RBD-Fc and S1-C9. This indicated that they were directed against
disulfide bond-dependent conformational epitopes expressed on the RBD of S protein. Other two
mAbs (4D5 and 17H9) recognized both native and reduced RBD-Fc and S1-C9, indicating that
they were directed against linear epitopes presented on the RBD. None of the mAbs screened by
S1-C9 reacted with human IgQG, whereas control antiserum from a mouse immunized with RBD-

Fc was reactive with human IgG (Table I).

Since the mAbs 4D5 and 17H9 could react with the reduced RBD-Fc¢ and S1-C9, their epitopes
might be mapped with synthetic peptides. A set of 27 overlapping peptides that cover the RBD
of S protein was used to localize 4D5 and 17H9 epitopes by ELISA. As shown in FIG. 1, 4D5
reacted with the peptide 435-451 (NYNYKYRYLRHGKLRPF), and 17H9 reacted with two
overlapped peptides 442-458 (YLRHGKLRPFERDISNV) and 449-465
(RPFERDISNVPEFSPDGK). While the epitope of 17H9 was clearly mapped to the overlapped
sequence (RPFERDISNV) of the peptides 442-458 and 449-465, the epitope for 4D5 requires
most sequence of the peptide 435-451 which overlaps partial sequences of the peptides 442-458
and 449-465. Therefore, these two mAbs recognize neighboring linear epitopes that reside within
the RBD. None of the conformation-dependant mAbs reacted with any of the tested peptides

(data not shown).

11
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Epitope specificity of the RBD-specific mAbs determined by binding competition assays. In order
to characterize the conformation-dependant epitopes, the RBD-specific mAbs were grouped by
binding competition assays (Table II). One of the mAbs (10E7) was first biotinylated and the
inhibitory activity of the 27 mAbs on 10E7 binding to RBD-Fc was measured. The mAbs 4D35
and 17H9 recognizing linear epitopes mapped by peptides above were included in the
competition assays as a control. About half of the conformation-dependant mAbs (13/25)
competed with biotinylated 10E7, while other mAbs did not block 10E7 binding to RBD-Fc,
Another four of the non-competing mAbs (11 E12, 33G4, 45B5, and 17H9) were subsequently
biotinylated and tested similarly with the binding competition assay. Five of the 13 mAbs that
compete with the biotinylated 10E7 also blocked the biotinylated 45B5 binding to RBD-Fc¢ and
were designated as a separate group. Thus, the 25 conformation-specific mAbs were divided into
six distinct competition groups {designated as Conf I-VI). Two linear epitope-specific mAbs
(4D5 and 17H9) did not compete with any of conformation-specific mAbs. These results suggest
that the RBD of S protein contains multiple antigenic structures that induce specific antibody
responses in the mice. However, the immunodominant epitopes in the RBD are conformation-

dependant.

Characterization of the mAbs that block receptor binding. RBD-Fc could efficiently bind to
ACE2 expressed on 293T/ACE2 cells and to soluble ACE2 as measured by flow-cytometry and
ELISA, respectively (data not shown). We tested whether the RBD-specific mAbs inhibit
binding of RBD-Fc to cell-associated or soluble ACE2. As shown in FIG. 2, all of the mAbs
from Conf IV (28D6, 30F9, and 35B5) and Conf V (24F4, 33G4, and 38D4) completely blocked
RBD-Fc¢ binding to both cell-associated and soluble ACE2 in a highly consistent manner. All the
two Conf III mAbs (11E12 and 18D9) and two of the four Conf VI mAbs (19B2 and 45F6)
partially inhibited RBD-Fc binding to ACE2 expressed on 293T/AEC2 cells and soluble ACE2.
All of other mAbs, including two mAbs against linear sequences, had no significant inhibitory
effects on receptor binding. These results indicate that the Conf IV and Conf V mAbs recognize
epitopes that may overlap with the conformational receptor-binding sites in the S protein,
although these mAbs did not compete against each other in the binding competition assays. Conf
III mAbs and two Conf VI mAbs (19B2 and 45F6) may also bind to the conformational epitopes
being involved in the receptor-binding. All the Conf I and Conf IT mAbs did not block the

receptor binding, suggesting that they recognize the conformational epitopes that do not overlap

12
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the receptor-binding sites in RBD. These results highlight the epitopic heterogenecity of the
RBD-specific mAbs and further indicate that the RBD of S protein contains multiple antigenic

conformations.

RBD-specific mAbs have potent neutralizing activity. Each of the RBD-specific mAbs was tested
for neutralizing activity against SARS pseudovirus. Strikingly, the majority of the conformation-
dependant mAbs (23/25) had potent neutralizing activity with 50% neutralization dose
(ND.sub.50) ranging from 0.005 to 6.569 ug/ml (Table III), whereas two mAbs that direct
against linear epitopes (4D5 and 17H9) and one mAb from Conf VI (44B5) at a concentration as
high as 100 pug/ml did not neutralize the SARS pseudovirus infection. The mAbs 33G4 from
Conf V and 30F9 from Conf IV that blocked the receptor binding had highest neutralizing
activities against the pseudovirus. Interestingly, even 45F6 from Conf VI, with its relatively
lower pseudovirus neutralization activity, partially blocked the binding of RBD-Fc with ACE2.
The dose-dependent neutralizing activity of several representative mAbs from each of groups
was presented in FIG. 3. These results suggest that the RBD of S protein predominantly induce

neutralizing antibodies that direct against conformational epitopes.
Experimental Discussion

Recent studies have shown that the S protein of SARS-CoV is one of the major antigens eliciting
immune responses during infection (44-46). These suggest that the S protein may serve as an
immunogen for inducing neutralizing mAbs. In the present study, we used a recombinant fusion
protein RBD-Fc as an immunogen to immunize mice and generated hybridoma clones to produce
27 mAbs. A majority of these mAbs (25/27) recognized conformational epitopes and among
them, 23 mAbs had potent neutralizing activity. Only two mAbs were mapped to adjacent linear
epitopes by overlapping peptides and they could not neutralize infection by SARS pseudovirus.
Interestingly, the conformation-dependant mAbs could be divided into six different groups (i.e.,
Conf I-VI) based on a binding competition experiment, suggesting that there are several distinct

conformational epitopes on the RBD that can elicit neutralizing antibodies.

It is expected that all the neutralizing mAbs directed against the RBD can block the interaction
between RBD and ACE2, the functional receptor for SARS-CoV. However, we found that only
the mAbs recognizing the Conf IV and V could efficiently block RBD binding to ACE2. Some

13
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on binding of biotinylated mAbs to RBD- Fca
mAbs reacting with the Conf [T and VI partially inhibited interaction between the RBD and

ACE2. This suggests that their epitopes may overlap the receptor-binding sites on the RBD or
binding of these mAbs to RBD may cause conformational change of the receptor binding sites,
resulting in inhibition of RBD binding to ACE2. The mAbs that recognize the Conf ] and 1T did
not significantly affect the RBD binding with ACE2, but also possessed potent neutralizing
activities, suggesting that these mAbs inhibit SARS-CoV infection without interfering in RBD-
ACE2 interaction. The mechanism of action of these mAbs needs to be further investigated.
These data ndicate that the RBD induces neutralizing antibodies specific not only for the
receptor-binding sites, but also for other unique structural conformations, highlighting its
antigenic heterogenicity, and suggest that the RBD of SARS-CoV S protein contains multiple

conformational epitopes responsible for induction of potent neutralizing antibody responses.

The conformational sensitivity of the SARS-CoV neutralizing mAbs described here is consistent
with properties of neutralizing mAbs raised against other enveloped viruses, which generally
require more native conformation for binding (47, 48). Although the RBD of SARS-CoV S
protein is a 193-amino-acid small fragment, it contains seven cysteines and five of which are
essential for ACE2 association. The disulfide-bonds between these cysteines may form complex
tertiary structures to constitute the multiple antigenic conformations. However, a neutralizing
human mAb selected from a nonimmune human antibody library could react with the DTT-
reduced S protein and block receptor association (49). Therefore, further characterization is
needed to define the neutralization determinants on the RBD of SARS-CoV S protein, and this

may provide critical information for developing anti-SARS therapeutics and vaccines.

It was reported that passive transfer of mouse immune sera reduced pulmonary viral replication
in the mice challenged with SARS-CoV (33, 50), and prophylactic administration of neutralizing
mAbs conferred in vivo protection in the mice or in the ferrets (51, 52), suggesting that passive
immunization with anti-SARS antibodies is a viable strategy to control SARS. Thus, mAbs with
high levels of SARS-CoV neutralizing activity may be used for early treatment of SARS-CoV
infection. However, application of murine MAbs in human will be limited due to human-anti-
mouse antibody (HAMA) responses (53-55). If only a few doses of murine mAbs are used in a
short period of time {(one to two weeks) at the early stage of SARS-CoV infection may not cause

serious HAMA, but this urgent treatment may save lives of SARS patients. We have used similar
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strategies for early treatment of Hantaan virus (HTNV) infection using murine anti-HTNV
mADbs(56). Furthermore, the murine neutralizing mAbs can be humanized as therapeutics or
immunoprophylaxis for providing immediate protection against SARS-CoV infection to those at-

risk populations.

The significance of the present study is three-fold. First, a number of highly potent RBD-specific
neutralizing mAbs have been generated, which may be developed as immunotherapeutics for
urgent SARS treatment. Second, these mAbs can be developed as diagnostic agents for detecting
SARS-CoV infection. Third, these mAbs can be used as probes for studying the immunogenicity,
antigenicity, structure, and function of the SARS-CoV S protein. These mabs can be further

humanized for treatment and prevention of SARS.
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12B11 85.8 19.3 -0.2 19.8 21.0 18C2 84.9 19.3 4.9 18.1 19.4 24H8

93.7 24.0 7.0 25.6 22.1 26El1l 95.1 10.5 37.4 30.4 25.0 29X

Table k. Reactivities of RBD-specific mAbs against various antigens”

mAbs Isotype Antigen
RBD- Fc Reduced S1-C9 Reduced  Human IgG
RBD-F¢ S1-C9

4D5 IgGl/x 0.88 1.36 0.65 0.94 0.02
9F7 IeGl/k 1.60 0.00 1.45 0.08 0.04
10E7 IeGl/x 1.77 0.02 1.72 0.16 0.05
11E12 IgG2a/k 1.50 0.01 0.72 0.09 0.02
12B11 IgGl/x 1.37 0.04 0.78 (.00 -0.01
13B6 IgGl/x 1.58 -0.01 0.93 .00 0.02
17HS IgGl/x 1.72 1.71 1.21 1.15 0.07
18C2 IgGl/x 1.28 -0.01 0.80 0.01 -0.20
18D9 IgGl/x 1.47 -0.01 0.90 0.01 0.03
19B2 IgGl/x 1.63 0.00 1.55 0.12 0.01
20E7 IgG2a/x 1.50 0.00 0.98 0.01 0.02
24F4 IgGl/x 1.69 -0.01 1.08 0.08 0.04
24H8 IgGl/x 1.54 -0.01 0.94 0.12 0.01
26A4 IgGl/x 1.60 0.00 0.89 0.09 0.01
26E1 1gGl/x 1.91 0.07 1.85 0.06 0.01
27C1 1gGl/x 1.46 0.00 1.57 0.07 0.01
28D6 IgGl/x 2.06 0.01 1.60 0.16 0.00
29G2 IgG2a/k 1.69 0.00 0.96 0.17 0.04
30F% IeGl/x 1.66 0.04 1.21 0.12 0.01
31HI12 IgGl/x 1.72 0.08 1.91 0.22 0.03
32HS IgGl/x 1.54 0.06 1.55 0.51 0.00
33G4 IgG2a/x 1.79 0.02 1.76 0.20 -0.01
34E10 IgGl/ix 1.62 0.10 1.82 0.18 0.04
35B5 IgGl/x 1.74 0.06 1.72 0.25 0.02
38D4 IgGl/x 1.63 -0.01 1.20 0.07 0.00
44B5 IgGl/x 1.57 0.09 1.64 0.16 0.00
45F6 IgGl/x 1.61 0.11 1.43 0.15 -0.01
Antiserum 2.22 1.78 2.32 1.68 2.07
Naive serum 0.01 0.02 0.02 0.01 0.04

* Antigens were used at 1 pg/ml; mAbs were tested at 10 pg/ml and sera were tested at 1:100 dilution.
Positive reactivities are highlighted in boldface.
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Table II. % Inhibition of RBD-specific mAbs on binding of biotinylated mAbs to RBD-Fc*

Group Competing mAb Biotinylated mAb
10E7 11E12 33G4 45B5 17H9
Conf'1 9F7 84.5 11.7 -13.3 223 16.4
10E7 91.0 5.6 -12.9 21.0 9.9
12B11 85.8 19.3 -0.2 19.8 21.0
18C2 84.9 19.3 4.9 18.1 19.4
24H8 93.7 24.0 7.0 25.6 221
26E1 95.1 10.5 374 30.4 25.0
29G2 96.6 204 1.6 1.4 23.5
32H5 98.9 18.5 4.4 6.1 20.3
Conf1I 20E7 97.2 38.5 5.9 73.0 24.6
26A4 96.3 331 -0.5 60.0 19.0
27C1 97.2 36.7 14.6 73.7 20.9
31H12 97.5 18.7 7.1 58.4 19.7
30E10 083 19.3 12.9 68.9 24.6
Conf I1I 11E12 12.6 92.0 0.3 -3.7 20.2
18D9% -16.2 98.3 8.3 23.6 17.1
ConfIV 28D6 30.7 99.6 13.8 67.4 26.6
30F9 28.7 100.0 8.7 64.0 32.4
35B5 34.9 99.9 10.0 64.7 33.6
ConfV 24F4 11.5 -1.0 95.5 2.5 24.9
33G4 9.5 -3.7 99.5 26.4 29.1
38D4 8.1 -14.4 82.0 -5.1 15.8
Conf VI 13B6 23.3 10.7 -4.9 72.5 12.6
19B2 2.9 -26.4 18.0 50.0 16.1
4485 253 -20.6 10.0 95.6 19.4
45F6 25.7 -10.4 10.8 048 23.5
Linear 4D5 13.0 10.6 -11.1 1.0 -10.5
17H9 17.8 333 -5.8 25.0 97.8

* Competing mAbs were tested at 100 pg/ml for the ability to block binding of the biotinylated
mAbs to the RBD-Fc in ELISA. Greater than 40% inhibition was considered positive
competition (values in bold). Negative numbers indicate increased binding of the biotinylated
reagent.
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36.7 14.6 73.7 20.9 31H12 97.5 18.7 7.1 58.4 19.7 30E10 98.3 19.3
12.9 68.9 24.6 Conf 11l 11E12 12.6 92.0 0.3 -3.7 20.2 18D9 -16.2
98.3

Table III. Neutralization activity of RBD-specific mAbs against SARS pseudovirus

Group mAb Inhibition of ACE2 binding® NDsp (ug/ml)
Conf'1 9F7 - 6.569
10E7 - 1.673
12B11 - 4918
18C2 - 5.031
24H8 - 3.955
26E1 - 0.354
29G2 - 3.02
32H5 - 0.275
Conf IT 20E7 - 5.959
26A4 - 2.815
27C1 - 1.607
31H12 - 0.139
30E10 - 0.399
Conf III 11E12 e 1.39
18D% + 0.02
Conf IV 28D6 ++ 0.298
30F9 ++ 0.009
35B5 ++ 0.131
Conf'V 24F4 ++ 0.052
33G4 e 0.005
38D4 ++ 0.332
Conf VI 13B6 - 1.436
19B2 + 0.936
44B5 - >100
45F6 + 43,894
Linear 45 - >100
17H9 - >100

5 % """+ " and "++" indicate no, partial, and complete inhibition, respectively.
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8.3 23.6 17.1 Conf 1V 28D6 39.7 99.6 13.8 67.4 26.6 30F9 28.7 100.0
8.7 64.0 32.4 35B5 34.9 99.9 10.0 64.7 33.6 Conf V 24F4 11.5 -1.0
95.5
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5 anti body capabl e of conpetitively inhibiting the binding of the
severe acute respiratory syndromne-associ ated coronavirus (SARS-CoV)
to a receptor on host cells or to a cell-free receptor. 2. A
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domai n of tHeN&pPIKRNArotein of the severe acute respiratory

syndr onme- associ at ed coronavi rus

25. A vector comprising the nucleic acid molecule of aspect 24 or a portion thereof.
15 26. A cell comprising the nucleic acid molecule of aspect 24.

27. A method for producing an antibody capable of binding to the receptor-binding domain
of the spike protein of the severe acute respiratory syndrome-associated coronavirus
(SARS-CoV) or antibody capable of competitively inhibiting the binding of the severe
acute respiratory syndrome-associated coronavirus (SARS-CoV) to host cells, comprising

20 operatively-linking the nucleic acid molecule of aspect 22 to the appropriate regulatory
element so as to express said antibody; placing the linked nucleic molecule in appropriate
conditions permitting the expression of said antibody; and recovering said expressed

antibody, thereby producing said antibody.

28.  The antibody produced by the method of aspect 27.
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(SARS- CoV) or anti body capabl e of conpetitively inhibiting the

bi ndi ng of the severe acute respiratory syndrome-associ ated
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capabl e of biohdieng ch@ptifige IRGERPE @F:- bi ndi ng domai n of the spike

protein of the severe acute respiratory syndrone-associ at ed

coronavirus (SARS-CoV) wherein the antibody is produced by Hybridoma
30F9 wi®h A $isieNGT terantigedysof aspe d riaded foithareceioniiading gpmain
conprising & &f LHKL i pSeRMRY e h | Jdn bndvi
and a pharnaceutﬁghlﬁ%-gcceptab em%a§??2%#p@g%;?@%ﬁgggggg5ﬂﬁfiQ&ﬁ%%@nm
Accessi on NESARPA-®H281d An anti body according to claim1l for use in
the treatment of SARS-CoV infection.

) contacting the compounds with the system of (a), a decrease in binding of the antibody of
25 aspect 1 to the receptor-binding domain of the spike protein of the severe acute
respiratory syndrome-associated coronavirus (SARS-CoV) indicating that the compounds

are capable of interfering with said binding and inhibiting infection of the receptor-

29



Use of an antibody according to claim1l in the preparation of a

medi canent for the treatnment of SARS-CoV infection. A nethod for
detecting severe acute respiratory syndrone-associ ated coronavirus
(SARS- CoV) or SARS-CoV-infected cells in vitro, conprising contacting
an anti body according to claim21 under conditions permtting the
formati on of conpl exes between the anti body and the receptor-binding
domai n of t [ Lo - - [ et ' :
conpl exes f g@ﬁ@ .d%ia?r{eﬁltg% Q?Ig% péogeﬁggﬁﬁlﬁ%gsgg%(%%ﬁ% gg sﬁc%% b%}gdltggh R-associated
i nhi biting cobecinuo(BARS-CeVere respiratory syndrone-associ at ed
coronavirus (SARS-CoV) by bl ocking the binding of the virus to
receptqQrs on, host cells,..conprising.the.ste of : (a) establishing a
systen?%br E%E%ﬁy¥38%§mg€8%r8FHQGF%&@E§ﬁ%FT&§%“bind to the
receptor-binding domain of the spike protein of the SARS-CoV; and
35(b) B86ent adtkingnpricagpeungatnelieoseinggteeamitioly bhapsytdt em of (a), a
decrease in binding of the antibody to the receptor-binding domain of
the spi ke protein of the SARS-CoV indicating that the conpound is
capable of interfering with the binding and inhibiting infection of

t he receptor-binding domain of the spike protein of SARS-CoV. 408. A
di agnostic kit or a screening kit conprising a conpartnment containing
an anti body according to claim1l. SEQ

195842700011- SequencelLi sti ng SEQUENCE LI STI NG <110> Ji ang, shi bo He,
Yuxi an <120> Neutralizing Monocl onal Antibodi es Agai nst Severe Acute
Respiratory Syndrone Associ ated Coronavirus <130> 1958427-00011 <140>
11/ 351, 108 <141> 2006-02-28 <150> US 11/141, 925 <151> 2005- 05-31
<150> US 60/ 651, 046 <151> 2005-02-28 <150> US 60/516, 118 <151>
2004- 06- 02 <160> 4 <170> Patentin version 3.3 <210> 1 <211> 17 <212>
PRT <213> Hunan coronavi rus
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<400> | Asn Tyr Asn Tyr Lys Tyr Arg Tyr Leu Arg His Gy Lys Leu Arg
Pro 151015 Phe <210> 2 <211> 17 <212> PRT <213> Hunman coronavi rus
<400> 2 Tyr Leu Arg Hs Gy Lys Leu Arg Pro Phe G o Arg Asp Il e ser
Asn 151015 val <210> 3 <211> 17 <212> PRT <213> Human coronavi rus
<400> 3 Arg Pro Phe Qu Arg Asp Ile Ser Asn Val Pro Phe Ser Pro Asp
Ay 151015 Lys Page 1 SEQL 195842700011- Seguencelisting <210> 4
<211> 10 <212> PRT

5 CLAIMS

1. An 1solated neutralising monoclonal antibody capable of binding to the receptor-binding

domain of the spike protein of the severe acute respiratory syndrome-associated

coronavirus {SARS-CoV) wherein the antibody is produced by Hybridoma 30F9 with

10 ATCC Accession No. PTA-6523.

2. A pharmaceutical composition comprising an effective amount of the antibody according

to claim 1 and a pharmaceutically-acceptable carrier.

15 3. Hybridoma 30F9 with ATCC Accession No. PTA-6523.

4, An antibody according to claim 1 for use in the treatment of SARS-CoV infection.

5. Use of an antibody according to claim 1 in the preparation of a medicament for the
20 treatment of SARS-CoV infection.

6. A method for detecting severe acute respiratory syndrome-associated coronavirus

(SARS-CoV) or SARS-CoV-infected cells in vitro, comprising contacting an antibody

according to claim 1 under conditions permitting the formation of complexes between the

25 antibody and the receptor-binding domain of the spike protein of the SARS-CoV, and

detecting the complexes formed.

7. A method for screening compounds capable of inhibiting infection by severe respiratory

syndrome-associated coronavirus (SARS-CoV) by blocking the binding of the virus to

30 receptors on host cells, comprising the steps of:

(a) establishing a system for an antibody according to claim I to bind to the receptor-

binding domain of the spike protein of the SARS-CoV; and
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<213> Human coronavirus <400> 4 Arg pro Phe Gu Arg Asp Il e Ser Asn
Val 1510 Page 2

(b) contacting a compound to be screened with the system of (a), a decrease in binding of

35
the antibody to the receptor-binding domain of the spike protein of the SARS-CoV
indicating that the compound is capable of interfering with the binding and inhibiting
infection of the receptor-binding domain of the spike protein of SARS-CoV.

40 8. A diagnostic kit or a screening kit comprising a compartment containing an antibody

according to claim I.
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