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Immunocytochemical investigation was performed on
a large series of adult, neonatal, and fetal respiratory
tract cartilages to ascertain their immunoreactivity for
glial fibrillary acidic protein (GFAP) and vimentin.
Two polyclonal and six different monoclonal antibod-
ies were used to document the presence of GFAP-im-
munoreactive chondrocytes in all the fetal and neona-
tal cartilages as well as in the adult epiglottis, arythen-
oids, and lobar, segmental, and subsegmental bronchi.
The number of chondrocytes showing GFAP immuno-

reactivity decreased from fetal life to adulthood. Si-
multaneous immunoreactivity for GFAP and vimen-
tin has also been ascertained in chondrocytes and in
perichondrial stellate or elongated cells of the 25 chon-
dromatous hamartomas investigated. These findings
document yet another “inappropriate” pattern of in-
termediate filament immunoreactivity in normal and
neoplastic human cells, and contradict the widely held
supposition that the expression of GFAP is restricted to
cells of glial origin. (Am J Pathol 1988, 133:363-373)

GLIAL FIBRILLARY acidic protein (GFAP) is the
major protein constituent of the glial filaments ex-
pressed in various cells of the neuroglia,'~'? in intersti-
tial cells of the pineal gland,''-!* and in stellate cells of
the pituitary gland.'>-'” In some of these cells, GFAP
is coexpressed with vimentin, and previous immu-
noelectron microscopic observations have docu-
mented that these two proteins are assembled in the
same filament.'®!°

Because the expression of GFAP is maintained by
these cells even after neoplastic transformation, its
immunocytochemical localization is a useful tool for
the histopathologic diagnosis of central nervous sys-
tem (CNS) tumors.®?%-26 Qutside the CNS, GFAP has
been localized in various cells of the peripheral ner-
vous system,?’~3¢ and even in cells not associated with
the nervous tissue.>’*°

A peculiar aspect of the GFAP expression in these
extra-CNS sites is represented by the fact that it is
strikingly species-dependent’?36-3740 and significantly
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affected by the use of polyclonal or monoclonal anti-
bodies (MAD) of different sources. Indeed, the stellate
perisinusoidal cells of the liver* and the peripheral
nervous system-associated cells of rats®! are immuno-
stained by rabbit polyclonal and some monoclonal
antisera to GFAP, but not by other MAbs to the same
protein.*® This has suggested an apparent lack of com-
plete antigenic identity between the CNS and the pe-
ripheral GFA polypeptides.*'

In humans, GFAP expression outside the CNS has
been consistently documented with both polyclonal
and monoclonal antibodies only in individual nerve
sheath cells,>>3%4° in a subpopulation of epithelial
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Table 1—Source and Working Dilution of Specific Antisera

Reagent Dilution Source
Anti-GFAP (polycional) 1:2000 Dakopatts AS
Anti-GFAP (polyclonal) 1:5 Ortho
Anti-GFAP (1B4-2E1-4A11

MADb) 1:3 Biomedical Technologies®?
Anti-GFAP (GA5 MAb) 1:5 Boehringer®
Anti-GFAP (12-24 MAb) 1:1000 Prof. W.W. Franke* %
Anti-GFAP (6F2 MADb) 1:10 Sanbio
Anti-GFAP (G1 MAb) 1:1000 Amersham
Anti-GFAP (MADb) 1:200 Lab System®®
Anti-vimentin (V9 MAb) 15 Boehringer®®
Anti-cytokeratins (lu-5 MAb) 1:100 Dr. C. Stahlit 5758

* MAb commercially available from Progen.
1 Central Research Division, Hoffmann-La Roche.

cells (most likely myoepithelial in nature) of the par-
otid gland,***? and in some neoplastic cells of pleo-
morphic adenomas,’®*'*? nerve sheath tumors,**’
and malignant mixed mullerian tumors.*®

In 1984, Kepes and colleagues,®® in the course of
a study on the role of astrocytes in the formation of
cartilage in gliomas, incidentally reported immunore-
activity for GFAP in some chondrocytes of the hu-
man epiglottis using a rabbit polyclonal antiserum.
Because normal human cartilages from articular sur-
faces, the ribs, the tracheal rings, and the bronchial
wall did not show any GFAP immunoreactivity, the
authors suggested that the expression of GFAP in the
epiglottic cartilage could be related to its possible ori-
gin from the neural crest. In a subsequent immunocy-
tochemical investigation, Budka*® confirmed expres-
sion of GFAP in two human epiglottis, using both
monoclonal and polyclonal antibodies to this IF pro-
tein. This study, however, did not include other respi-
ratory tract cartilages.

Prompted by these incidental observations, the au-
thors performed an extensive investigation on normal
cartilages of the human respiratory tract to ascertain
the actual capability of their chondrocytes to express
GFAP, alone or in association with vimentin, which
is the intermediate filament (IF) protein peculiar of
human chondrocytes.*’

Because of the reported discrepancies on GFAP im-
munolocalization with the use of different polyclonal
and monoclonal antibodies, two anti-GFAP rabbit
polyclonal antisera and a panel of six well-character-
ized mouse MADs to this protein were used. More-
over, consecutive serial sections were immunostained
for the localization of different IF proteins to docu-
ment any possible coexpression of GFAP with vimen-
tin or cytokeratins.

Because immunoreactivity for GFAP was demon-
strated in the chondrocytes of different cartilages of
the human respiratory tract in adults, the investiga-
tion was extended to neonatal and fetal respiratory
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tract cartilages as well as to 25 pulmonary chondrom-
atous hamartomas to verify if GFAP-immunoreactiv-
ity appears early during the fetal development of these
cartilages and if it is also maintained in neoplastic
chondrocytes.

Materials and Methods
Tissues

A total of 243 specimens of the different cartilages
of the human respiratory tract, from the epiglottis to
the subsegmental bronchi, were included in the cur-
rent study, together with 25 pulmonary chondroma-
tous hamartomas.

Healthy adult cartilages were collected from surgi-
cal specimens—ten laringectomies (eight men and
two women) and ten pneumonectomies (five men and
five women) performed for invasive carcinomas—
and from ten consecutive autopsies (five men and five
women) performed within 12 hours after death. Neo-
natal cartilages were obtained at autopsy from two
full-term stillborn male fetuses and three immature
(small for date) newborn infants (two boys and one
girl) who died of pulmonary distress.

Fetal cartilages were collected from five fetuses (12-,
14-, 16-, 19-, and 22-week-old, respectively) after
spontaneous or therapeutic aborption.

The 25 pulmonary chondromatous hamartomas
were retrieved from the files of the three institutions
participating in this study, and had all been surgically
removed.

All the samples of healthy adult and neonatal carti-
lages, as well as of the cartilages of the 19- and 22-
week-old fetuses, were subdivided in three parts, one
of which was snap-frozen in liquid nitrogen, while the
remaining two were fixed in 10% formalin and in
methacarn, respectively, and embedded in paraffin.
For the cartilages of the 12-, 14-, and 16-week-old fe-
tuses and the pulmonary hamartomas, only speci-
mens fixed in 10% formalin and embedded in paraffin
were available.

When needed, fixed samples were decalcified with
a solution containing 8% formic acid and 5% HCI in
distilled water for 16 hours.

Immunocytochemical Staining

Five-micron serial sections were cut from the
blocks of paraffin-embedded material, collected on al-
bumin-coated slides, left to dry overnight at 37 C, and
then immunostained for the localization of GFAP, vi-
mentin, and cytokeratins, using the specific poly-
clonal and monoclonal antibodies listed in Table 1.
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The immunocytochemical reactions were performed
in a humidity chamber at room temperature (unless
otherwise specified) according to the avidin-biotin-
peroxidase complex (ABC) method* as detailed pre-
viously.*!

Normal goat and horse sera, biotinylated antibod-
ies, and the ABC components in kit form were pur-
chased from Vector (Burlingame, CA). The source
and the working dilution of the specific primary anti-
sera are given in Table 1.

For the localization of cytokeratins, the tissue sec-
tions of formalin-fixed samples were treated with
0.4% pepsin (BDH) in 0.01 N HCl for 7 minutes at 37
C before the immunocytochemical reaction. Prelimi-
nary experiments demonstrated that proteolytic di-
gestion with pepsin, pronase, or trypsin failed to sig-
nificantly enhance, or even decreased (with the GAS
and 6F2 MAbs) GFAP immunoreactivity in formal-
in-fixed material, and it was therefore omitted in sub-
sequent immunoreactions.

Serial sections (5-7 u thick) of the frozen samples
were cut on a cryostate, mounted on albumin-coated
slides, air-dried at room temperature for 12 hours,
fixed in chloroform:acetone (1:1) for 5 minutes at 4
C, and stored at —70 C. Immediately before staining,
the tissue sections were thawed, refixed in chloroform:
acetone for 5 minutes, washed in PBS for 20 minutes,
and then immunostained in the same manner as for
paraffin-embedded material, avoiding endogenous
peroxidase inhibition.

Selected cases of frozen samples containing periph-
eral bronchi from two fetuses, two neonates, and two
adults also were immunostained for GFAP with the
panel of monoclonal and polyclonal antibodies ac-
cording to an indirect immunofluorescence staining
technique. After incubation with the specific anti-
GFAP antibodies, the tissue sections were incubated
with a 1:20 dilution of FITC-conjugated swine anti-
rabbit immunoglobulin or rabbit anti-mouse immu-
noglobulin sera (both from Dakopatts, Denmark) for
30 minutes at room temperature. After washing, the
slides were mounted with a water-based medium.

Control sections for specificity included staining of
10 samples of human cerebellum obtained at autopsy
and frozen or fixed in a similar manner as for the re-
spiratory tract samples as known positive controls for
GFAP, whereas the endothelial lining of blood vessels
and the respiratory epithelium, respectively, provided
built-in positive controls for vimentin and cytokera-
tins. All these controls displayed strong and specific
immunostaining for the corresponding antigens.

Negative controls were obtained with the replace-
ment of the specific antisera with the immunoglobulin
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fraction of nonimmune rabbit or mouse sera, and
constantly were unstained.

Results

The results of the present immunocytochemical in-
vestigation were not affected by the sex of the patients
from which the samples were obtained, or by the pre-
treatment of the tissue samples with the decalcifying
solution. The immunolocalization of the different IF
proteins was partially affected by the staining of frozen
or fixed tissue samples and, with regard to the localiza-
tion of GFAP, by the use of different monoclonal or
polyclonal antibodies. Indeed, the comparative evalu-
ation of the results obtained on frozen and on fixed
sections of the same tissue samples allowed the au-
thors to ascertain that, irrespective of the antisera em-
ployed, the number of GFAP-immunoreactive cells
in methacarn- and formalin-fixed tissues was reduced
to 75 and 60%, respectively, of the cells that were im-
munostained by the corresponding anti-GFAP anti-
bodies in the frozen sections of the same cartilages or
of the same control samples of human cerebellum.
Similar findings were also observed in the immunolo-
calization of cytokeratins and vimentin.

As far as the use of different antibodies to GFAP is
concerned, a higher number of cells was immuno-
stained by the two polyclonal antisera to GFAP than
by the six MAbs, both in frozen and in fixed samples
from the respiratory tract and the control cerebellum.
In particular, the 12-24 and 6F2 MAbs stained from
25-50% (in formalin-fixed tissues) to 50-75% (in fro-
zen or methacarn-fixed samples) of the cells immuno-
reactive to the polyclonal antisera, while the remain-
ing MAbs immunostained from 75-100% of these
cells in frozen and formalin- or methacarn-fixed sec-
tions.

Normal Cartilages

In all the samples examined, the chondrocytes of
the epiglottic cartilages were immunoreactive for both
GFAP and vimentin. The number of GFAP-immu-
noreactive chondrocytes, as evaluated on sections im-
munostained with polyclonal antisera, was different
in fetal, neonatal, and adult cartilages, however. (Ta-
ble 2) Indeed, in the epiglottis of the 19- and 22-week-
old fetuses all the cells of the chondroblastic mesen-
chyme were strongly immunolabeled, as were the cells
of the neonatal cartilage. In the adults, GFAP immu-
noreactivity was a consistent feature of the peripheral
chondrocytes and of several perichondrial spindle or
stellate cells, whereas it was detectable only in some
(from 10-30%) of the chondrocytes in the central ar-
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Table 2—Immunoreactivity for GFAP in Normal Respiratory
Tract Cartilages

Adult Neonatal Fetal
Epiglottis +(N = 20) +HN=2) +N=2)
Arythenoid +(N = 20) +N =5) ND
Cricoid —(N = 20) (+XN = 5) (+XN=2)
Thyroid —(N = 20) (+)N = 5) (+XN=2)
Tracheal rings —(N=10) (+}XN =5) (+}N = 5)*
Main bronchi —(N = 20) (+XN=5) (+)N =5)*
Lobar, segmental, and
subsegmental bronchi +(N = 60) +(N = 15) +N=12)t

—, no immunostained chondrocytes; (+), immunostained cells only in fro-
zen tissue sections; +, immunostained cells both in frozen and in fixed and
paraffin-embedded sections; ND, not determined.

* Frozen samples were available only for the 19- and 22-week-old fetuses.

1 Lobar, segmental, and subsegmental bronchi were not identified in the
12-week-old fetus.

eas of the cartilage (Figure 1). This peculiar distribu-
tion of GFAP-positive cells also was observed in the
frozen sections of the same cartilages.

The elastic moiety of adult and neonatal arythen-
oids showed a pattern of GFAP immunostaining sim-
ilar to that of the corresponding epiglottic cartilages,
whereas in the hyaline portions only occasional pe-
ripheral chondrocytes were immunolabeled. Arythen-
oids were not identified in the fetuses examined.

The chondrocytes of the thyroid and cricoid carti-
lages, the tracheal rings, and the main bronchi were
consistently devoid of GFAP immunoreactivity in all
the fixed and paraffin-embedded specimens studied
(Figure 2). When frozen tissues were immunostained,
however, some (less than 10%) of the peripheral chon-
drocytes were shown to contain GFAP in the fetal and
neonatal, but no adult, cartilages.

In lobar and segmental bronchi, a variable number
of GFAP-immunoreactive chondrocytes was identi-
fied in all the adult, neonatal, and fetal cartilages. In
both paraffin-embedded and frozen samples, how-
ever, only a minority of the cells (never exceeding 10%
of the chondrocytes in the adult and 30% in the neo-
natal and fetal samples) were immunolabeled. The
positive cells were confined mostly to the periphery of
the cartilages.

In the adult subsegmental bronchi, the number of
GFAP-immunoreactive chondrocytes apparently in-
creased with the reduction of the bronchial lumen,
varying from 20% of the chondrocytes to almost 50%
in the smaller bronchi (Figure 3). Labeled chondro-
cytes were still localized preferentially in the periph-
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eral portions of the cartilages. In neonatal and fetal
samples, however, all the chondrocytes of the periph-
eral bronchi showed strong immunostaining for
GFAP (Figures 4 and 5a). Identical results of GFAP
immunolocalization in peripheral bronchi were ob-
tained in immunofluorescence experiments (Figure 4,
inset).

GFAP was not localized in cells other than chon-
drocytes and perichondrial cells, except for nerves
that were immunolabeled by the two polyclonal anti-
sera to GFAP and by all but 6F2 MAb. The polyclonal
antisera immunostained both nerve sheath cells and
axons, whereas the MAbs decorated only occasional
nerve sheath cells, in agreement with previous obser-
vations.3¢

Vimentin was expressed by all the chondrocytes of
the different cartilages. The comparative evaluation of
serial tissue sections immunostained for GFAP and
vimentin allowed the authors to ascertain that all the
GFAP-immunoreactive chondrocytes also expressed
vimentin (Figures 5a and b). No cytokeratin-immu-
noreactive chondrocytes were identified in the sam-
ples studied (Figure 5c¢). Indeed, this IF protein was
expressed exclusively by the pneumocytes and the
bronchial epithelium. Moreover, in all the fetal and
neonatal samples of the latter epithelium, vimentin
was consistently expressed in addition to cytokeratins
(Figures 5b and ¢).

Pulmonary Chondromatous Hamartomas

In the 25 pulmonary hamartomas, a variable per-
centage (from 25-50%) of cells in the chondroid areas
showed GFAP immunoreactivity. The immunola-
beled cells were confined mostly to the periphery of
the chondroid foci and showed features of stellate or
elongated spindle cells (Figure 6a). The number of
mature chondrocytes that showed GFAP expression
decreased from the periphery to the central portions
of the cartilagineous islands, where only occasional
cells were immunolabeled.

Vimentin was expressed constantly by all the cells
of the chondroid foci, including those immunoreac-
tive for GFAP (Figure 6b), whereas cytokeratin im-
munoreactivity was strictly confined to the epithelial
component of the hamartomas (Figure 6c¢).

N

7

Figure 1—Immunocytochemical localization of GFAP in chondrocytes of adult human epiglottis. Immunoreactive celis are mainly located at the periphery

of the cartilage. (Formalin fixation, polyclonal antiserum from Dakopatts, X250)
immunoreactive chondrocytes. (Formalin fixation, polyclonal antiserum from Dakopatts, X250)
are identifiable in the adult subsegmental bronchi. (Methacarn fixation, G1 MAb, X250)
display strong immunoreactivity for GFAP. (Methacam fixation, G1 MAb, X400)

rescence staining of frozen tissue sections. (G1 MAb, X400)

Figure 2—The cartilages of adult main bronchi do not show GFAP-
Figure 3—Several GFAP-immunoreactive chondrocytes
Figure 4—All the chondrocytes of neonatal subsegmental bronchi
Inset—GFAP-immunoreactivity in the same cartilages after immunofiuo-
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Figure 5—Iimmunocytochemical localization of
GFAP (GA5 MAD (a), vimentin (b), and cytokera-
tins (c) in adjacent serial sections of a subseg-
mental bronchus of the 22-week-old fetus. All
the chondrocytes coexpress GFAP and vimen-
tin, whereas most epithelial cells coexpress cy-
tokeratins and vimentin. (Methacam fixation,
X400)



Vol. 133 e No. 2 GFAP-IMMUNOREACTIVITY IN CARTILAGES 369

Figure 6—Immunocytochemical localization of
GFAP (GA5 monoclonal antibody (a), vimentin
(b), and cytokeratins (c) in adjacent serial sec-
tions of a chondromatous hamartoma of the
lung. Peripheral chondrocytes and perichondrial
cells coexpress GFAP and vimentin, whereas
epithelial cells are decorated only by the anti-cy-
tokeratins antibody. (Formalin fixation, X400)
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Discussion

The present investigation confirms and extends
previous reports documenting GFAP-immunoreac-
tivity in some chondrocytes of the human epiglot-
tis.>®4° The authors have demonstrated that immuno-
reactivity for GFAP, in addition to that for vimentin,
is observed consistently not only in the epiglottic car-
tilages but also in the other cartilages of the human
respiratory tract. This IF pattern, however, appears to
be expressed variably in the different cartilages and in
the different ages of the intra- and extrauterine life,
possibly accounting for the lack of immunoreactive
GFAP in the tracheal rings and bronchial walls of
adults, as reported by Kepes and coworkers.*®

These data suggest a different capability of human
respiratory tract cartilages to show GFAP immunore-
activity, according to the degree of their differentia-
tion and to their elastic or hyaline nature. Indeed,
GFAP-immunoreactive chondrocytes of immature
cartilages in fetal and neonatal samples always out-
number those of the corresponding adult cartilages.
Moreover, in adult samples, immunolabeled chon-
drocytes are confined mainly to the periphery of the
cartilages, and are only occasionally found in central
locations.

With regard to the nature of the cartilages, it has
been shown that GFAP immunoreactivity is a consis-
tent feature of all the chondrocytes of immature elas-
tic cartilages and it is retained by several cells of the
same cartilages in adulthood. GFAP is present only in
a minority of the chondrocytes of immature hyaline
cartilages, however, and it is not detectable in adult
samples. It is worth stressing that, outside the lower
respiratory tract, several chondrocytes of the elastic
cartilages of the nose and ear are consistently immu-
noreactive for GFAP and vimentin from the fetal pe-
riod through the adulthood, whereas the adult hyaline
cartilages of the ribs and the articular surfaces lack
GFAP immunoreactivity.*® Preliminary observations
on fetal skeletal cartilages, however, document
GFAP-immunoreactivity in several chondrocytes of
these tissues (unpublished observation).

The presence of immunoreactive GFAP in human
respiratory tract chondrocytes is an unexpected find-
ing, because this IF protein, alone or in association
with vimentin, has been shown to be restricted to cells
associated closely with the central or peripheral ner-
vous system. Among nonneural-associated cell types,
only the myoepithelial cells of the parotid gland have
been documented to express GFAP in addition to cy-
tokeratins. 3642

In the absence of physico-chemical analysis of hu-
man cartilage extracts, the authors have performed an
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extensive immunocytochemical investigation to ex-
clude the possibility that the results could be affected
by any cross-reactivity of anti-GFAP antisera with
epitopes pertaining to other IF proteins.*® For this rea-
son, two polyclonal and six different, well-character-
ized MAbs to GFAP were used. The GAS5 and the 12-
24 MAbs recognize epitopes localized in different por-
tions of the GFAP molecule;*¢*3 the 1B4-2E1-4A11
mixture is made of three MAbs of different specifici-
ties,*? and the 6F2 MAD is specific for an epitope
whose immunoreactivity, at variance with that of the
epitopes recognized by the other MAbs used in the
current investigation, is greatly reduced by trypsin di-
gestion but remains unaffected by pronase digestion.
All the antibodies resulted in a definite and consistent
immunostaining of chondrocytes as well as of glial
cells in control sections of human cerebellum, but
they did not show any cross-reactivity with other mes-
enchymal or epithelial cell types. The staining of occa-
sional nerve sheath cells by five of the six MAbs agrees
with previous findings documenting GFAP immuno-
reactivity in these cells,>**¢*° whereas the staining of
axons by the two polyclonal antisera has been inter-
preted as reflecting the presence of contaminating
specificities in these preparations.?®

Moreover, to exclude any conformational or chem-
ical modification of IF proteins induced by the fixa-
tives and eventually leading to the appearance of epi-
topes immunoreactive to the anti-GFAP antibodies,
the authors investigated both fixed (in formalin and
methacarn) and frozen samples of the same cartilages
and no false-positive staining was seen in fixed sam-
ples.

All these immunocytochemical data provide indi-
rect but substantial confirmation of the actual capa-
bility of human respiratory tract chondrocytes to syn-
thesize GFAP in addition to vimentin. This peculiar
IF complement is maintained by the chondrocytes
and the perichondrial stellate and spindle cells of pul-
monary hamartomas, which are considered true mes-
enchymal neoplasms of the bronchial wall, most
likely originating from undifferentiated multipoten-
tial cells in the connective tissue.%%¢!

The GFAP-immunoreactivity of the chondrocytes
of respiratory tract cartilages cannot be related to their
embryonal derivation because there is no evidence
that these cartilages share a common derivation from
the neural crest, which has been suggested® as a possi-
ble explanation for the GFAP immunoreactivity in
the epiglottic cartilage.

The coexpression of GFAP and vimentin, if docu-
mented also in other human cartilages and their de-
rived tumors outside the respiratory tract, might have
relevant implications in investigations on cell differ-
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entiation and tumor histogenesis, with particular ref-
erence to the mixed tumors of the salivary glands and
of the skin. Indeed, the presence of neoplastic cells ex-
pressing GFAP and vimentin (with or without cyto-
keratins) both in pleomorphic adenomas of the sali-
vary glands****-** and in mixed tumors (chondroid
syringomas) of the skin (manuscript in preparation)
could simply reflect a chondroid differentiation of the
tumor cells instead of implying their derivation from
normal parent cells with the same pattern of IF ex-
pression, which have been so far only occasionally
identified in the parotid glands***? but never docu-
mented in other salivary glands and in the skin ad-
nexa.*® A similar condition has been described for
choroid plexus tumors, which coexpress GFAP in ad-
dition to cytokeratins and vimentin, whereas normal
choroid epithelial cells express cytokeratins and vi-
mentin only.>! The appearance of GFAP in these tu-
mors has been related to their differentiation toward
ependymal cells, which normally cosynthesize vimen-
tin and GFAP.%?

As an ancillary finding of the current study, coex-
pression of cytokeratins and vimentin in the fetal and
neonatal, but not adult, bronchial epithelium also has
been demonstrated. This epithelium should therefore
be added to other human epithelia showing transient
expression of vimentin, in addition to cytokeratins,
during development and differentiation, for example,
the tubular epithelium of the kidney®*®* and the sur-
face epithelium of the tongue.®®

In conclusion, this investigation further emphasizes
the unexpected complexity of IF expression in several
human cell types, documenting yet another example
of “inappropriate” synthesis of IF proteins by respira-
tory tract cartilages and pulmonary hamartomas, and
contradicting the widely held supposition that the ex-
pression of GFAP is restricted to cells of glial origin.
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