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The development of mast cells from bone marrow precursors and their
function as the mueosal- or connective-tissue-type mast eell are eritieally
dependent on microenvironmental factors. Extracellular matrix proteins,
such as eollagen, fibroneetin, and laminin, may represent insoluble
components of the microenvironment. Reeent studies have described
multiple isoforms of laminin isolated from different tissues. In the present
study, adhesion ol' mouse bone marrow-derived mast eells (BMMC) and
long-terrn mast eell lines to Engelbreth-Holm-Swarm (EHS) tumor laminin,
rat laminin, human merosin, and human plaeental laminin was eompared.
The greatest level of adhesion was found with human laminin as the
substrate. By use of a newly prepared mouse VLA-a6 integrin-speeifie mAb
(MA6) together with the previously described mAb CTOH3, VLA-6 (a6pi)
integrin was found to be expressed and utilized by BMMC and long-term
mast eell lines. VLA-6 has been described as a major laminin reeeptor with
roles in diverse eell funetions ineluding eell growth and differentiation.
BMMC have been shown to express a 32/67-kDa laminin reeeptor.
Therefore, in addition to the 32/67-kDa laminin reeeptor described in early
studies, BMMC also express VLA-6 integrin, whieh may have roles in the
regulation of their development.
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Mast cells are frequently found in close proximity
to blood vessels, skin, and nerves (1). Therefore,
in addition to functioning as effector cells in
allergic reactions, they may have roles in providing
the first line of defense of the immune system. This
notion is supported by the demonstration of a wide
spectrum of inflammatory cytokine production by
mast cells in recent years (2, 3). In the murine
system, bone marrow-derived mast cells (BMMC)
are readily prepared by culturing bone marrow
precursors in the presence of interleukin (IE)-3.
Both in vivo and in vitro studies have demon-
strated that BMMC can be induced to undergo
further differentiation into either the connective-
tissue-type or mucosal-type mast cells depending
on their anatomic locations, indicating that micro-
environmental factors have pivotal roles in regu-
lating mast cell development (4, 5). Thus, diverse

cytokines such as IL-3, IL-4, stem cell factor (or
c-kit ligand), or nerve growth factor, alone or in
combinations, have been shown to induce differ-
entiation of BMMC (6-8).

The extracellular matrix (ECM) proteins may
represent the insoluble compartment of the micro-
environment. Laminin constitutes one of the major
ECM components of the basement membrane and
is known to have effects on diverse cell functions,
such as cell migration, growth, and differentiation
(9-11). Various members of the integrin family,
VLA-1 (a lpl ) , VLA-2 (a231), VLA-3 (a3pi),
VLA-6 (a631), a6p4, and a731, have been shown
to mediate cell interaction with laminin substrate
(12, 13). VLA-6 (a6pi) serves as the major recep-
tor for laminin (12). A 32/67-kDa laminin receptor
has been described for mediating adhesion of
BMMC to laminin (14). While the role of the 32/
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67-kDa laminin receptor in cell function is still
unclear, VLA-6 has been extensively documented
to have effects on cell morphogenesis and devel-
opment (15,16). In the present study, the utilization
of VLA-6 for interaction with laminin by BMMC
and long-term cultured mast cell lines was assessed
with the mAbs GoH3 and MA6. Previous studies
have shown that GoH3 is specific for o;6 integrins,
binding both human and mouse VLA-6 (a6pi) and
a6p4 integrins (17). MA6 is a newly prepared a6-
specific mAb described here.

Material and methods
Cell culture

The mouse melanoma cell line B16F1 was provided
by Dr B. Zetter (Harvard Medical School, Boston,
MA, USA). Mouse factor-dependent mast cell line
MC/9 (18), the myelomonocytic cell line WEHI-3,
the myeloma cell line P3X63Ag8 (P3), and the
antimouse K-light-chain-specific hybridoma 187.1
were obtained from American Type Culture Col-
lection (Rockville, MD). The hybridoma secreting
DNP-specific mouse IgE was kindly provided by
Dr D. H. Katz (Medical Biology Institute, La Jolla,
CA, USA). The mouse squamous carcinoma cell
line SSC-VII has been described in previous studies
(19). The mouse factor-dependent mast cell line
CFTL-15 was kindly provided by Dr J. H. Pierce
(NCI, Bethesda, MD, USA [20]). Mouse BMMC
were prepared by culturing bone marrow cells from
Balb/c mice in the presence of IL-3, as previously
described (21). After 3-4 weeks of culture, greater
than 95% of BMMC were stained by toluidine blue,
as assessed by averaging the percentages of cells
stained in five fields, each containing approxi-
mately 100 cells. BMMC (3-4 weeks) thus prepared
were used in this study.

Antibodies

MA6 is a hybridoma prepared by fusion of spleen
cells from a Fischer rat immunized with 1 x 10^
SSC-VII cells (i.p.) with the mouse myeloma
P3X63Ag8.653, according to established method
(22). Hybridomas were selected for production of
binding antibodies which immunoprecipitated typ-
ical aP integrin heterodimers from VLA-6-express-
ing B16F1 cells. MA6 (IgG2a./K) was selected for
further characterization after repeated limiting
dilution. mAb GoH3 against VLA-a6 integrins was
kindly provided by Dr A. Sonnenberg (The Neth-
erlands Cancer Institute, The Netherlands) (17).
mAb MB 1.2 specific for mouse pi integrin subunit
was prepared in this laboratory and is described
elsewhere (23).

Elow cytometry and immunoprecipitation

Immunofluorescence staining was carried out as
described previously (24). All antibodies were used
at predetermined saturating concentrations. Immuno-
precipitation from cell lysate of '^^^I-surface-labeled
cells by the lactoperoxidase catalyzed reaction was
performed according to established procedures
(24). For immunodepletion experiments, the cell
lysate was immunoprecipitated with GoH3 in com-
bination with antirat agarose (ARA) three times
and then subjected to another three rounds of
ARA to remove the remaining VLA-6/GoH3 com-
plexes. The VLA-6-depleted cell lysate was then
used for immunoprecipitation by MA6. In the
reciprocal experiment, cell lysate was first depleted
of the antigen of MA6 before being used for
immunoprecipitation by GoF13. The isolated mate-
rial was eluted with SDS-PAGE elution buffer,
analyzed by SDS-PAGE (6%), and then visualized
by autoradiography.

Adhesion assays

Cell adhesion to laminin matrix protein (Gibco
BRL, MD, USA) with fluorogenic compound
BCECF (Sigma, MO, USA)-labeled cells was car-
ried out according to established procedures (24).
A final volume of 100 fxl containing 5x10'* cells
was added to a 96-well microtiter plate (ICN,
Horsham, PA, USA) precoated with laminin or
bovine serum albumin as control protein. Cells
were allowed to bind for 45 min at 37°C. Results
are shown as percentage of cell adhesion based on
fluorescence of bound and the total 5 x 10"̂  cells.
Where indicated, the cells were stimulated with 50
nM phorbol ester (PMA) for 15 min at 37°C
before carrying out the adhesion experiment. For
inhibition of cell adhesion, the appropriate mAbs
were added to the microtiter wells at 10 fxg/ml final
concentration.

Results
Two mAbs were used for the characterization of
the expression of VLA-a6 integrins. GoH3 is
known to bind both human and mouse VLA-6
(a6pl) and a6p4 integrins (17,25). MA6 is a newly
prepared a6-specific mAb. As shown in Fig. la,
removal of VLA-6 from B16F1 cell lysate by a
combination of GoH3 and antirat agarose (ARA)
resulted in the loss of antigen for subsequent
isolation by MA6. Similarly, immunoprecipitation
of antigen for MA6 resulted in a major reduction
in VLA-6 integrin to be isolated by GoH3 (Fig.
lb). Faint bands detectable by GoH3 may be
attributable to incomplete antigen depletion.
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Fig. I. Immunoprecipitation of VLA-6 (a6pi) integrin by mAbs GoH3. and MA6 and VLA (pi) integrins by mAb MB 1.2. For
determination ol specificity of MA6 for mouse VLA-6 integrin, '"''I-labeled B16F1 cell lysate was immunoprecipitated three times
with GoH3 in combination with ARA (GoH3). and remaining immune complexes were removed by another three rounds of ARA
alone (ARA) before using MA6 for immunoprecipitation (a). Similarly, MA6 and GoH3 were used in reverse order (b). Results
are from single experiment that has been duplicated. Similar results were also obtained with SSC-VII cells (data not shown). For
detection of VLA-6 expression on mast cell lines MC/9. CFTL-L5. and BMMC (3-4 weeks). '-"'I-labeled cell lysates were
immunoprecipitated with MA6 and MB1.2 (c). Results are from single experiment that has been repeated three times.

Results of reciprocal immunodepletion between
GoH3 and MA6 were also obtained with mouse
squamous carcinoma SSC-VII cells (data not
shown). In addition, both MA6 and GoH3 immu-
noprecipitated a 2()()-kDa band typical of p4
integrin subunit from SSC-VII cells, indicating that
both mAbs are a6-integrin specific with binding
activities for both VLA-6 (a631) and a634 (data
not shown). The specificity of MA6 for a6
integrins was confirmed by competitive binding
studies. Thus, binding of MA6 was inhibited by
preincubation of B16F1 cells with GoH3 (data not
shown). Therefore, our results show that MA6 and
GoH3 share the same specificity for a6 integrins.
However, the epitopes involved are distinct
because VLA-6-mediated cell adhesion was inhib-
ited by GoH3 while MA6 had no effect (data not
shown). Therefore, both mAbs were used for the
detection of a6 integrin expression on BMMC.

For determination of the expression of VLA-6
on BMMC and long-term cultured mast cell lines,
immunoprecipitation experiments were carried out
with MA6 (Fig. Ic). ^-''I-labeled a6 and pi integrin

subunits were isolated by MA6 from BMMC, as
well as the long-term cultured mast cell lines, MC/
9 and CFTL-15. Similar results were also obtained
when GoH3 was used (data not shown). In com-
parison, mAb MB 1.2 specific for the pi subunit
isolated all associated a subunits including the
cleaved form of a4, seen as 70- and 80-kDa bands,
from BMMC and CFTL-15 cells. The expression of
VLA-6 was further confirmed by flow cytometry
using MA6 and GoH3 for detection of a6, and
MB1.2 for detection of the pi subunit (Fig. 2).

Studies in recent years have described multiple
isoforms of laminin isolated from different tissues
(26-28). In addition, mouse thymocytes have been
shown to bind human laminin to greater extents
than mouse EHS tumor laminin (29). To character-
ize the involvement of VLA-6 in BMMC adhesion
to laminin, we first compared cell adhesion to
human merosin, mouse EHS tumor laminin, rat L2
tumor laminin, and anti-A chain purified human
laminin (Fig. 3a). Human laminin appeared to be
the most effective substrate for adhesion of BMMC
(3-4 weeks), MC/9, and CFTL-15 cells. In
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Fig. 2. Flow cytometry analysis of VLA-a6 and -(31-integrin subunit expression on mast cell lines MC/9, CFTL-15, and BMMC
(3-4 weeks). Immunostaining with MA6 or GoH3 for a6 detection, or MB 1.2 for pi detection (dark lines) is shown relative to
that of nonspecific mAb P3 (light lines). Results are from single experiment that has been repeated three times.

agreement with previous studies (14), adhesion
of BMMC required activation. Thus, adhesion of
BMMC and CFTL-15 cells to human laminin was
significantly increased upon stimulation with PMA
(P<0.05). However, adhesion of MC/9 cells to
human laminin was not significantly different after
PMA stimulation. Human laminin was used in the
subsequent studies to facilitate the detection of
VLA-6 mediated adhesion. Adhesion of BMMC,
MC/9, and CFTL-15 cells was carried out in the
presence of blocking mAb GoH3 (Fig. 3b). In
comparison with mAb P3 and nonblocking MA6,
adhesion of MC/9 and CFTL-15 cells was inhibited
by GoH3 (P< 0.005). Significant inhibition by
GoH3 was detected for BMMC, MC/9, and CFTL-
15 after stimulation by PMA (P < 0.005). Therefore,
the results show that BMMC and the long-term

cultured mast cells utilized VLA-6 integrin for
interaction with laminin substrate.

Discussion
The development of mast cells is critically regu-
lated by microenvironmental factors (4, 5). Studies
in recent years have focused on the role of
cytokines in mast cell growth and differentiation
(6-8). However, ECM proteins may represent the
insoluble component of the microenvironment.
Laminin constitutes one of the major ECM com-
ponents of the basement membrane where mast
cells are frequently found (1). Early studies have
described a nonintegrin 32/67-kDa receptor for
mediating BMMC adhesion to EHS tumor laminin
(14). However, members of the integrin family
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Fig. .?. Involvement of VLA-6 integrin in adhesion ot" BMMC and mast cell lines to laminin. Adhesion of BMMC (3-4 weeks),
MCA), and CTTL-15 cells to mouse EHS tumor laminin. rat L2 tumor laminin. human merosin. and human laminin was carried
out in single experiment to facilitate comparison of relative extents of adhesion (a). Where indicated, cells were stimulated with
PMA (.SO nM) for 15 min at 37 C before adhesion assays. Inhibition of VLA-6 function was assessed by carrying out adhesion
assays on human laminin (4 |xg/ml) in presence of mAb GoH3. MA6, or control P3 (b). Results are expressed as percentages of
total cells bound. Each value represents mean ± SD of triplicates from experiment that has been repeated three times. Asterisks
(*) indicate significant difference in level of adhesion as result of inhibition by GoH3 (P< 0.005), and (**) indicate significant
difference in level of adhesion as result of PMA stimulation (F< 0.005).

have been shown to serve as receptors for laminin
and to regulate diverse cell functions including cell
growth and differentiation (12).

The VEA-a6 subunit can be expressed in asso-
ciation with the (31 subunit or the alternate p4
subunit (30, 31). ln the present study, both the

newly prepared MA6 and the prototypic mAb for
a6 integrins GoH3 (17) demonstrated the expres-
sion of a6 integrins on BMMC and long-
term cultured mast cell hnes. In addition, only
labeled bands of a6 and (31 subunits, with M^
of about 140 and 120 kDa, respectively, were
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immunoprecipitated; no labeled 200-kDa band typ-
ical of the p4 integrin subunit was detected. There-
fore, it is apparent that BMMC, MC/9, and CETL-
15 cells expressed VLA-6 (a6|31), but not a634
integrin.

Our results indicate preferential binding of
VLA-6 on mast cells to human laminin in com-
parison to human merosin, mouse EHS, and rat
L2 tumor laminin. The human laminin used in this
study was purified from placenta, using mAb
specific for the human laminin A chain. Therefore,
it is hkely to consist of both A/B1/B2 and A/Bls/
B2 isoforms. However, VLA-6 has been shown to
bind different laminin isoforms including EHS
tumor laminin (A/B1/B2 isoform); bovine heart
laminin consisting of the A/B1/B2, Am/Bl/B2,
and Am/Bls/B2 isoforms; human UMSCC-22B
cell-derived kalinin; and human laminin (32).
Whether binding to specific laminin isoforms is
regulated by the cell type on which VLA-6 is
expressed is not clear. Recent studies have shown
that VLA-6 on mouse thymocytes bound human
placental laminin better than EHS tumor laminin
(29). In comparison, VLA-6 expressed on the T-
cell clone Ar-5 and choriocarcinoma JAR cells
readily bound EHS tumor laminin (25, 33). As
suggested by Chang et al. (29). the different
adhesion properties of mouse VLA-6 integrin for
laminin from different sources (mouse, rat, and
human) may be due to subtle differences in the
binding sites involved, the requirement of other
laminin receptor(s) for effective binding, regula-
tion by factors such as cytokines. and/or changes
in the conformation that favor ligand binding. In
addition, both the mouse and rat laminin used in
this study are tumor cell-derived, and it has been
suggested that the mouse EHS tumor-derived
laminin may not be representative of laminin
matrix proteins found in vivo (28).

In earlier studies, BMMC were shown to bind
EHS tumor laminin upon stimulation and a 32/67-
kDa receptor was involved (14). Results from the
present study also show that adhesion of BMMC
required activation, and human laminin appeared
to be the most effective substrate among the
different laminins compared. Adhesion was VLA-
6 mediated since binding was inhibited by blocking
mAb GoH3. It was observed that inhibition of
PMA-stimulated adhesion by GoH3 was incom-
plete; to determine whether the remaining binding
activity was attributable to the 32/67-kDa receptor
will require confirmatory studies. VLA-6 has been
described as a major laminin receptor with roles in
cell morphogenesis and development (15, 16).
Therefore, results from this study demonstrating
VLA-6 being expressed and utilized by BMMC for
interaction with laminin may have relevance to

studies of ECM proteins as microenvironmental
factors involved in mast cell development and
function.

Acknowledgments
We thank Ms T Chau for her technical assistance. This work
was supported by grants from MRC and NSERC of Canada
(to B.M.C.C) and an MRC Studentship (to C.F.G.).

References
1. Galli SJ. New insights into "the riddle of the mast eells":

microenvironmenta! regulation of mast cell development
and phenotype heterogeneity. Lab Invest 1990.62:5-33.

2. Gordon JR. Galli SJ. Mast eells as a source of both
preformed and immunologieally inducible TNF-a/
cachectin. Nature 1990:346:274-6.

3. Keegan AD, Pierce JH. Artrip J. Plaut M, Paul WE. Ligand
stimulation of transfected and endogenous growth factor
receptors enhances cytokine production by mast cells.
EMBO J 1991:10:3675-82.

4. Nakano T, Sonoda T, Hayashi C, et al. Fate of bone
marrow-derived mast cells after intracutaneous. intra-
peritoneal. and intravenous transfer into genetically mast
cell-deficient W/VT mice. J Exp Med 1985:162:1025-43.

5. Sonoda S, Sonoda T, Nakano T, et al. Development of
mucosal mast cells after injection of a single connective
tissue-type mast cell in the stomach mucosa of genetically
mast cell-deficient VV7VV" mice. J Immunol 1986:137:
1319-22.

6. Tsuji K. Nakahata T. Takagi M, et al. Effects of interleukin-
3 and interleukin-4 on the development of connective
tissue-type mast cells: interleukin-3 supports their survival
and interleukin-4 triggers and supports their proliferation
synergistically with interleukin-3. Blood 1990:75:421-7.

7. Gurish MF. Ghildyal N, McNeil HP Austen KE Gillis S.
Stevens RL. Differential expression of secretory granule
proteases in mouse mast cells exposed to interleukin 3 and
c-kit ligand. J Exp Med 1992:175:1003-12.

8. Matsuda H, Kannan Y, Ushio H, et al. Nerve growth factor
induces development of connective tissue-type mast cells
in vitro from murine bone marrow cells. J Exp Med
1991:174:7-14.

9. Shimizu Y, van Seventer GA. Horgan KJ, Shaw S. Co-
stimulation of prohferative responses of resting CD4+ T
cells by the interaction of VLA-4 and VLA-5 with fibronee-
tin or VLA-6 with laminin. J Immunol 1990:145:59-67.

10. Streuh CH. Schmidhauser C, Bailey N, et al. Laminin
mediates tissue-specific gene expression in mammary epi-
thelia. J Cell Biol 1993:129:591-603.

11. Chammas R, Tverna D, Cella N, Santos C. Hynes NE.
Laminin and tenascin assembly and expression regulate
HCll mouse mammary cell differentiation. J Cell Sci
1994:107:1031-40.

12. Hynes RO. Integrins: versatihty, modulation, and signaling
in cell adhesion. Cell 1992;69:ll-25.

13. Kramer RH, Vu MP, Cheng Y-F, Ramos DM, Timpl R.
Waleh N. Laminin binding integrin a7pi: functional char-
acterization and expression in normal and malignant
melanocytes. Cell Regui 1991:2:805-17.

14. Thompson HL. Burbelo PD, Segui-Real B, Yamada Y,
Metcalfe DD. Laminin promotes mast cell attachment.
J Immunol 1989;143:2323-7.

15. Hierck BP, Thorsteinsdottir S, Niessen CM, et al. Variants

655



Fehlner-Gardiner et al.

of the a63t laminin receptor in early murine development:
distribution, molecular cloning and chromosomal localiza-
tion of the mouse integrin a6 subunit. Cell Adhesion
Commun 1993; 1:33-54.

t6. Kadoya Y, Kadoya K, Durbeej M, Holmvall K, Dorokin L,
Ekblom P. Antibodies against domain E3 of laminin-1 and
integrin a6 subunit perturb branching epithelial morpho-
genesis of submandibular gland, but by different modes. J
Cell Biol 1995; 129:521-34.

17. Sonnenberg A, Janssen H, Hogervorst E Calafat J, Hilgers
J. A complex of platelet glycoproteins lc and Ila identified
by a rat monoclonal antibody. J Biol Chem 1987;262:
10376-83.

18. Nabel G, Eresno M, Chessman A, Cantor H. Use of cloned
populations of mouse lymphocytes to analyze cellular
differentiation. Cell 1981 ;23:19-28.

19. Olive PL, Chaplin DJ, Durand RE. Pharmacokinetics,
binding and distribution of Hoechst 33342 in spheroids and
murine tumours. Br J Cancer 1985;52:739-46.

20. Brown MA, Pierce JH, Watson CJ, Ealco J, Ihle JN,
Paul WE. B cell stimulatory factor-l/interleukin-4 mRNA
is expressed by normal and transformed mast cells. Cell
1987;50:809-18.

21. Razin E, Ihle JN, Scldin D, et al. Interleukin 3: a differen-
tiation and growth factor for the mouse mast cell that
contains chondroitin sulfate E proteoglycan. J Biol Chem
1984; 132:1479-86.

22. Gefter ML, Margulies DH, Scharff MD. A simple method
for polyethylene glycol-promoted hybridization of mouse
myeloma cells. Somatic Cell Genet i977;3:231-6.

23. von Ballestreni CG, Uniyal S, McCormick JI, Chau T,
Singh B, Chan BMC. VLA-^l integrin subunit specific
monoclonal antibodies MB 1.1 and MB 1.2: binding to
epitopes not dependent on thymocyte development or

regulated by phorbol ester and divalent cations. Hybrid-
oma 1996;15:125-33.

24. Chan BMC, Hemler ME. Multiple functional forms of the
integrin VLA-2 derived from a single a2 cDNA clone:
interconversion of forms induced by an anti-pi antibody.
J Cell Biol 1993;120:537-43.

25. Chan BMC, Wong JGP, Rao A, Hemler ME. T cell
receptor-dependent, antigen-specific stimulation of a
murine T cell clone induces a transient, VLA protein-
mediated binding to extracellular matrix. J Immunol
1991; 147:398-404.

26. Timpl R. Structure and biological activity of basement
membrane proteins. Eur J Biochem 1989;180:487-502.

27. Paulsson M, Saladin K, Engvall E. Structure of laminin
variants. J Biol Chem 1991;266:17545-51.

28. Tryggvason K. The laminin family. Curr Opin Cell Biol
1993:5:877-82.

29. Chang AC, Wadsworth S, Coligan JE. Expression of
merosin in the thymus and its interaction with thymocytes.
J Immunol 1993;151:1789-1801.

30. Hemler ME, Crouse C, Sonnenberg A. Association of the
VLA a6 subunit with a novel protein: a possible alternative
to the common VLA pi subunit on certain cell lines. J Biol
Chem 1989;264:6529-35.

31. Kajiji S, Tamura RN, Ouaranta V. A novel integrin (aEp4)
from human epithelial cells suggests a fourtli family of
integrin adhesion receptors. EMBO J 1989;8:673-80.

32. Delwel GO, de Melker AA, Hogervorst F. et al. Distinct
and overlapping ligand specificities of the a3A(31 and
a6A31 integrins: recognition of laminin isoforms. Mol Biol
Cell 1994;5:203-15.

33. Hall DE, Reichardt LE, Crowley E, et al. The aipi and
a6pi integrin heterodimers mediate cell attachment to
distinct sites on laminin. J Cell Biol 1990:110:2175-84.

656




