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Abstract Alpha 6 integrin is an adhesion molecule that
connects cells with extracellular matrix molecules of the
laminin family. The laminin interaction seems to be es-
sential for cell differentiation during embryogenesis and
for the subsequent maintenance of tissue integrity in the
adult. Alpha 6 integrin can also interact with laminin-
independent cellular ligands and in this way plays a role
in homing of leucocytes. Furthermore, in cancer biology
a6 integrin has an important role in metastasis and as a
possible new prognostic factor; exact knowledge of o6
integrin distribution in normal human tissues is there-
fore a crucial element. By immuno-histochemical meth-
ods we have screened a6 integrin expression of represen-
tative human tissues from the adult and the embryonic
organism. All tested epithelia were a6 integrin positive,
except for the endocrine cells of the pancreas and the
adrenal glands. Heterogeneous staining was found on
non-epithelial tissues. Strong staining was evident in pe-
ripheral nerves (Schwann cells), germ and Sertoli cells,
endothelia, and smooth muscle cells of the myometri-
um. Weak staining was found in nerve cells of the stra-
tum granulosum, the microglia, Kupffer’s cells and stro-
mal cells of the ovary. All fibroblasts, striated muscle
cells and astrocytes were negative. The tissue distribu-
tion of a6 integrin and the semi-quantitative estimation
of their expression level should provide a better under-
standing of a6 integrin function under normal and
phathological conditions, in particular in tumour pro-
gression.
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Introduction

Integrins are adhesion molecules that are involved in
many biological processes including embryonic devel-
opment, the maintenance of tissue integrity, wound
healing, cancer development and metastasis (Albelda
and Buck 1990; Hynes 1992). In vertebrates, twenty dif-
ferent integrins have been detected so far, of which all
are heterodimeric molecules composed of an o and a 8
subunit. The actual repertoire results from the combina-
tion of fourteen o and eight B chains. The a6 integrin
chain is synthesized as a single transmembrane protein
(1050 amino acids), which is proteolytically cleaved into
a heavy and a light chain, both chains being covalently
linked by disulphide bonds in the extracellular domain
(Hogervorst et al. 1991). It contains three binding sites
for divalent cations and nine potential N-linked glyco-
sylation sites. It is encoded by two alternatively spliced
RNAs which translate two variant proteins, called «6A
and 6B, differing in their cytoplasmic domains (Hoger-
vorst et al. 1991; Cooper et al. 1991; Hierck et al. 1993).

It has been shown that the a6 integrin chain com-
bines with either Bl or B4 subunits (Quaranta 1990).
Both a6 integrins can bind to laminin, a family of extra-
cellular matrix molecules (Tryggvason 1993). While
laminin adhesion by a6B1 integrin could be demonstrat-
ed with cell lines originating from different tissues, a6p4
mediated adhesion was restricted to a colon carcinoma
cell line (Lee et al. 1992; Sonnenberg et al. 1990). This
suggested that the function of a6 integrins was tissue
specific. There is growing evidence from work with mice
that o6 integrins play a role as adhesion molecules dur-
ing early development. It is already present on mouse
embryonic stem cells (ES) and has been shown to serve
as a laminin receptor on mesenchymal cells during gas-
trulation (Burdsal et al. 1993). In the developing kidney,
o6 integrin is absent from the mesenchyme but is essen-
tial for the formation of polarized epithelial cells, in par-
ticular in the tubules (Sorokin et al. 1990).

Recently, it has been shown that a6 integrins can also
mediate cell-cell adhesion in a laminin-independent
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fashion. This interaction may play a role in leukocyte
homing, i.e. the adhesion of these cells to the vascular
endothelium (Lenter et al. 1993). Interestingly we could
show that this mechanism was also used by melanoma
cells during the process of metastasis (Ruiz et al. 1993).
During neoplastic transformation of human fibroblasts
a6 integrin was upregulated (Lin et al. 1993). In fact, it
becomes more and more evident that a high level of a6
integrin expression can accompany the tumorigenic
conversion of certain normal cells (Wolf et al. 1990). Ex-
act knowledge of the a6 integrin expression pattern in
normal tissues is therefore a necessity. For rodents, the
a6 integrin distribution is relatively well known, but for
human tissue this information is rather fragmentary
(Hogervorst 1993; Sonnenberg and Linders 1990). Here
we present a catalogue of a6 integrin distribution of the
most representative human tissues. We performed im-
muno-histochemistry on frozen tissue sections, using an
antibody that recognises the a6 integrin subunit. Keep-
ing the incubation times of all reagents constant allowed
a semiquantitative estimation of the expression level of
a6 integrin by the different tissues.

Materials and methods

Tissues

Normal human tissue was taken from biopsies after surgery or
was obtained less than 6 h postmortem at the Klinik der Justus-
Liebig-Universitit, Giessen. Patients or deceased persons were
between 30 and 55 years old. Embryonic tissue was obtained from
the Department of Gynaecology, Universitit Giessen. The differ-
ent tissues were snap frozen in liquid nitrogen and stored at
—70° C until use.

Anit-a6 integrin antibody

The antibody EA-1 was generated in rats against cell surface
proteins of mouse endothelioma cells. The antibody, an IgG,,,
recognizes the 6 chain of mouse and human «6fl and «6p4
integrins. This has previously been confirmed by immunoprecipi-
tation followed by N-terminal micro-sequencing of the precipitat-
ed protein and by preclearing experiments using another anti-o6
integrin antibody GoH3 (Ruiz et al. 1993).

Immunohistologcial staining

The alkaline phosphatase anti-alkaline phosphatase (APAAP)
staining technique was applied according to Cordell et al. (1984)
with the following modifications: frozen tissue sections were incu-
bated in 1% bovine serum albumin (BSA) in Dulbecco’s phos-
phate buffered saline (DPBS) for 10 min at room temperature
(RT), loaded with EA-1 monoclonal antibody (mAb; 10 pg/ml)
and incubated at RT for 1 h in a humidified chamber. Sections
were washed twice in 1% BSA in DPBS and rabbit anti-rat anti-
body (Dako A/S, Glostrup, Denmark), which crossreacted with
mouse IgG, was used as a secondary reagent. After 30 min incuba-
tion at RT, sections were washed twice and alkaline phosphatase/
rat monoclonal anti-alkaline phosphatase complexes (Dako A/S,
Denmark) were loaded onto the sections. Sections were incubated
at RT for 1 h, then washed and as a developing reagent the follow-
ing solution was used: 10 mg naphthol AS-BI-phosphate sodium
salt (Sigma, St. Louis, Mo., USA) was added to 500 ul N,N-
dimethylformamide (Merck, Darmstadt, Germany) and 20 ml

Michaelis buffer (19.44 g sodium acetate, and 29.42 g 5,5-diethyl-
barbituric acid sodium salt in 11 water adjusted to pH 9.2-9.8);
20 mg Fast Red TR salt (Sigma) and 10 mg levamisole were dis-
solved in 30 ml Michaelis buffer; both solutions were mixed and
filtered before use. Staining of sections was developed for 30 min
at RT and after washes in 1% BSA in DPBS and water for 10 min,
were counterstained using Mayer’s haemalum solution. Sections
were mounted in Mowiol (Bayer, Zirich, Switzerland} and
analysed using a Zeiss (Jena, Germany) Axiophot microscope
equipped with a CCD video camera (Zeiss, Oberkochen, Ger-
many) and a Sony videoprinter UP-5000P. The immunostaining
results were evaluated semi-quanitatively and classified on a 5-
point scale, as indicated in the tabular presentation of the data.

Results
General observation

Alpha 6 integrins were expressed by most epithelial
cells. Often the expression was polarized with larger
amounts on the cellular plasma membrane adjacent to
the extracellular basement membrane (see e.g. Figs. lc
and 21). In other tissues o6 integrin expression was not
polarized; it was often also found within the cell and not
only on the plasma membrane (see e.g. endothelia in
Figs. 1a nd 2b). Since w6 integrin expression varied
enormously among different tissues of the adult and em-
bryonic human body, we decided to quantify a6 inte-
grins for cells of the most representative tissues; the re-
sults are presented in Tables 1-4.

Expression of o6 integrin in human fetal tissues
at 10 weeks of development

Most epithelial tissues already showed strong o6 inte-
grin expression at this early time of development
(Table 2). Often epithelial tissues were composed of a6
integrin positive and negative cell layers. The main ex-
ception was the epithelium of the adrenal gland which

Table 1 Immunohistochemical staining of o6 integrin in human
fetal tissues

Nervous tissue: Peripheral neurons + 4+ +
Eye retina Outer neuroblast cells (+++)
Inner neuroblast cells (+)
Lymphatic tissues:
Lymph node Lymphocytes (+)
Thymus Thymocytes (++)
Hassall’s corpuscles ++
Connective tissue  Fibroblasts -
Muscle tissues Mauscle cells +++
Heart muscle -
Other Endothelium + -+ +
Endothel of kidney glomerulus 4
Chondrocytes (++)

+ + +, Strong staining in all cells; + +, strong staining in about
2/3 of the cells; +, strong staining in about 1/3 of the cells; (),
weak stainings; —, no staining



Table 2 Immunohistochemical staining of a6 integrin in human
fetal epithelial tissues
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Table 3 Immunohistochemical staining of «6 integrin in human
adult tissues

Eye retina Pigment epithelium +++
Skin:
Epidermis Basal cell layer +++
Intermediate layer ++ 4+
Epitrichium —
Trachea Basal epithelial cells +++
Luminal epithelial cells -
Lung:
Proximal tubules Basal cells 4+ +
Luminal cells -
Distal tubules + 4+
Gastrointestinal tract ~ Stomach + 4+
Small intestine + 4+ +
Large intestine + 4+ +
Liver Hepatocytes +++
Adrenal gland —
Kidney Blastem + 4+ +
Proximal tubules + 4+ +
Distal tubules ++ +
Collecting tubules +++
Urinary bladder Transitional cells + -+ +
Mesonephric duct 4
Paramesonephric duct + 4+

For definition of the categories of immunohistochemical staining
see footnote to Table 1

was totally negative. In the skin the basal and interme-
diate epithelial layers were positive but the outermost
layer, the epitrichium, was a6 integrin negative (Fig. 1a).
This polarized tissue expression was also found in the
hair follicles, the trachea, the gut, kidney tubules, the
ureter and even the Miillerian duct (Fig. 1b-k). The
basal epithelial layer in the trachea showed only inter-
mediate a6 expression over the entire cell body, allow-
ing a very clear visualization of the a6 integrin positivity
of the intimate contact region of the epithelia with the
basement membrane (Fig. Lc).

Depending on the tissue, a6 integrin expression was
seen to be regulated during embryogenesis. In the devel-
oping lung, the luminal epithelial cells of differentiated
proximal tubules were negative, whereas in non-differ-
entiated distal tubules these cells were positive (Fig. 1d).
In the gut, however, differentiated epithelia of small in-
testinal villus and the non-differentiated cells of the
crypt were both positive for a6 integrin staining, form-
ing an intensity gradient in a basal to luminal direction
(Fig. le, ). Homogeneous, non-polarized but strong
staining was found on hepatocytes in the liver, on germ
cells in the gonads and on muscle cells (Fig. 1g, 1 and n).
Homogeneous staining over the plasma membrane was
also found on nerve tissues, for instance the outer neu-
roblast cells of the developing eye and the peripheral
neurons (Schwann cells, Fig. 1m, o). Very strong stain-

ing was generally found on all types of endothelial cells, -

capillaries, venules and arterioles (Fig. 1a—f and h, n, p).

Astrocytes -
Microglia +
Nerve cells (other) -
Stratum granulosum/cerebellum + +
Ependymal cells —
Epithelium of choroid plexus  + + +
Epithelial cells of arachnoid +

Nerve tissues

Peripheral neurons +++
Lymphatic tissues:
Lymph node Germinal centre cells ++
T cell region +++
Sinus cells +
Thymus
epithelial cells Cortical ++
Medullary +++
Hassals corpuscules ++
Lymphocytes Thymocytes (+++)
Muscle tissues Smooth (+)
Striated -
Heart (+)
Myometrium +4++
Other tissues:
Fibroblasts -
Endothelium Large arteries (+++)
Large venules +++
Microvessels + 4+
Kupffer’s cells +
Stromal cells of ovarii +
Stromal cells of ++
endometrium
Germinal cells of testis +++
Leydig’s cells —
Sertoli cells +++

For definition of the categories of immunohistochemical staining
see footnote to Table 1

Expression of a6 integrin in human adult tissues

The finding of significant a6 integrin expression on em-
bryonic epithelia was also encountered in adult tissues.
A typical example was found in the skin, where the mi-
totic basal and spinous cell layers were positive for a6
integrins. However, when these epithelial cells were en-
countered towards the granular and transitional cell
layers, a gradual loss of a6 integrin expression occurred
(Fig. 2e, f). The same effect was even more evident for the
oesophagus (Fig. 21). More a6 integrin expression was
observed in the adult than in the embryo in certain tis-
sues that have developed pronounced specialization,
such as the respiratory epithelium of the trachea (com-
pare Figs. 1c and 2k). In general, polarized a6 integrin
expression was observed in adult epithelia of skin, hair
follicle, sweat gland, duct of salivary gland, mammary
gland, oesophagus, mucosa of the stomach, gut, kidney,
endometrium and prostate gland (Figs. 2e—o and 3b-f).
There were two a6 integrin negative epithelia, the islet of
Langerhans cells of the pancreas and the cells of the
adrenal gland (Fig. 3a). Interestingly, both are highly
specialized endocrine cells.
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Table 4 Immunohistochemical staining of «6 integrin in human
epithelia

Skin:
Epidermis Basal cell layer +++
Spinous cell layer +++
Other cell layers -
Sweat glands Acinus cells +++
Ducts + 4+ +
Sebaceous gland Acinus cells + -+ -+
Salivary gland Acinus cells +++
Intercalated portion + o+ +
Ducts + 4+
Thyroid gland Follicular cells ++
Mammary gland:
Ducts Epithelial cells +++
Myoepithelial cells +++
Lung Respiratory epithelium +++
Pneumocytes +++
Oesophagus 44
Gastrointestinal tract ~ Stomach +++
Small Intestine +++
Large Intestine +++
Liver Hepatocytes +++
Bile ducts + 4+
Pancreas Acinus cells +++
Centroacinar cells +++
Intercalated ducts +++
Ducts +++
Islets of Langerhans —
Adrenal gland -
Kidney Glomerulus (endothel) (++)
Bowman’s capsule (+-+)
Proximal tubules + + -+
Distal tubules +++
Collecting tubules +++
Urinary bladder Transitional cells + -+ +
Uterus Glands of endometrium ++ +
Ovary Follicular epithelium +++
Germinal epithelium + + +
Prostate gland Glands +++
Ducts +++
Epididymis:
Ductuli efferentes Basal cells

+++
Ciliated cells —

For definition of the categories of immunohistochemical staining
see footnote to Table 1

As already found in the embryo, peripheral neurons
strongly expressed a6 integrins (Fig. 2d), whereas nerve
cell bodies in the cerebellum showed only weak expres-
sion and those in the cortex and the medulla of the brain
were negative (Fig. 2a-c). A major difference to the em-
bryo was found in the staining pattern of vascular en-
dothelium. While in the embryo all endothelial cells
were strongly positive for «6 integrins (Fig. 1), strong
staining in the adult was only found on large venules
and capillaries (Figs. 2e and 30); large arteries showed
very faint staining (Fig. 3p). In lymphoid tissues we
found o6 integrin positive cells in the germinal centres
and the T-cell regions of lymph nodes (Fig. 3h, i). The

thymus showed the most intensive staining on its vascu-
lar endothelial cells and on epithelial cells, both in the
cortex and the medulla. Thymocytes had only moderate
a6 integrin expression (Fig. 31, m). In addition, a differ-
ent o6 expression pattern between the embryonic and
the adult organism was also observed in muscle tissues,
the embryonic showing strong and non-polarized ex-

Fig. 1a—p Frozen tissue sections of various embryonic human
tissues labelled for o6 integrin by the antibody EA-1 using the
alkaline phosphatase anti-alkaline phosphatase (APAAP) tech-
nique. a Skin; arrowheads point to the basal and intermediate
epithelial layer; arrowhead (en) points to a blood vessel. b Hair
follicle. ¢ Trachea; the arrowhead points to the basal epithelial
layer. d Lung; arrowhead (p) points to a differentied proximal
tubule; arrowhead (d) points to a non-differentiated distal tubule.
e Small intestine; arrowhead (v) points to the luminal side of a
developing villus. f Large intestine; arrowhead (c) points to the
luminal side of a crypt. g Liver. h Kidney; arrow (g) points to
glomerulum; arrowhead (di) to a distal tubule; and arrowhead (pr)
toa proximal tubule. i Ureter showing luminal (I} differentiated
epithelial cells. k Retroperitoneal region, arrowhead (m) points to
Miillerian duct, arrowhead (w) to the Wolffian duct. I Gonads;
germ cells are all strongly positive for a6 integrin. m Retina show-
ing pigment epithelium (pi), outer neuroblast cells (on), inner neu-
roblast cells (in), and lens (le). n Muscle; arrowhead (m) points to a
muscle cell which is positive for a6; arrowhead (en) points to a
blood vessel. o0 Ganglion from the thorax region showing periph-
eral nerve cell bodies (g), peripheral neurons (n) and cartilage (c).
p Arteria renalis. m, 0, x 100;d, h, i, 1, x 200; a—¢, e-g, k, m, n, p,
x 400

Fig. 2a—p Frozen tissue sections of various normal adult human
tissues labelled for o6 integrin by the antibody EA-1 using the
APAAP technique. a Brain; the left part is cortex, the right medul-
la. b Higher magnification of brain sections showing nerve cells
(nc), astrocytes (as), vascular endothelium (en). ¢ Brain; stratum
granullosum of the cerebellum showing nerve cells (nc), endothe-
lial cells (en). d Skin; corium, arrowhead points to a peripheral
nerve. e Skin; arrowheads point to epidermis (en skin endotheli-
um). f Skin; arrowheads point to hair follicle. g Skin showing sweat
glands; arrows point to ducts (du) and to acinus cells (ac). h Sali-
vary gland; a duct is shown in the centre; insert shows acinus cells
and intercalated portions marked by an asterix. i Mammary
gland; the insert shows surrounding connective tissue. k Trachea;
arrowheads point to respiratory epithelium. 1 Oesophagus; ar-
rowheds point to non-keratinized squamous epithelium. m Stom-
ach showing sub mucosa (sm), mucosa epithelial cells (mu). n Small
intestine showing epithelial cells of the jejunum crypts. o Liver;
arrowheads point to a bile duct, arrowhead (en) points to a blood
vessel. p Liver. a, h, i, n, x 100; e-g, h, k-m, o, x200; b—d, p,
% 400

Fig. 3a—p Frozen tissue sections of various normal adult human
tissues labeled for a6 integrin by the antibody EA-1 using the
APAAP technique. a Pancreas showing acinus cells (ac) and islet
of Langerhans (if). b Kidney showing cortex, proximal (pr) and
distal (di) tubules, endothelial cells of the glomerulus (gl). ¢ Kid-
ney; medulla, collecting tubules (arrowhead). d Urinary bladder;
arrowheads point to transitional epithelium. e Endometrium; ar-
rowheads point to the glands, stromal cells (st). f Prostata gland. g
Epididymis showing basal cells of ductuli efferentes (arrowheads).
h Peripheral lymph node showing follicular dendritic cell region in
germinal center (gc). i Peripheral lymph node showing T cell re-
gion. k Peripheral lymph node showing sinus (si) region. | Thymus
showing cortical region (co), epithelial cells (ep), endothelial cells
(en). m Thymus showing cortical (co) and medullary region (me),
arrowhead points to a larger thymic blood vessel. n Myometrium
showing smooth muscle cells. o Large venule. p Large artery. b—d,
g, n, x100; a, ,e, h, i, k-m, x200; f, x400; o, p, x 800
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Fig. 2 (legend see page 44)



Fig. 3 (legend see page 44)
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pression (Fig. In) and the adult smooth and striated
muscle being negative (Fig. 2m). One exception was the
a6 integrin positive smooth muscle of the myometrium
(Fig. 3n).

Discussion

In this work we present a catalogue of o6 integrin tissue
distribution of the adult and embryonic human body.
Immunohistological staining was performed with rat
monoclonal antibody, EA-1, which recognizes the «6
chain of human and mouse a6p1 and «6B4 integrins.
Semi-quantitative estimation of the expression level was
possible in this study because all tissue sections were
prepared from freshly snap-frozen specimens and the
histochemical reaction conditions were kept constant
during the entire study. This makes the present paper of
valuable help for clinical studies, since data on &6 inte-
grin expression are fragmentary (Hogervorst 1993; Son-
nenberg and Linders 1990).

Most striking was the prominent expression of a6
integrins in epithelia and this general rule holds for
adult and embryonic tissues. As already seen for certain
epithalia by others, a6 integrin expression was often
stronger in epithelial cells located adjacent to basement
membranes (Deluca et al. 1990). This location may be
due to one of the o 6 integrin functions, which is its
binding ability to molecules of the laminin family (Son-
nenberg et al. 1988). Interaction of epithelial cells with
laminin may be one factor in maintaining the high pro-
liferation rate of these cells, especially in the skin, the
oesophagus and the gut. This would be likely to pre-
clude the possibility that a6 integrins, upon interaction
with its ligand laminin, may also transduce signals into
the cell. In fact, signalling by o6 integrins has been found
to regulate the activity of the chemotactic receptor for
elastin-derived peptides (Blood and Zetter 1993).
Whether such signals can be transduced by phosphory-
lation of the cytoplasmic part of the a6 chain is still a
matter of debate (Hogervorst 1993; Shaw et al. 1990).

Alpha 6 integrin expression has been found in nerve
cells of the developing embryo, but not in the adult or-
ganism. This may indicate that a6 integrins are involved
in the migration of nerve cells or in axonal outgrowth,
probably guided by laminin (Baier and Bonhoeffer
1991). As soon as these processes are completed, nerve
cells may downregulate the integrin. By contrast, in the
adult nervous system o6 integrins are expressed mainly
in Schwann cells and not on neural cell bodies. This
finding is particularly interesting, since the a6 integrins
may mediate cell-cell contact and possibly interact with
a putative cellular ligand rather than with the extracel-
lular matrix component laminin. Mediation of cell-cell
contact by a6 integrins may be involved in muscle cell
interactions during embryogenesis and it could even
play a role in myotube formation, i.e. playing a similar
role as that described for a7B1 integrin (Song et al.
1992). This «6 integrin function in organogenesis would

no longer be of need in the adult muscle. Accordingly,
our data show that adult striated muscle does not ex-
press a6 integrins. There was one exception: the adult
smooth muscle of the myometrium expressed o6 inte-
grins, which might be explained by the fact that these
muscle cells undergo hyperthrophy during pregnancy to
a length ten times longer than normal (Bloom and
Fawcett 1975).

A further important tissue showing a6 integrin posi-
tivity in the embryo and the adult is the vascular en-
dothelium. Most striking was the different expression
level in arteries and venules; generally venular endothe-
lium expressed higher levels of a6 integrins. It seems
that both types of endothelia use a6 integrins in order to
interact with laminin present in the basement mem-
brane. We and others found basolateral a6 integrin ex-
pression on most endothelial cells (Kennel et al. 1992).
However, in venular vessels polarized expression does
not occur and a6 integrins were also found on the lumi-
nal side (Ruiz et al. 1993). We recently found that lumi-
nal a6 integrins are involved in adhesion and homing of
haemopoietic cells (Imhofet al. 1991; Lenter et al. 1993).
Thus endothelial cells may use o6 integrin expression in
the basolateral region to reinforce their contact to the
extracellular matrix and expression at the luminal side
for inducing the adhesion of ciculating cells. Preliminary
experiments from our laboratory indicate that signal
transduction induced by o6 integrin occupancy induces
tight adhesion of lymphoid cells to the endothelium,
probably followed by their extravasation.

In summary, we have described the distribution of o6
integrins in most human tissues. Further work will be
necessary to establish their functional role and regula-
tion in the different tissues during development and
adult life. Moreover, understanding of the differential «6
integrin expression during tumour progression will be a
central to further pathological study, since normal fi-
broblasts did not express a6 integrins whereas fibrosar-
comas did (H.J. Terpe, unpublished results). This finding
is in accordance with in vitro data showing that un-
transformed fibroblast cell lines do not express o6 inte-
grins, immortalized, non-tumorigenic cell lines do to a
moderate extent, and metastatic fibrosarcomas bear
high levels of a6 integrin receptors on their cell surface
(Lin et al. 1993).
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