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acute respiratory syndrone (SARS) is a recently-recognized, febrile
severe lower 5 respiratory illness that is the result of an
infection caused by a novel coronavirus (SARS-CoV) (1-5). The gl obal
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8). Like other coronaviruses, SARS-CoV is an envel oped virus

containing a large, positi that encodes

viral replicase proteins El'ﬁ: {}ruct urgFl%?%ns i ncl udi ng spi ke (9),
menbrane (M, envelope (E), nucleocapsid (N), and several
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15 Further according to the invention, there is provided a nethod for
screeni ng conpounds capable of inhibiting infection by severe
respiratory syndrone-associ ated coronavi rus (SARS-CoV) by bl ocki ng
the binding of the virus to receptors on host cells, conpirising of:
(a) establishing a systemfor an anti body according to the invention
to bind to the receptor-binding donain of the spike protein of the
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i ndicating that the conpound is capable of interfering with the
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RBD- Fc was used ug/ mAbs were used
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(RED) of the spike (S) protein of the severe acute respiratory

syndr offeernppaisisaeingte &g debradnavi rus (SARS-CoV) so as to conpetitively
inhibit the binding of the SARS-CoV to host cells. The present
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ant|boﬂvnﬂggﬁ%Pﬁﬁﬁg?Sﬁﬂép n construct: a humanized antibody; or a
chineric anti body as described above. It is the intention of this
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The present invention (not according to the invention) also provides

a vector conprising the 20 above nucl eic acid nol ecules or a portion
thereof. This portion may be a functional portion which carries out a
certain function. A fragnment or a partial sequence nmay be able to
encode a functional domain of the protein which is functional. In one
enbodi nent, this vector is an expression vector, whereby the protein
encodedrpyhdWedRdifig 36 e HPLRoH] @e@BY pRR IR S8E8keu e BMBSEMn comprising
invention further provides a cell conprising the above-described

nucl ei camefigetinsl ewaret. of 28 @alithdy eddcerdiney thdhaseknfior apstpr edginmeeutically-
Vect ors |.] -.known in this field. See e.g., Gaupner, U S. Pat.

No. 6,3%%?@6@?0&Eégning Vector," issued Jan. 8, 2002. See al so,
Schumacher et. al., U S. Pat. No. 6,190,906, "Expression Vector for

t he Reglitmdteabt@rdingtesisi mneofonFors yrpr@ades Hybri®Rmek 30§ tvith, ATCE sAredssion
Feb.SZONOﬁl%@%.6 % one enbodi nent, the vectors are plasmds. The
present "? provi des a nethod for producing the anti body

capabl e of binding to receptor-binding domain (RBD) of the spike (S)
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wet ti Ngra@ent Rcor@3eto @R fvehtonTBMerd| i8 Qrbiabd de dRkRIstit &if QF Ut k@B&ing kit
tabl ets, coated tablets, and capsules. Typically such carriers
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clay, gelatin, stearic acid or salts thereof, magnesi um or cal ci um
stearate, talc, vegetable fats or oils, guns, glycols, or other known



10 These SARS-CoV neutralizing mAbs can be used: 1) as

i mmunot her apeutics for early treatnment of SARS-CoV infection; 2) as

bi ol ogi cal reagents for diagnosis of SARS-CoV infection; and 3) as
probes for studying the inmunogenicity, antigenicity, structure and
function of the SARSCoV S protein. Furthernore, these nurine mAbs can
be humani zed for therapy and prevention of SARS-CoV infection. 15
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Five BaIch mce (4 wks old) were i muni zed subcut aneousl'y with 20
jig of cofometinnAeSudpelr oewrabgstiohi emitoRBDWhishpndyrgr e dard qirioignd mehtyalizing
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coll ected for detecting anti-RBD anti bodi es and SARS- CoV-neutralizing
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m ce were harvested and fused with SP2/0 nmyelona cells. Cell culture
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screened enzyne- 25 |inked i nQsor bent assa ELI SA) using Sl -C9
pr epar 8‘6‘?’%5131% ePss| td@é’@r&‘ﬁ&% 33%)8 potegn.c %f?‘i ‘%lfgt{“QrPFP%‘gﬁ W %F‘Té’d at 5
f'rom pRsintiiakg mMslwerRERd §XRANEE and retested. Cultures that

remai ned positive were subcloned to generate stable hybridoma cell

lines. Al mAbs were purified fromculture suEernatants by Protein A
Sephar Bigare, 2-dshibionw! BERAFS ardingi t9s6CBAdesnAbs. Binpsapanad shewrdinhipition of

compet L tjVi . i r.Lau i
nad® deREPaF SRR ol |-ty P B e Be O oS E 2 b B B9 o
( RBD- Feytotnetsl: - I89er @angd wwhiofvi ddhibition nofl RBDEIZY bimdingSou tdiulida s CEAmeiasso,by
Calif. re_used, respectively, to coat 96-wel| m.crotiter pl.ates
( Coni nELg"st%ﬁP%%w%%tsl )ug?/ gpdy 1 %éa‘?”?fﬁr’r’é? abéﬁf@/mf-ﬁﬁ@blgwoatwas
4C 5 oM&lintor cad hRE. bl ocking with 2% non-fat mlk, serially

di | uted nouse sera or mAbs were added and incubated at 37C for 1 h,
foll owed by four washes with PBS containing 0.1% Tween 20. Bound

ant i boligase.wir HeweliggioadofnS ARSHRPudG U dut Bdhbgodrhikifen oSS pergdovirus
(Zy#ered : : I . [

i 0l AT R SRR CER ool Oy SRR ATIRES godl Gofl BALNAR HSn. Each of he
t et r aneiAg Mae testediang s¢riENB) 2-drid ddbismrs hat denanradZfion s wasulaedsur ed by
an ELI SA pl ate reader 10(Tecan US, Research Triangle Park, N.C ). To
determ ne the effect i LderboR ' bi ndi ng of
RED- speci fi ¢ mAbs, EI_I?EIST P atigﬁ\g\gs cogg\{eﬁg\}qﬁ%ﬂr\é@gr i nant RBD-Fc or
S1-C9 at a concentration of 1 ng/nl and then treated for 1 h at 37C
wi t h dThdpresdnt @iveotion(|Pdvideatn molatdoentockhalomtibédylGpatik of binkinged répgptor-
washes.. Then, t he e treajed wth mM i odoacetamide for 1 h
e 37 coindpg cqorgii (BB 18 IR AP cprBleiaal Jie MRt Sriedo RS Syt
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activity of the RED specific mAbs on binding of the biotinylated mAbs
to RBOCAWSt@Hpefly, the wells of ELISA plates were coated with RBD Fc
at 1 p.g/m as described above. A m xture containing 50 jig/m of an
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ACE2- expressing cells was neasured by flow cytonmetry. Briefly, 106
293T/ ACE2 cells were 15 detached, collected, and washed wth Hank's
bal anced salt solution (HBSS) (Sigma, St. Louis, M.). RBD Fc was
added to the cells to a final concentration of 1 pg/nml in the

presence or absence of 50 1.1g/nl mAbs, followed by incubation at
roomtenperature for 30 mn. Cells were washed wi th HBSS and

I ncubat gematit Bnfidy - WEBRibk Ghédel & AR &&ga{tﬁ)n(ﬁwﬁﬁda)p Alatibn 20 cgb%r i#f0Ent
at roomtenperature for an additional 30 mn. After Sahl ng, cells

wer e fi stégtenif constioste Orehtsd vaingdhy terented PBDodivd. BieaprysetinventaonBdst aivers all
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Inc., M npeapolis, nn. ) 2 jig/mM was coated onto 96-wel| ELISA.
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i 1 oo s Rin B GBS of B SRR, BT T SRR TR At
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specific for RBD. RBD-Fc fusion protein was transiently expressed in
2 e B R AR kB o P G 1
adj uvansf. méklcyamixiahgent SRl QpR6xiaRRER ClchRics, N td 9 Uit 39 GB&BFucleotides or
against RBD-Fc after the first boost, and their 5 antibody titers,

i ncr easYBEIWCKS s b PeRISHt IV FRNGRI (et peRElingrie thiivertion) @giitiepalbgprevides a
days aff@feid had iy ing HRVRLBlagi o, P | % leifd
agai nst S.A?I%{S- Cobmééncglegﬁgé&ggeudovivfg Sgﬂ%)aeﬁgr ?’ﬁg@%‘ﬁ%ﬂ I&%@/QS%JS P%tiég‘l%ﬁ .ﬂ\{éA&‘éﬁe
panel o¥higly emREes gréd pitibodynfisy bedsolzted endathe dhublpicfagii seguenesk el by tdesrmined.

R e R s s
speci f i id mekcdlt cijabkarfRPhsfioatly AybriitinatHeymelests disoeskdupolr. TEASuLIS: Agid
RBD- Fc, gTT-rg%ic d RBD- Fc, _S:L-d(r:9, DTT-reduced S1-C9, and a_ purified
human 1'§B°HEe dtdengP Ut Peel@iteer iy senthstic MRjAo PT R /b seppi@icniRbis., cDByA7and
were reaqpi ve with native RBD-Fc and S1-C9, but not DITT-reduced

RBD-Fc and SI-C9. This indicated that they were directed agai nst

di sul fi de bond-dependent conformational epitopes expressed on the RBD
of S priterEsenbinyERtianGIol Boprdiae (o i HVEnIoPHaIsormERHEPH 2 FECBOEPMpHAinG the
an e Ec. = O, 1npdl i h i - .
e L
scr eenevhiply c8tieCutreecrzadiimetide. hufregmdny G awlagiab asjuenrt may baable seenovde a

froma se | niz w t h RBDFc, was. react.iyve with human |1gG (Tabl.e
1y s AR TR A e gt iF GudcBRER Y o OB ol SrigEE S en
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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
overnight. 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
(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

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
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
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).
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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
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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
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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

14
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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.

15



Table Il. % Inhibition of RBD-specific inAbs on binding of
bioti nylated mAbs to RBD-Fca G oup Conpeting inAb Biotinylated mAb
OF7 84.5 11.7 -13.3 22.3 16.4 10E7

10E7 11E12 334 45B5 17H9 Conf

91.0 5.6 -12.9

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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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 22.1 26E1 95.1 10.5

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

5  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.

1%



37.4 30.4 25.0 29@& 96.6 20.4 1.6 11.4 23.5 32H5 98.9 18.5 4.4 9.1
20.3 Conf Il 20E7 97.2 38.5 5.9 73.0 24.6 26A4 96.3

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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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
substance conprising the conpl enmentary determ ning regions of the
anti body of aspect 1, capable of binding to the sane epitope or
conpetitively inhibiting the binding of said 10epitope as the
ant i body of L 3 . f 2. ) -
subst ance igﬁgﬁﬁg%??gggybg%ﬁkiﬁgﬁ%ﬁp?Eg ﬁw%nggég%Pu%QS&ﬁg%gﬁiHgmmmmd
ant i body i scorenavira$ (SARGCo¥). An anti body produced by Hybri donma 18D9
w th ATCC Accession No. PTA-6521. 6. The epitope recogni zed by the
anti bo of ~aspect 5. 15 .7. An tibqd roduced by Hybridoma 19B2
wtn aroc ASRERT st tita Ba05e miRth RAHEE Y o cooni zed by the
anti body of aspect 7. 9. An antibody produced by Hybridonma 30F9 with
ATCC Ag86.essidit dimprifhA-aGbRPartrhént chheingpy thepeibodg ofjaspzead. by t he

anti body of aspect 9. 11. An anti body produced by Hybridoma 31H12

wi th ATCC Accession No. PTA-6524. 2012. The epitope recogni zed by the
anti body of aspect 11. 13. An anti body produced by Hybridoma 32H5

W th ATCC Accession No. PTA-6525. 14. The epitope recogni zed by the
anti body of aspect 13. 15. An antibody produced by Hybri doma 334
wi th ATCC Accession No. PTA-6526. 16. The epitope recogni zed by the
anti body of aspect 15. 17. The anti body of aspect 1, where the
antibody is a single-chain antibody or an anti body-fusion construct.
518. The anti body of aspect 1, where the antibody is a humani zed

anti body. 19. The anti body of aspect 1, where the antibody is a
chimeric anti body. 20. The isolated anti body of aspect 1, where the
antibody is directly or indirectly coupled to a cytotoxic agent. 21.
A cell conprising the anti body of aspect 1. 1022. A nucleic acid

nol ecul e encodi ng the anti body of aspect 1. 23. A nucleic acid

nol ecul e capabl e of specifically hybridizing the nol ecul e of aspect
22. 24. The nucleic acid nolecule of aspect 22, wherein it is
synthetic DNA, genonmc DNA, cDNA, or RNA 25. A vector conprising the
nucl eic acid nol ecul e of aspect 24 or a portion thereof. 1526. A cel
conprising the nucleic acid nol ecul e of aspect 24.
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27. A net hod for producing an anti body capable of binding to the
receptor-binding domain of the spike protein of the severe acute
respiratory syndrone-associ ated coronavirus (SARS-CoV) or anti body
capabl e of conpetitively inhibiting the binding of the severe acute
respiratory syndrone-associ ated coronavirus (SARS-CoV) to host cells,
conprising 20 operatively-linking the nucleic acid nol ecul e of

aspect 22 to the appropriate regulatory elenent so as to express said
anti body; placing the linked nucleic nolecule in appropriate
conditions permtting the expression of said antibody; and recovering
sai d5sexpr essegaamsi body, thereby producing said anti body. 28. The

anti body produced by the nethod of aspect 27. 29. A conposition
conprising an effective anount of the antibody of aspect 1 and a
suitable carrier. 30. A pharmaceutical conposition conprising an
effecti ve andinsolaed peﬂ@ragﬁpg mycl@mal gg@lg@ﬁ' cgpabdgjofgbinding to the receptor-binding
phar maceut i C@érﬁé{nagf:% %gk {eﬁﬂ & tha> e”ﬁ&ﬂg Qeé (?Latotr% Hl%gne-assomated
i nfection of severe acut p|ratory syndr one- associ at coronavi rus

( SARS- CoV), coomvirss (GARBECSewldrein hbe phighroniede produaéd bp ibbsidomers069 with
asp t 30. 3§§E§ngth0d'§ eﬁggfing i nfection of severe acute

res ratory YER Lot o) o xd~tor onavi rus ( SARS-CoV), conpri sing

t he use of the pharnaceutical conposition of 10aspect 30. 33. A

met hod for detecting severe acute respiratory syndromne-assocj at ed

cor onav?r us {SRREACE ACahromRpsiiGARAMEHYNE AR sifecdiye amoprt of thmgstibednapcording
contacting theaati Qﬁq‘yp}ﬁfniécteﬁlggg,lag@eﬁjtag% &apabl e of binding to the
recept or-bi nding domain of the spike protein of said virus under
conditions permitting the formati on of conpl exes between the

ant ibody., orHybrslonkB30F8rwitheATUE Ampgicnio. Pa@epi2sr - bi ndi ng domai n of

spi ke protein of the severe acute respiratory syndrone-associ at ed

coronavirus (SAR tecti t he, conpl exes. f.or .34. A
ot hoa For - S&P ARG BB IUSH b UBTE Bring RHTBER: Gig AR Y iaRc i
severe respiratorysyndrone-associ ated coronavi rus by bl ocking the

bi ndi ngsof seiddol bk Wty aﬁ:%@;m@ﬁ) ABin? ANiasthe GRdPaatioR YIRS hr‘étii&gmléﬁlefor the
steps of: (a) establlshln s stem for the antlbody of aspect

bi ndd to t he WeatBprtef SHi prtgnn of the spike protein of the

severe acute respiratory syndrone associ ated coronavirus (SARS-CoV);
and (b) contacting the conpounds with the systemof (a), a decrease

i n bindb.ng of miethodnfdrbdetycting se%reasp&etreipitamryh@nﬂﬁm&pﬁsemidﬁhmcﬁom@avirus

domain of th i r ot.ei t.h .acute respiratory . }
e O as AT EEVE B SRR o SR Iy Tt clbr R tlidering an antibody
conpounds  ar&c&dpakb elagh uamaerd‘oeaﬂua dwrﬁllmlﬁgtuﬁ f@mﬁh@ioﬁgfaaﬁpzbﬁéalbfét&deﬁ@he
i nfection of the receptor- binding donain of the spi aﬁ%rOteln of

t he?Severe a@@b@dx ahtheaeerpjordypting fpmaiscthe spife cpacrteﬁ peiSARS-CoV, and

( SARS- CoV) . nﬁgﬁmQBH@R&Egﬁﬁﬁéylt'”g fromthe nmethod of aspect 34.
36. A kit conprisrng a conpartnent containing the antibody of aspect

1. 5CLAIM
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

31



An isol ated neutralising nonocl onal anti body capable of binding to

t he receptor-binding domain of the spike protein of the severe acute
respiratory syndrone-associ ated coronavirus (SARS-CoV) wherein the
anti body is produced by Hybridoma 30F9 with ATCC Accessi on No.

PTA- 6523. A pharmaceutical conposition conprising an effective anount
of the antibody according to claim1l and a

phar maceuti cal | y-acceptabl e carrier. Hybridoma 30F9 with ATCC
Accessi on No. PTA-6523. An anti body according to claim1 for use in
the treatnment of SARS-CoV infection. Use of an antibody according to

clasm 1 in (heoptacay aédndidvudd tebdRelet@RIR tHeQk st (4) ealdtbdike B binding of
SARS- CoV infection, A nethod for detecting severe acute resgﬁratory

syndr one- assoéh%ﬁ@@oéﬁ it Hhsviepgpsorchuadiag doypgin i thoppikeprpisip pb EiceRr Reilod
invitro, Comﬁa@z{tﬁﬁ% thdfl @ﬁ%ﬂ&gn@& c%ﬂ&ﬂltpgpﬁﬁte?féﬁﬁé q}ltﬂghé Bn V\gafﬂ tlnhtbttmg

under conditions permtting t formati on | exes
anti body and tlh%cm@n@phmcmtmém@HQMmmn 06fhet8h$69mt¢te Of)SéRér(Bp\bf the
SARS- CoV, and detecting the conpl exes formed. A nmethod for screening
co ou ds capable of .inhibitin fection by severe respirato

2 SoRRETEge kS RO ErREhRdre b S BEReRG B TE mh bty
the V|rus tambaﬁ@§ﬁﬂmﬁnpm host cells, conprising the steps of: (a)
establishing a systemfor an antibody according to claiml to bind to
t he receptor-binding domain of the spike protein of the SARS-CoV; and
35(b) contacting a conpound to be screened with the systemof (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 sting SEQUENCE LI STI NG <110> Ji ang, shi bo He,
Yuxi an <120> Neutralizi ng 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
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<160> 4 <170> Patentin version 3.3 <210> 1 <211> 17 <212> PRT <213>

Human coronavirus <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> Human

coronavirus <400> 2 Tyr Leu Arg ng Ay Lys Leu Arg Pro Phe G o Arg
Asp Il e ser Asn 151015 val <21 E <211> 17 <212> PRT <213> Hunman

coronavirus <400> 3 Arg Pro Phe A u Arg Asp Ile Ser Asn Val Pro Phe
Ser Pro Asp Gy 151015 Lys Page 1

195842700011-SequencelListing
SEQUENCE LISTING

<110> Jiang, Shibe
He, Yuxian

<120> Neutralizing Monoclonal Antibodies Against Severe Acute
Respiratory Syndrome Associated Coronavirus

<130> 1558427-00011

<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 60/576,118
<151> 2004-D6-02

<160> 4

<170> PatentIn version 3.3
<210> 1

<21l> 17

<212> PRT

<213> Human coronavirus
<400> 1

Asn Tyr Asn Tyr Lys Tyr Arg Tyr Leu Arg His Gly. Lys Leu Arg Pro
1 5 10 15
phe

<210> 2

<211> 17

<212> PRT

<213> Human coronavirus

<400> 2
Tyr Leu Arg.His Gly Lys Leu Arg Pro Phe Glu Arg Asp Ile Ser Asn
1 5 10 15

val

<210> 3

<211> 17

<212> PRT

<213> Human coronavirus

<400> 3 )
Arg Pro Phe Giu Arg Asp Ile Ser Asn Val Pro Phe Ser Pro Asp Gly
1 5 10 - 15

Lys
Page 1



SEQL 195842700011- SeguencelLi sting <210> 4 <211> 10 <212> PRT <213>
Human coronavirus <400> 4 Arg pro Phe Gu Arg Asp Ile Ser. Asn. Va
1510 Page 2 ' ' :

SEQL

<210> 4

<21i> 10

<212> PRT

<213> Human coronavirus
<400> 4

Arg Pro Phe Glu Arg Asp Ile Ser Asn val
1 5 10

Page 2



