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Abstract

Severe acute respiratory syndrome (SARS) is a highly infectious disease caused by a novel coronavirus (SARS-CoV). Specific monoclonal
antibodies (mAbs) against the SARS-CoV are vital for early diagnosis and pathological studies of SARS. Direct intrasplenic inoculation of
plasmid DNA encoding antigen is an effective and fast approach to generate specific mAb when the protein antigen is difficult to prepare or
dangerous in use. In this study, we selected one fragment of SARS-CoV spike protejraé3ntigenic determinant by immunoinformatics.

Single intrasplenicimmunization of plasmid DNA encodings3tduced anti-spike protein antibodies. We established one hybridoma cell line
secreting specific mAb and evaluated this mAb with murine leukemia virus pseudotyped with SARS-CoV spike protein (MLV/SARS-CoV).
The mAb could recognize the spike protein on the MLV/SARS-CoV-infected Vero E6 cells albeit with no neutralizing effect on the infectivity
of the pseudotype virus. Our results show that a single-shot intrasplenic DNA immunization is efficient for the production of specific mAb
against SARS spike protein, and a linear epitope of the spike protein is recognized in this study.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction identified as the functional receptor for SARS-CoV, and a
neutralizing human monoclonal antibody 80R against ACE2
Severe acute respiratory syndrome (SARS) is a highly in- can block the binding of S1 domain to sensitive Vero E6
fectious atypical pneumonia with proximity 10% mortality cells[7]. The ACE2-binding domain locates within the N-
in all infected case§l]. Etiologic analysis has identified a terminal residues 318-510 aa of spike protein, which has a
novel coronavirus named the SARS-associated coronavirushigher affinity to ACE2 than the full S1 domain (residues
(SARS-CoV)[2]. SARS-CoV spike protein, the major de- 12-672 aa)8].
terminant of pathogenesis and the main target of protective  Considering the high infectivity of SARS-CoV, a sim-
immunity response, is composed of two non-covalently asso-ple and fast diagnosis of SARS cases is crucial for the
ciated S1 and S2 domaif3-6]. The N-terminal S1 domain  prevention of the outbreak. Since human SARS antibodies
is responsible for viral attachment with the cellular receptors, emerge only 1 week after the onset of symptom, the devel-
and the membrane-spanning fragment S2 domain takes parbpment of specific monoclonal antibodies (mAbs) against
in the host cell entry and the infected cell—cell fusion. Re- SARS-CoV spike protein is vital for early diagnosis and
cently, angiotensin-converting enzyme 2 (ACE2) has been even the neutralization of SARS-CoV infectifs]. It has
been shown that a single intrasplenic injection of plas-

* Corresponding author. Tel.: +86 22 27317276; fax: +86 22 27317273. Mid DNA encoding foreign protein provides an effective
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splenocytes including antigen-presenting cells are directly 2.3. Generation of monoclonal antibody

transfected by the injected plasmid DNA, and the ex-

pressed antigens are concentrated in the spleen, initiating2.3.1. DNA immunization

the immune response promptly. In this study, we performed  The intrasplenic DNA immunization was performed
single intrasplenic immunization of plasmid DNA encod- as previously describefll2], with modifications. Briefly,

ing one fragment of ACE2-binding domain in SARS-CoV 7-week-old male BALB/c mice were anesthetized via
spike protein (Sk) to establish specific mAbs in a short intraperitoneal injection of pentobarbital (25mg/kg). A
time and evaluated this mAb with murine leukemia virus small dissection on the skin of left abdomen was performed
pseudotyped with SARS-CoV spike protein (MLV/SARS- to expose the spleen. One hundred microliters of plasmid
CoV). The mAb could recognize the spike protein on the pcDNA3.1-S1s (1pg/nl) was deeply injected into the
Vero E6 cells infected with MLV/SARS-CoV, but has no spleen through the peritoneum. The skin was sutured and
neutralizing effect on the infectivity of the pseudotype mice were under special care. Blood samples were collected

virus. by tail bleeding every 2 days. Sera were separated and stored
at—20°C.
2. Materials and methods 2.3.2. Development of monoclonal antibody
Seven days after immunization, the spleen cell suspen-
2.1. Cells lines sions from hyperimmunized mice were fused with NS1

myeloma cells. After hypoxanthine—aminopterin—thimidine
The mouse myeloma NS1 cell lines were cultured in (HAT) selective culture, the hybridoma culture supernatants

RPMI-1640 medium supplemented with 10% fetal calf serum were analyzed for antibody against $pbolypeptide with
(FCS). Human kidney cells 293T and African green monkey ELISA. One positive primary hybridoma termed 3E8 was
kidney Vero EG6 cells were maintained in Dulbecco’s modified subcloned by three rounds of limiting dilution. The isotype of
Eagle’'s medium (Gibco BRL, Gaithersburg, MD) containing the monoclonal antibodies was determined by the isotyping
10% FCS. The cells were incubated at’&7in a humidified ELISA kit (Pierce Chemical Co., Rockford, IL). Ascites fluid
atmosphere of 5% CO induced by 3E8 monoclonal hybridoma cells was produced

in 10-week-old male BALB/c mice and stored-a20°C.
2.2. Antigenicity prediction and plasmid construction

2.4. Production of MLV/SARS-CoV

Antigenic determinants in the ACE2-binding domain of

SARS spike protein (Genbank accession no. AY278488) with  Chimeric MLV/SARS pseudotype virus was generated
no close match to other coronaviruses were predicted with from cotransfection of 293T cells with three plasmids SARS-
PROTEAN (DNASTAR Lasergene program package). Se- sht2, Gag/pol and EGFP/MLV (gifts from Dr. Wen Hui Li,
lection of appropriate peptide sequence takes into accountPartners AIDS Research Center, Harvard Medical School,
of hydrophilicity, hydrophobicity, surface probability, chain  Boston) by calcium phosphate treatment. Plasmid SARS-sht2
flexibility, antigenic index and secondary structure. Polypep- was modified to encode the HIV-1 cytoplasmic domain after
tide S1s (residues 430-454 aa, ATSTGNYNYKYRYL- the truncated codon-optimized spike protfif]. Viral su-
RHGKLRPFERD), a potent antigenic site, was synthesized pernatants were harvested 48 h post-transfection, and concen-
with conventional solid-phase chemistry (ABI Pioneer Model trated by ultrafiltration. The 293T producer cell pellets were
Peptide Synthesizer). The gene encoding; $iblypeptide stored for Western blot assay. The viral stocks were frozen at
was synthesized as two DNA oligonucleotide sequences as—80°C and titered by GFP expression on MLV/SARS-CoV-
follows: 5-TTC GGA TCC ACC ATGGCT ACT TCAACT infected Vero E6 cells with flow cytometry.
GGT AAT TAT AAT TAT AAA TAT AGG TAT CTT AGA
CAT GGC AAG CTT AGG CCCTTTGAG AGAGAC TAA 2.5. Immunoassays
CTC GAG TTC-3 (sense) and '5SGAA CTC GAG TTA
GTC TCT CTC AAA GGG CCT AAG CTT GCC ATG 2.5.1. ELISA
TCT AAG ATA CCT ATA TTT ATA ATT ATA ATT ACC The diluted immune murine antisera, hybridoma super-
AGT TGA AGT AGC CAT GGT GGA TCC GAA-3 (anti- natants and ascites were assayed by ELISA. Briefly, 96-
sense). AKozak consensus sequence plus the initiation codorwell ELISA plate (Corning Costar, Cambridge, Mass) was
and a stop codon were added to tHeaBd 3 end, respec-  coated with 3ug synthetic Slz and incubated with sam-
tively. The two DNA oligonucleotide sequences were an- ples. After washing, bound antibodies were detected by
nealed and inserted into tiBanHI/Xhd sites of pcDNA3.1 HRP-conjugated goat anti-mouse IgG + M (H + L) secondary
(+) vector (Invitrogen) as pcDNAS.1-Sil-After sequence  antibody (1:1000, KPL, Gaithersburg, MD), and colorized
confirmation, the plasmid for intrasplenic immunization was with 1-sted™ Turbo TMB ELISA reagent (Pierce Chemi-
prepared by using EndoFree Plasmid Kit (Qiagen, Hilden, cal Co., Rockford, IL). Serum from non-immune mice and
Germany). hybridoma growth medium was used as negative control. To
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investigate whether the anti-$lantibodies could react with  CoV, chimeric MLV/SARS-CoV pseudotype virus was used
the native SARS-CoV spike protein, the positive hybridoma to characterize this mAb.

supernatants were evaluated witha SARS viral lysates ELISA ~ With immunoinformatics, we analyzed S1 domain in
kit (Huada GBI Biotech, Beijing, China), and the recom- the SARS-CoV spike protein and selected fragment; S1-
mended second antibody anti-human 1gG was replaced with(residues 430-454 aa) as the immunogen. Plasmid DNA en-
HRP-conjugated goat anti-mouse IgG + M (H + L) second an- coding S13 was injected directly into the spleen of BALB/c

tibody [3,14]. mice to trigger immunological reaction. The antisera were
. analyzed with an ELISA plate coated with synthetic polypep-
2.5.2. Western blotting tides or SARS-CoV lysates. In our preliminary experiment,

The 293T producer cells were lysed 48 h after transfec- all intra-spleen immunized mice showed positive immune
tion. Samples were separated on SDS-PAGE gel and elecresponse from day 5, and the sera titer peaked as' &tL0
trotransferred to PVDF membrane. Immunoblot assay wasday 7, much faster than protein or intramuscular DNA im-
performed with 3E8 hybridoma supernatant and an HRP- munization. Therefore, we performed the hybridoma fusion
conjugated goatanti-mouse IgG + M (H + L) second antibody 7 days after intra-spleen injection of pcDNA-$1Some in-
(1:2500). The specific band was visualized with ECL system vestigations demonstrated that it was possible to obtain good

(Amersham, Braunschweig, Germany). hybridoma production within a very shortimmunization time
o and irrespective of the antibody response of the intrasplenic
2.5.3. Immunofluorescent staining assay immunized anima[10,12]} The antibody responses of im-

MLV/S'ARS-CoVTmfect.ed Vero E6 cells from cytospin  unized mice were crucially determined by the expression
preparations were fixed with cold methanol/acetone, blocked ot antigen in transfected spleen cells, which was concerned
with 5% goat serum and incubated with diluted 3E8 MADS  \yith the natural trait of the encoding antigen and the expres-
ascites as the primary antibody. After washes, the cells weregjo, vector used. In the 24 hybridoma clones, 3E8 was sub-
incubated with FITC-conjugated goat anti-mouse IgM (Santa ¢joned and the mAb was determined as IgM isotype. Culture
Cruz Biotechnology, Santa Cruz, CA) for 30mininthe dark g pernatants and ascites of 3E8 recognized synthetic S1-
and observed under inverted fluorescent microscope. polypeptide specifically in ELISA assay. We also established
mAb against SARS-CoV nucleoprotein (N protein) by single-
shot intrasplenic inoculation of plasmid encoding an epitope

To determine whether 3E8 mAb could block the infectivity (residues 20-49 aa) of N protein. Specific anti-N antibodies

of MLV/SARS-CoV, neutralization assays were performed as could b(_a detectec_i in mice atday 5 with ELISA kit coated with
described15]. Vero E6 cells were infected with MLV/SARS- synthetic N protein fragment or SARS-CoV lysates (data not

CoV, which had been pre-incubated with serial dilutions of shown). These data suggested thag31the spike protein

the 3E8 hybridoma ascites. Two days later, the percentaglesand fragment of N protein were potent epitopes, and sin-

of GFP-expressing cells were detected by flow cytometry. gle _mtrasp_lenlc Injection of eu_karyonc expression pla_sm|_d
coding antigens is efficient to induce specific antibodies in

a short time, much faster than the protein or intramuscular
3. Results and discussion DNA immunization.
SARS-CoV is highly contagious and must be handled
SARS is an acute respiratory disease caused by a newlyunder stringent protection, so we utilized MLV/SARS-CoV
identified coronavirus SARS-CoV. The spike protein on pseudotype virus to evaluate 3E8 mAb. MLV pseudotype
SARS-CoV plays a crucial role in viral entry into the host virus could inherit new cell tropism of envelope protein do-
cells, and therefore becomes the major target of neutralizingnating virus[13,15,19] In this study, the genome of MLV
antibodies preparation. Specificity of monoclonal antibodies was pseudotyped to carried SARS-CoV spike protein and
to the SARS-CoV spike protein makes them important for GFP reporter gene. Viral supernatant from transfected 293T
the early diagnosis, viral pathogenesis studies and vaccinecells was concentrated 15-fold to a titer of 7480% 1lU/ml.
development. Under specialized biosafety facilities, purified MLV/SARS-CoV could infect SARS-CoV-susceptible Vero
SARS-CoV viral lysates with high infectious potential are EB6 cells, since giant multinucleated Vero E6 cells with EGFP
most commonly used as immunogens for anti-SARS anti- fluorescence appeared after infectidig( 1). And the titer
bodies preparatiof5,16]. Two recent reports have devel- was also determined by the percentage of GFP-positive Vero
oped DNA vaccine with SARS N protein and truncated spike E6 after infected.
protein, which are shown to induce specific antibody and  To investigate the specificity of the mAb, the supernatants
cytotoxic T lymphocyte (CTL) generation by two or three from 3E8 hybridoma cells were used as the primary antibody
times intramuscular DNA immunization in several months to probe lysates of MLV/SARS-CoV-infected 293T cells, and
[17,18] Here, we developed a mAb against SARS-CoV by a band with MW of 170-180 kDa was detect&dq. 2). No
a single-shot intrasplenic immunization of plasmid DNA en- signal was observed in mock-transfected 293T cells, suggest-
coding one fragment of ACE2-binding domain in the spike ing that the 3E8 mAb could specifically recognize the spike
proteinin ashorttime. Instead of hazardous wild-type SARS- protein.

2.6. Neutralization assays
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with untreated MLV/SARS-CoV (data not shown). The epi-
tope to which a specific antibody bind is usually five to eight
amino acid residues on the surface of the antigen, and the epi-
tope recognized by the antibody may correspond to the simple
primary sequence structure, or a specific three-dimensional
antigenic conformation. The 3E8 mAb is suitable for Western
blotting and immunofluorescence assay but failed to reduce
the infectivity of the MLV/SARS-CoV, suggesting that this
non-neutralizing mAb may recognize a linear epitope but not
Fig. 1. Effective infection of Vero E6 cells by MLV/SARS-CoV pseudotype 5 conformational one.
virus. Vero E6 cells were cultured on six-well plates and transduced with . -
MLV/SARS pseudotype virus. The phase-contr:st (A) and GFP fluorescence Ir_1 conclusion, we hf'ive devgloped a monocmn.al anthOd.y
(B) are shown (magnification, 260. against SARS-CoV spike protein by a single-shotintrasplenic
DNA immunization. This intrasplenic DNA immunization

! 2 route might shed light on the production of polyclonal and
250kDa- . . . . . .
monoclonal antibodies against the exiguous antigens, which
‘ are difficult to prepare or dangerous in use. In future, SARS-
CoV studies, neutralizing antibodies against spike protein,
148kDa- can be generated with this efficient approach for possible

therapeutic purpose.

Fig. 2. Western blotting analysis with mAb 3E8 supernatant. Cell lysates
from 293T producer cells (line 2) were subjected to Western blot analysis
by using mAb 3E8 hybridoma supernatant as the primary antibody. Lysates
from mock-transfected 293T cells were used as a control (line 1). Molecular
sizes of marker proteins (in kDa) are indicated on the left.
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