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ABSTRACT
To broaden our repertoire of monoclonal antibodies against CAR (coxsackievirus and adenovirus receptor),
we inoculated mice with an expression vector containing the cDNA encoding human CAR extracellular and
transmembrane sequence, and boosted the response by inoculation with soluble human CAR protein produced in E. coli. Of the hybridomas obtained following this immunization protocol, one secreted IgG with exceptional reactivity against mouse CAR. Since CAR has been shown to form dimers, expression of human
CAR in cells that express mouse CAR may have stimulated the host immune system to recognize endogenous
CAR in heterodimers.

INTRODUCTION

MATERIALS AND METHODS

and adenovirus receptor (CAR) is an
immunoglobulin superfamily protein with amino acid sequence similarity to A33 antigen and CTH, and is structurally
and functionally related to junctional adhesion molecules
(JAMS).(1–5) Human CAR (hCAR) and mouse CAR (mCAR)
share 91% identical amino acid sequence. Even though mCAR
and hCAR are highly conserved, monoclonal antibodies against
human CAR have been generated from mice inoculated with
hCAR enriched from cultured cells(6) or with recombinant
hCAR expressed in E. coli.(7) The RmcB monoclonal antibody(6) binds hCAR on viable cells and has been used for virus
receptor blocking and immunochemical applications,(4,6,8,9) but
fails to detect hCAR on blots from SDS polyacrylamide gels.
Our monoclonal antibodies (e.g., MAb.E1) raised against the
soluble extracellular domain of hCAR produced in E. coli
(called hECAR) work well for detecting hCAR on Western
blots.(7,10)
In an effort to broaden our repertoire of monoclonal antibodies against hCAR, we employed biolistic inoculation of an
expression vector(11) containing the cDNA for hCAR, with
modified cytolasmic domain, to immunize mice. One of the hybridomas produced using this procedure secretes an antibody
that recognizes both hCAR and mCAR.

The cell lines used as sources of hCAR (full length and truncated) have been previously described.(10,12) Mouse fetal heart
fibroblasts (MFHF) were used as a source of mCAR. Soluble
mCAR (mECAR) was cloned and expressed in E. coli (Chapman et al., unpublished). The recombinant protein includes the
extracellular domain of mouse CAR, with carboxyl-terminal
FLAG and His8 additions.
DNA encoding the extracellular and membrane spanning domains of hCAR (hCAR cDNA obtained from the I.M.A.G.E.
Consortium) were cloned into pTracer (Invitrogen). The final
construct (pTracer-pTACAR3) replaced the native cytoplasmic
domain with a short cytoplasmic tail derived from the plasmid
polylinker. This plasmid has been used to express CARt3 in
human cells.(10) For inoculation, the cDNA was coated onto
5.5–9.0 micron gold particles (Alfa Aesar, Ward Hill, MA) as
described by Williams et al.,(11) and subsequently modified as
described by Sawant et al.(13) The gold particles were delivered
into the pinna of the ear(14) of anesthetized mice.
Following a series of three biolistic cDNA inoculations (at
0, 2, and 4 weeks), administration of purified hECAR (soluble
extracellular domain of hCAR expressed in E. coli(15)) by intraperitoneal injection, with adjuvant, was added to the protocol. At week 33, each mouse received 50 g of hECAR in RIBI
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adjuvant (Corixa Corp., Hamilton, MT) intraperitoneally. The
i.p. inoculation was repeated at week 38. At weeks 48, 51, and
59, the mice received both biolistic inoculation with cDNA and
i.p. injection of soluble antigen in adjuvant. Three weeks prior
to spleen harvest, a mouse with demonstrated serum antibodies against hCAR was boosted i.p. with hECAR in adjuvant.
hECAR was injected i.p. without adjuvant 5 days before spleen
harvest. Splenic lymphocytes were fused with NS-1 cells and
cultured as previously described.(16)
The hybridomas that survived selection in HAT medium
were screened for production of mouse IgG by ELISA, using
goat anti-mouse Ig (heavy and light chain reactivity; Jackson
ImmunoResearch) to capture mouse IgG from the media, and
Fc-specific alkaline phosphatase-conjugated goat anti-mouse
reagent to detect the mouse IgG. Wells that showed production
of IgG were then screened for reactivity against hECAR by
ELISA, using microtiter wells coated with rabbit Fc-specific
anti-mouse IgG (Jackson ImmunoResearch) to capture the
mouse IgG, and HRP-conjugated hECAR(17) to detect anti-CAR
reactivity. The cultures with greatest reactivity in the ELISA
were subsequently screened on Western blots of hECAR and
hCAR expressed in cultured cells. Western blots were developed with ECLPlus (Amersham) and visualized with RX-G
film (www.clinicalfilms.com).

RESULTS
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The monoclonal antibodies from this experiment worked
well for detecting hCAR on Western blots. Figure 1 shows that
the antibody designated MAb.E(mh)1 detects native hCAR expressed by HeLa cells and the CARt3 expressed by RDt3, but
does not react with proteins present in lysates of RD cells, a
cell line that does not produce CAR detectable on Western blots.
MAb.E(mh)1, at 1/500 dilution of conditioned medium, reacts
as well as the MAb.E1 that has been used for several years.(7)

FIG. 1. MAb.E(mh)1 detects hCAR on Western blots. Western blots of human cell extracts were probed with the anti-hCAR
monoclonal MAb.E1 and dilutions of the the new monoclonal
antibody, MAb.E(mh)1. HeLa cells express native hCAR
(Mr46,000), RDt3 express the truncated CARt3 (Mr
39,000). RD cells express no detectable hCAR and serve as a
negative control. MAb.E1 was used as a 1/10 dilution of conditioned medium. MAb.E(mh)1 was also present in conditioned
medium and was tested at dilutions of 1/20, 1/100, and 1/500.
Prestained marker proteins were visualized on the figures by
photographing the exposed films on top of the blot membrane.

FIG. 2. MAb.E(mh)1 reacts with both hCAR and mCAR.
Western blots of proteins from acetone precipitated octyl glucoside lysates of cultured HeLa, MFHF, and RD cells were probed
with MAb.E1 (1/10) or dilutions of MAb.E(mh)1 (1/10; 1/100;
1/500). Films were exposed for 30 sec (A) and 2 min (B).
Prestained marker proteins were visualized on the figures by photographing the exposed films on top of the blot membrane.
No additional reactivities are apparent even when MAb.E(mh)1
was tested at 1/20. Clearly, MAb.E(mh)1 is reactive with hCAR
on Western blots, and appears to be specific.
We screened antibodies for cross reactivity with mCAR.
MAb.E(mh)1 showed exceptional reactivity against mCAR on

FIG. 3. Western blots of cloned extracellular domain of
hCAR (hECAR), mCAR(mECAR), and an unrelated protein
(Control; contains both FLAG and His8 additions), were probed
with MAb.E1 at 1/10 or MAb.E(mh)1 at 1/500. Coomassie
stained gels of the blotted proteins (10-fold more loaded for
staining) are also shown. hECAR had been purified while the
mECAR and Control proteins were present in lysates of IPTGinduced E. coli ( indicates induced proteins). Marker proteins
shown were run on the coomassie stained gel and used to align
blot segments with markers transferred to the blot membrane.
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Western blots of MFHF (Fig. 2). The MAb.E(mh)1 antibody
detects two bands in the MFHF, one of which is slightly smaller
than the hCAR and corresponding mCAR bands. A similar pattern has been previously reported for hCAR(10) and is presumably due to alternative transcripts or post-translational modifications.(18,19) This result indicates that MAb.E(mh)1 has strong
reactivity against mCAR as well as hCAR.
To further establish the specificity of MAb.E(mh)1, it was
compared with MAb.E1 on Western blots of hECAR, mECAR,
and an unrelated control protein that also included FLAG (present in the mECAR protein) and His8 (present in mECAR;
hECAR contains His6) (Fig. 3). Both MAb.E1 and MoAb.E
(mh)1 detected purified hECAR (Fig. 3, left series), but only
MAb.E(mh)1 detected the IPTG-induced mECAR in the E. coli
lysate (Fig. 3, center series). Neither antibody bound other proteins in the mECAR sample or in the control (Fig. 3, right series).

DISCUSSION
Within the panel of monoclonal antibodies that we have
raised against hCAR, MAb.E(mh)1 is unique in its strong reactivity against mCAR. While this reactivity may be serendipitous or the consequence of inoculation with highly conserved
antigen,(20) it has occurred to us that the immunization protocol may have facilitated development of an antibody with reactivity against the native mouse counterpart of the immunogen. CAR naturally forms dimers in solution,(21) and it is
probable that cellular CAR also forms homodimers in cell junctions. Inoculation of cDNA likely results in hCAR expression
in some cells that also express mCAR. The co-expressed proteins may form heterodimers (hCAR-mCAR). However, the expressed hCAR appears to have limited antigenicity as no antibody was detectable until the animals were boosted with soluble
antigen in adjuvant. This suggests a series of events in which
hECAR with adjuvant initiates an immune response against
hCAR, after which responding cells recognize the hCAR expressed by transfected cells and subsequently mount an immune
response against the mCAR complexed with the hCAR. This
hypothetical scenario suggests that vaccinating the host with a
foreign antigen that forms complexes with the target host protein may induce an immune response against self- antigens. Inoculation with cDNA for expression of the foreign antigen
should facilitate formation of hetero-complexes by cell–surface
proteins.
The mechanisms that resulted in development of the
MAb.E(mh)1 antibody are speculative at this point. The unexpected occurrence of this anti-mCAR antibody following the
unconventional inoculation protocol, however, raises questions
that can be tested. Irrespective of mechanisms by which it arose,
MAb.E(mh)1 will be a useful reagent for studies of CAR expression and function in mice.

ACKNOWLEDGMENTS
This work was partially supported by grants from the Ittner
Foundation for Pediatric Research, the UNMC Dean’s Indirect
Cost Program, the American Diabetes Association, the Juvenile

Diabetes Research Foundation, the National Institutes of
Health, and the American Heart Association. Hybridomas were
generated and isolated in the UNMC Monoclonal Antibody
Core Facility. Technical assistance was provided by Trent Walters and Smith Leser.

REFERENCES
1. Aurrand-Lions M, Johnson-Leger C, Wong C, Du Pasquier L, and
Imhof BA: Heterogeneity of endothelial junctions is reflected by
differential expression and specific subcellular localization of the
three JAM family members. Blood 2001;98:3699–3707.
2. Hirata K, Ishida T, Penta K, Rezaee M, Yang E, Wohlgemuth J,
and Quertermous T: Cloning of an immunoglobulin family adhesion molecule selectively expressed by endothelial cells. J Biol
Chem 2001;276:16223–16231.
3. Johnstone CN, Tebbutt NC, Abud HE, White SJ, Stenvers KL, Hall
NE, Cody SH, Whitehead RH, Catimel B, Nice EC, Burgess AW,
and Heath JK: Characterization of mouse A33 antigen, a definitive
marker for basolateral surfaces of intestinal epithelial cells. Am J
Physiol Gastrointest Liver Physiol 2000;279:G500–G510.
4. Cohen CJ, Shieh JT, Pickles RJ, Okegawa T, Hsieh J-T, and Bergelson JM: The coxsackievirus and adenovirus receptor is a transmembrane component of the tight junction. Proc Natl Acad Sci
USA 2001;98:15191–15196.
5. Dejana E, Spagnuolo R, and Bazzoni G: Interendothelial junctions
and their role in the control of angiogenesis, vascular permeability
and leukocyte transmigration. Thromb Haemost 2001;86:308–315.
6. Hsu KH, Lonberg-Holm K, Alstein B, and Crowell RL: A monoclonal antibody specific for the cellular receptor for the group B
coxsackieviruses. J. Virol. 1988;62:1647–1652.
7. Carson SD, Hobbs JT, Tracy SM, and Chapman NM: Expression
of the coxsackievirus and adenovirus receptor in cultured human
umbilical vein endothelial cells: regulation in response to cell density. J Virol 1999;73:7077–7079.
8. Bergelson JM, Modlin JF, Wieland-Alter W, Cunningham JA,
Crowell RL, and Finberg RW: Clinical coxsackievirus B isolates
differ from laboratory strains in their interaction with two cell surface receptors. J Infect Dis 1997;175:697–700.
9. Hidaka C, Milano E, Leopold PL, Bergelson JF, Hackett NR, Finberg RW, Wickham TJ, Kovesdi I, Roelvink P, and Crystal RG:
CAR-dependent and CAR-independent pathways of adenovirus
vector–mediated gene transfer and expression in human fibroblasts.
J Clin Invest 1999;103:579–587.
10. Carson SD: Limited proteolysis of the coxsackievirus and adenovirus receptor (CAR) on HeLa cells exposed to trypsin. FEBS Lett
2000;484:149–152.
11. Williams RS, Johnston SA, Riedy M, DeVit MJ, McElligott SG,
and Sanford JC: Introduction of foreign genes into tissues of living mice by DNA-coated microprojectiles. Proc Natl Acad Sci USA
1991;88:2726–2730.
12. Cunningham KA, Chapman NM, and Carson SD: Caspase-3 activation and ERK phosphorylation during CVB3 infection of cells:
influence of the coxsackievirus and adenovirus receptor and engineered variants. Virus Res 2003;92:179–186.
13. Sawant SV, Singh PK, and Tuli R: Pretreatment of microprojectiles to improve the delivery of DNA in plant transformation.
Biotechniques 2000;29:246–248.
14. Forg P, Hoegen Pv, Dalemans W, and Schirrmacher V: Superiority of the ear pinna over muscle tissue as site for DNA vaccination. Gene Ther 1998;5:789–797.
15. Carson SD, and Chapman NM: Coxsackievirus and adenovirus receptor (CAR) binds immunoglobulins. Biochemistry 2001;40:
14324–14329.

22
16. Johnson D: Murine monoclonal antibody development. In: Paul S,
ed. Methods in Molecular Biology. Vol. 51. Humana Press, 1995,
pp. 123–137.
17. Engvall E: Enzyme immunoassay ELISA and EMIT. Methods Enzymol 1980;70:419–439.
18. Thoelen I, Magnusson C, Tagerud S, Polacek C, Lindberg M, and
Ranst MV: Identification of alternative products encoded by the
human coxsackie-adenovirus receptor gene. Biochem Biophys Res
Commun 2001;287:216–222.
19. Bernal RM, Sharma S, Gardner BK, Douglas JT, Bergelson JM,
Dubinett SM, and Batra RK: Soluble coxsackievirus adenovirus receptor is a putative inhibitor of adenoviral gene transfer in the tumor milieu. Clin Cancer Res 2002;8:1915–1923.
20. Liu J, Wei Y, Yang L, Zhao X, Tian L, Hou J, Niu T, Niu F, Jiang
Y, Hu B, Wu Y, Su J, Lou Y, He Q, Yang J, Kan B, Mao Y, Luo
F, and Peng F: Immunotherapy of tumors with vaccine based on
quail homologous vascular endothelial growth factor–2. Blood
2003;102:1815–1823.

CARSON ET AL.
21. van Raaij MJ, Chouin E, van der Zandt H, Bergelson JM, and Cusack S: Dimeric structure of the coxsackievirus and adenovirus receptor D1 domain at 1.7 A resolution. Struct Fold Des 2000;8:
1147–1155.

Address reprint requests to:
Steven D. Carson, Ph.D.
Department of Pathology and Microbiology
University of Nebraska Medical Center
986495 Nebraska Medical Center
Omaha, NE 68198-6495
E-mail: scarson@unmc.edu
Received for publication September 16, 2003. Accepted for
publication October 15, 2003.

