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Abstract

Thyroglobulin appears in the circulation of vertebrates at spe-
cies-specific concentrations. We have observed that the clear-
ance of thyroglobulin from the circulation occurs in the liver by

macrophages. Here we show that the thyroid hormones T; and

T, were released by incubation of mouse macrophages (J774)
with thyroglobulin. Thyroid hormone release was a fast pro-
cess, with an initial rate of ~ 20 pmol T,/mg per min and
~ 0.6 pmol T, /mg per min, indicating that macrophages prefer-
entially release T,. The bulk of released thyroid hormones ap-
peared after 5 min of incubation of macrophages with thyroglob-
ulin, whereas degradation of the protein was detectable only
after several hours. During internalization of thyroglobulin, en-
docytic vesicles and endosomes were reached at 5 min and lyso-
somes at 60 min. T, release started extracellularly by secreted
proteases and continued along the endocytic pathway of thyro-
globulin, whereas T, release occurred mainly intracellularly
when thyroglobulin had reached the lysosomes. This shows
that the release of both hormones occurred at distinct cellular
sites. Our in vitro observations suggest that macrophages in
situ represent an extrathyroidal source for thyroid hormones
from circulating thyroglobulin. (J. Clin. Invest. 1994. 93:1388-
1396.) Key words: thyroid gland  iodoproteins « thyroxine ¢
triiodothyronine « endocytosis

Introduction

Thyroglobulin (TG)," the precursor of the thyroid hormones
3,3',5"-triiodo-L-thyronine (T;) and L-thyroxine (T,), is syn-
thesized by epithelial cells and stored in the lumina of thyroid
follicles. From the studies of Hjort (1), Assem (2), and Roitt
and Torrigiani (3), it became clear that the occurrence of TG is
not restricted to the thyroid gland but appears also in the circu-
lation of vertebrates at species-specific concentrations (4-6).

Parts of this paper were reported at the Annual Meetings of the Ameri-
can Society for Cell Biology, 8-12 December 1991, Boston, MA, (17)
and the German Society for Cell Biology, 15-20 March 1992, Kon-
stanz, Germany (18).
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Thyroid-stimulating hormone (TSH) stimulation of the thy-
roid gland results in an increase of plasma TG levels (7), which
is also observed in pathological conditions of the thyroid, such
as differentiated carcinoma and subacute thyroiditis (for re-
view see reference 4).

We have previously shown that TG reaches the circulation
by TSH-regulated transepithelial vesicular transport (transcy-
tosis; 8, 9). During this process TG does not undergo proteo-
lytic cleavage, thereby reaching the circulation as an intact mol-
ecule (10). Clearance of TG from the circulation varies with
the state of glycosylation (11). In rats the survival time for
asialo-TG was 40 min, whereas native TG persisted for 4.4-9.3
h (12-15). Asialo-TG most probably is internalized by hepato-
cytes via their galactose receptors (16 ). There are, however, no
reports on the cells involved in the clearance of native TG.

We found Kupffer cells to be the main target cells that
internalize native TG after injection into the circulation of
mice and rats (17). The internalization of TG was studied in
detail on the mouse macrophage-like cell line J774, and a high
affinity receptor for TG was isolated and partially character-
ized (18).

Several authors postulated an extrathyroidal source for thy-
roid hormones (19, 20). Therefore, in this study, a detailed
analysis was carried out concerning the rates, kinetics, and
mechanisms of thyroid hormone release by J774 cells. The
results show that, unexpectedly, partial hydrolysis of TG with
release of T, occurs mainly extracellularly and at early stages of
endocytosis, whereas T ; release and the proteolysis of TG are
slow processes occurring in lysosomes. We conclude that mac-
rophages represent an extrathyroidal source for thyroid hor-
mones from circulating TG.

Methods

Cell culture

The murine macrophage-like cell line J774A.1 (21) was obtained from
American Type Culture Collection (Rockville, MD) and grown at
37°C and 5% CO, in DME supplemented with 10% heat-inactivated
(30 min, 56°C) FCS, 100 IU/ml penicillin G, 0.1 mg/ml streptomy-
cin, and 0.5 pg/ml amphotericin B.

Isolation and purification of bovine TG

Bovine thyroid glands were obtained from the local slaughterhouse and
cut into small fragments. All following steps were performed at 4°C.
For isolation of TG the tissue fragments were homogenized in PBS
supplemented with protease inhibitors (1 mM N-a-p-tosyl-L-arginine
methyl ester, 0.5 mM PMSF, 1 ug/ml antipain, 1 ug/ml pepstatin, 4
ug/ml aprotinin). After centrifugation (30 min, 22,000 g; Beckman
Instrs., Inc., Palo Alto, CA) the supernatant was subjected to ammo-
nium sulfate precipitation (35% for 2 h and 45% overnight). The TG
fraction was resuspended, cleared by centrifugation (20 min, 15,000
£), and further purified by anion-exchange chromatography using an
FPLC device (MonoP HR 5/5; Pharmacia LKB Biotechnology, Upp-
sala, Sweden). After isocratic elution, the TG fractions (0.4-0.8 M



NaCl) were pooled and desalted (EconoPac ™ 10DG; Bio-Rad Labora-
tories, Richmond, CA).

In vitro iodination of TG

Iodination of TG with ['>I]Nal was performed in PBS for 15 min at
room temperature using iodobeads (22). Free ['2I]Nal was removed
by desalting (see above).

Production of polyclonal antibodies

Purified TG was used to raise polyclonal antibodies in rabbits accord-
ing to standard protocols (23). Titers were 1:16 using 900 ug/ml TG as
an antigen in Ouchterlony analysis. Dilution ( 1:200) of the serum rec-
ognized 1 ng TG in dot blots.

Alkaline hydrolysis of TG

Purified TG was hydrolyzed with NaOH (1 N, final concentration
[f.c.])at 110°C for 24 h. After neutralization thyroid hormone concen-
trations were determined by RIA.

Degradation of TG by J774 cells

Cells were incubated with radioiodinated TG dissolved in culture me-
dium at 4°C and 37°C for 30 and 120 min, respectively. After washing
cells were lysed on ice for 30 min in lysis buffer consisting of 1% Triton
X-100, 50 mM Tris/HC1(pH 8.0), 150 mM NaCl, 0.02% NaN, supple-
mented with | mM PMSF, 1 ug/ml aprotinin, 1 ug/ml antipain, 1
ug/ml pepstatin A, and | mM EDTA as protease inhibitors (24). Cell
debris was removed by centrifugation (10 min, 15,000 g, 4°C; Eppen-
dorf, Hamburg, Germany). Supernatants were assayed for protein
concentration and analyzed by SDS-PAGE and fluorography.

Degradation of TG by lysosomal hydrolases of J774 cells

J774 cells were suspended in 3 mM imidazol supplemented with 0.25
M sucrose (pH 7.4) and lysed by repeated pipetting through 27-gauge
needles. A lysosomal fraction was prepared by differential centrifuga-
tion and the lysosomes were lysed on ice with 0.2% Triton X-100 in
PBS (pH 5.0) for 30 min. Lysosomal enzymes in the supernatants after
centrifugation for 10 min at 15,000 g (Eppendorf) were incubated with
TG (76 nM, f.c.) for 5, 60, and 240 min at 37°C. Degradation of TG
was stopped by the addition of sample buffer and analyzed by SDS-
PAGE and immunoblotting.

Protein assays

Protein concentrations were determined according to Bradford (25).
Lyophilized TG or bovine serum albumin were used as standards.

SDS-PAGE and immunoblotting

Samples were diluted in sample buffer (10 mM Tris/HCI, pH 7.6, 0.5%
SDS, 25 mM DTT, 10% glycerol, 25 ug/ml bromophenolblue, f.c.) to
give final protein concentrations ranging from 1 to 3 mg/ml and boiled
for 3 min. Standard molecular mass markers for silver-stained gels were
from Sigma (Deisenhofen, Germany). For Western blots rainbow
marker kits were used (Amersham Buchler, Braunschweig, Germany).

Samples were analyzed with a horizontal electrophoresis device
(Pharmacia LKB Biotechnology) using gradient SDS-polyacrylamide
gels (5-15%) (26).

After electrophoresis, the gels were either fixed and silver stained
(27) or subjected to fluorography. For the transfer to nitrocellulose
(Schleicher & Schiill, Inc., Dassel, Germany ) by Western blotting (28),
a semi-dry blotting chamber (Bio-Rad Laboratories) was used. Unspe-
cific binding sites were saturated in a solution containing 6% casein, 1%
polyvinylpyrrolidon 40, 10 mM EDTA in low-salt PBS (68 mM NaCl,
63 mM Na,HPO,, 12 mM NaH,PO,, pH 6.8). For detection of TG
degradation products, rabbit anti-bovine TG IgG and goat anti-rabbit
IgG coupled to horseradish peroxidase were diluted in the blocking
solution. Immunoblots were developed in chloronaphthol as a sub-
strate (28) and documented on Agfapan APX 25 (Agfa-Gevaert, Le-
verkusen, Germany). Fluorography was performed at —80°C on X-
OMAT™ AR films (Eastman Kodak Co., Rochester, NY).

Fixation and labeling for fluorescence and electron
microscopy

Immunofluorescence microscopy. Cells were grown on cover glasses
and washed in DME and 10% FCS. To determine the endocytic path-
way in J774 cells, TG was added to the culture medium at 100 nM
(f.c.). After 5 min of endocytosis at 37°C the cells were washed in
culture medium without TG (4°C). Cells were chased in TG-free me-
dia for 5-60 min before fixation in methanol and acetone (each for 8
min, —20°C). After washing cells were blocked with 3 mg/ml human
IgG and 1% ovalbumin. Cells were incubated with anti-bovine TG
antibodies for 90 min at 37°C. Fab fragments of goat anti-rabbit IgG
coupled to 5-(4,6-dichlorotriazin-2-YL)-aminofluorescein hydrochlo-
ride (DTAF) (1:50, 120 min, 37°C; Dianova, Hamburg, Germany)
were used as second antibodies.

Immunolabeling for Lamp-1 was performed after fixing the cells in
3% formaldehyde in 200 mM Hepes for 30 min at room temperature
and subsequent washing in buffer. Cells were incubated with anti-
Lamp-1 antibodies (29) overnight at 4°C. FITC-goat anti-rat IgG in
dilutions 1:50-100 (Dianova) were used as second antibodies.

Cells were mounted on microscope slides and viewed with a fluores-
cence microscope (Zeiss, Oberkochen, Germany). Micrographs were
taken on Kodak TMAX films.

Cryoelectron microscopy (30). To prelabel lysosomes (29), J774
cells were incubated with BSA-Au,, (in DME supplemented with 10%
FCS, 9 h, 37°C) prepared by the method of Slot and Geuze (31) and
chased in culture medium without BSA-Au,, (20 h, 37°C). Cells were
further incubated with TG (see previous section) and fixed with 3%
formaldehyde in 200 mM Hepes (pH 7.4; 30-60 min). After postfixa-
tion in 8% formaldehyde, the cells were infiltrated with sucrose as a
cryoprotectant (2.3 M) and frozen in liquid propane. Ultrathin cryo-
sections were prepared with a cryotome (Reichert-Jung, Wien, Aus-
tria) at —110°C and mounted on pioloform F and carbon-coated grids.
Immunolabeling was performed as described above. Sections were
stained with 0.3% uranyl acetate in 2.7% polyvinyl alcohol (10 min)
and examined with an electron microscope (EM301; Philips, Kassel,
Germany). Photographic film was from Guilleminot (Paris, France).

Detection of thyroid hormones released from TG by
J774 cells

Incubation protocol. Cells were incubated in culture medium with 760
nM TG (f.c.) or without TG. The culture medium was DME supple-
mented with FCS as a carrier. FCS was depleted before from thyroid
hormones by anion exchange chromatography (32). In a first series of
experiments cells were incubated with TG for 5, 30, or 60 min. In a
second series cells were preincubated with 10 mM NH,Cl for 2 h and
further incubated in culture medium containing TG and NH,Cl for 5,
30, and 60 min. All incubations were triplicates.

The supernatants of cells were removed after incubation for the
indicated time intervals and cleared by centrifugation. Cells were lysed
on ice for 30 min in lysis buffer (see Degradation of TG by J774 cells)
and cell debris was removed by centrifugation. Samples were assayed
for protein concentrations using BSA and purified TG as standards.

Detection of thyroid hormones by TLC. Cell lysates were extracted
by overlaying with n-butanol (30 min, room temperature) and the
hydrophobic phase was evaporated to dryness. The remnants were dis-
solved in 0.1 N NaOH and subjected to TLC on silica gels (HPTLC;
Merck, Darmstadt, Germany). Separation was performed in a solvent
consisting of n-butanol/methanol/20% ammoniumhydroxide
(80:20:20 [ vol/vol]). T3 and T, (5 ug each; Sigma) dissolved in NaOH
were used as standards. Phenolic amino acids were visualized by spray-
ing the dry plates with 20% Na,CO; and Folin-Ciocalteau reagent (33).
Developed thin layer chromatograms were documented on APX-25
films (Agfa-Gevaert).

Quantitation of thyroid hormones released by J774 cells by RIA. To
quantitate thyroid hormones in supernatants and lysates of J774 cells, a
commercially available RIA for total T; and T, was used (Henning,
Berlin, Germany) (5, 6, 34). Each sample was measured in duplicates.
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Aliquots of media containing TG before incubation or lysis buffer were
used as blanks.

Values for thyroid hormone contents of the different samples were
corrected for protein concentrations. Unless indicated, control values
(preparations without TG incubation) were subtracted from sample
values and results given in picomoles hormone/mg cell protein, where
1 mg cell protein corresponds to 19 X 10° cells (35). Mean values were
calculated from three independent experiments. Thyroid hormone re-
lease rates were calculated from the sum of thyroid hormone contents
in supernatants and cell lysates divided by the incubation time and
given as picomoles hormone /mg per min.

Contribution of secreted proteases to total thyroid hormone release.
In cultures of starved J774 cells the medium was renewed several times
to remove cell debris. Cells were incubated with medium (DME) for 16
h at 37°C. Supernatants of cells were cleared by centrifugation. In cell-
free assays TG was added (760 nM, f.c.) to the conditioned media and
further incubated for 30 min at 37°C with or without a protease inhibi-
tor cocktail consisting of 1 mM PMSF, 1 ug/ml aprotinin, and 5 mM
iodoacetamide. Thyroid hormone contents of such media were deter-
mined by RIA and corrected for TG present in the assay. Control val-
ues, e.g., nonconditioned media supplemented with TG and reacted at
37°C for the same time interval, were subtracted.

The contribution of secreted proteases to total thyroid hormone
release was quantitated in a second series of experiments. Cells were
incubated with medium (DME supplemented with FCS) for 5 min at
37°C. TG was added (760 nM, f.c.) to the supernatants and further
incubated in the presence or absence of cells for 5 min at 37°C. Thyroid
hormone contents of supernatants and cell lysates were measured by
RIA, and the sum of both was corrected for TG present in the assay.
Control values, e.g., the same preparations supplemented with TG as
above but without the second incubation at 37°C, were subtracted.

Thyroid hormone transport. For the analysis of thyroid hormone
transport mechanisms across the plasma membrane, vital and formal-
dehyde-fixed J774 cells were incubated with culture medium (DME
supplemented with 10% FCS) containing 160 ng/ml T, and 4 ng/ml
T, (f.c.) for 0-60 min at 37°C. Media and cells were processed for RIA
as described earlier. To determine the loss of thyroid hormones by
unspecific adsorption, culture dishes without cells were incubated with
the same medium for 0-60 min at 37°C. Media were cleared by centrif-
ugation and analyzed by RIA.

Results

Previous observations have shown that Kupffer cells are the
main target cells that internalize circulating TG (17). In this
study, the mouse macrophage-like cell line J774 was used to
analyze the interaction with TG.

Thyroid hormone release from TG. Incubation of J774 cells
with TG for time intervals from 5 to 60 min at 37°C resulted in
the release of thyroid hormones detectable by TLC of butanol
extracts from cell lysates (Fig. 1, lanes 2 and 3). Thyroid hor-
mones were not found in lysates of control cells incubated in
the absence of TG (Fig. 1, lane 1).

As thin layer chromatography did not allow us to distin-
guish between T, and T,, a specific RIA was used. Alkaline
hydrolysis of TG revealed a T,/ T, ratio of 4, which was similar
to the expected values of 3-4 calculated from the hormone
content per molecule TG (Table I). However, the values re-
sulting from the incubation of cells with TG were much higher.
The absolute amount of T, released from TG at 5 min ex-
ceeded the values for T, by a factor of ~36 in cell lysates and of
~38 in the culture medium (Table I).

The release of thyroid hormones was observed only for the
initial period (5 min) of incubation of J774 cells with TG (Fig.
2). In the culture medium about four to five times more T, or
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Figure 1. Thyroid hormone re-
lease from TG by J774 cells
(TLC). TLC of thyroid hor-
mones in butanol extracts of
J774 cells incubated without
* ; (lane 1) or with TG (lanes 2

‘ and 3) at 37°C for 30 (lanes 1
and 2) and 60 min (lane 3).
T; (lane 4) and T, (lane 5)
were used as standards. Sol-
vent: butanol/methanol/20% ammoniumhydroxide. Phenolic amino
acids were visualized with Folin-Ciocalteau reagent spray. Note the
presence of thyroid hormones at rf values of 0.43-0.45 in extracts of
TG-incubated cells.

TG -+ + T,

min 30 30 60

1 2 3 4 5

T, were detected than in cells. At later time points (30-60 min)
the cellular levels for T, decreased (Fig. 2 a, filled circles),
whereas the cellular levels for T increased (Fig. 2 b, filled trian-
gles).

The endocytic pathway of TG. TG was incubated with J774
cells for 5 min at 37°C, chased in TG-free media, and identified
immunocytochemically in endocytic vesicles. For identifica-
tion of the endocytic compartments J774 cells were immunola-
beled with antibodies against the lysosomal membrane glyco-
protein Lamp-1. For electron microscope studies lysosomes of
J774 cells were prelabeled with BSA-Au,,.

Within 5 min of incubation TG was detected intracellu-
larly. Chasing for 5 min resulted in the accumulation of TG
within three to six vacuoles per cell (Fig. 3 a’, arrows) which
decreased in number at longer chase periods (one to two large
vesicles at 30 min). TG-containing vacuoles were distributed
throughout the cytoplasm of J774 cells (Fig. 3, a and a’). Elec-
tron microscope immunocytochemistry revealed large vacu-
oles with a diameter of 2-5 um (Fig. 4, aand b, EN). Immuno-
cytochemical detection of TG resulted in the localization of
immunogold particles (Aus) on the inner membrane surface of
these vacuoles, whereas immunogold particles were absent
from their matrix. The vacuoles were negative for Lamp-1
(Fig. 3, cand ¢/, asterisk) but their majority was surrounded by
Lamp-1-positive small vesicles (Fig. 3, ¢ and ¢/, arrowheads).
Electron microscopy revealed BSA-Au,,-containing lysosomes
in close proximity to TG-containing vacuoles (Fig. 4, a and b).
By morphology and by the lack of Lamp-1 and BSA-Au,,,
these TG-containing vacuoles were identified as endosomes.

Table I. Thyroid Hormone Release from TG

TJTs
ratio
Thyroid hormone content of TG, expected values* 34
Thyroid hormone release by alkaline hydrolysis of TG 4
Thyroid hormone release within the initial incubation
(5 min) of cells with TG:
Cell lysates 36
Culture medium 38

Thyroid hormone release from TG was determined by RIA. Absolute
amounts of thyroid hormones (mean+SE) detected in lysates of 19
X 10° J774 cells were 19.1+8.1 pmol T, and 0.53+0.25 pmol T; at 5
min, whereas four to five times higher levels were detected in the cul-
ture medium (87.2+11.0 pmol T, and 2.27+0.42 pmol T;). * Refer-
ence 56.
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Figure 2. Time course of thyroid hormone release from TG by J774 cells (RIA). Thyroid hormone levels (mean+SE) in lysates (filled symbols)
and supernatants (open symbols) of J774 cells before (0 min) and after (5-60 min) incubation with TG at 37°C. Note different scaling of the
y-axis for T, (a, circles) and for T, levels (b, triangles), indicating that T, is the main hormone released from TG by J774 cells. In the culture
medium about four to five times more T; or T, were detected than in cells (5 min). At later time points (30-60 min) the cellular levels for T,
decreased (a, filled circles), whereas the cellular levels for T, increased (b, filled triangles).

With longer chase periods (> 30 min) TG-containing small
vesicles became increasingly detectable (Fig. 3 b', arrowheads).
We refer to such vesicles as lysosomes because they acquired
the endocytosed ligand at later times (Fig. 3, b and b') and
because they contained Lamp-1 (Fig. 3, cand ¢’). Immunoelec-
tron microscopy revealed luminal labeling for TG in lysosomes
of J774 cells identified by the presence of BSA-Au,, (Fig. 4 d,
Lys). Such vesicles were often located near the tips of cellular
extensions in bipolar cells (Fig. 3, b and b’). Because both
markers, the endocytosed BSA-Au,,; and the internalized TG,
(detected by Fab-Aus), were found together in large vacuoles
(Fig. 4 c, arrows), we conclude that these “mixed compart-
ments” resulted from the fusion of lysosomes with endosomes.

Degradation of TG. Intracellular degradation was analyzed
by incubation of J774 cells with radioiodinated TG at 37°C or
4°C. Cell lysates were analyzed by SDS-PAGE and fluorogra-
phy. At 4°C TG attached to the plasma membrane consisted of
12S- and 19S-TG, and some protein bands with higher electro-
phoretic mobility (Fig. 5, lane ). Incubation of J774 cells with
radioiodinated TG at 37°C (120 min) resulted in the internal-
ization of TG (see above) and in the accumulation of a 25-kD
degradation fragment (Fig. 5, lane 2, arrowhead), which was
not observed at 4°C.

When lysosomes isolated from J774 cells were lysed and
incubated with TG for various time intervals at 37°C, limited
proteolysis of TG (Fig. 6, lane 1) was observed at 5 min (Fig. 6,
lane 2) and 60 min (Fig. 6, lane 3) of incubation. Degradation
of TG was noted within 4 h (Fig. 6, lane 4) of incubation.

The results also demonstrated that during the time intervals
of maximum thyroid hormone release proteolysis of TG by
J774 cells was limited. Thus, the fast process of thyroid hor-
mone release preceded the slow process of lysosomal proteoly-
sis of TG.

Sites of thyroid hormone release from TG. In principle, thy-
roid hormone release from TG by macrophages can occur at
different sites, e.g., during proteolysis in endocytic compart-
ments after internalization of TG or by extracellular degrada-
tion mediated by plasma membrane-bound or secreted pro-
teases that act on TG before endocytosis.

Thyroid Hormone Release from Thyroglobulin by J774 Macrophages

Hormone release by secreted proteases. When long-term
(16 h) conditioned media were incubated with TG at 37°C,
hormone release was detected (8.1 pmol T,/mg and 2.22 pmol
T,/mg). This suggests that secreted proteases contributed to
thyroid hormone release. To gain information on the nature of
the secreted proteases, conditioned culture media were incu-
bated with TG in the presence or absence of a protease inhibi-
tor cocktail consisting of PMSF, aprotinin, and iodoacetamide.
The results showed that the release of T, was completely inhib-
ited in the presence of the inhibitor cocktail (0.0 pmol T,/mg)
and therefore mediated by serine and/or cysteine proteases.
The release of T was lower (0.85 pmol T;/mg) but not com-
pletely inhibited by the protease inhibitors, indicating that the
release of T, required the additional activity of aspartyl and/or
metallo-proteases.

To quantitate the contribution of secreted proteases to thy-
roid hormone release during the initial incubation of cells with
TG, conditioned culture media (5 min) were incubated with
TG in the absence or presence of cells at 37°C for a further 5
min. In the absence of cells, the release of T, was observed (0.4
pmol/mg), whereas T, was not detectable (0.0 pmol/mg). In
the presence of cells, the release of T, became detectable (0.1
pmol/mg) and the amount of T, released from TG was much
higher (17.4 pmol/mg) than in the absence of cells. The thy-
roid hormone content measured after incubation of TG with
conditioned media reflected the hormone release by secreted
proteases. When TG was added to cells in conditioned media
the thyroid hormone contents reflected additional hormone
release due to the action of cellular proteases. In conclusion,
during the initial interaction of J774 cells with TG, only a
minor amount (~ 2%) of T, was released by secreted proteases
whereas no T was detected.

Hormone release in endocytic compartments. A T /T ; ratio
of 36 was determined in lysates of J774 cells at 5 min when TG
reached endosomes. The ratio of T, to T; decreased to 15 at 60
min when TG had reached the lysosomes. Thyroid hormone
release in endocytic compartments was affected by NH,Cl with
inhibition of 38 and 84% (T,) and of 67 and 93% (T) at 5 and
60 min, respectively. The results show that an acidic pH facili-
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Figure 3. Endocytic compartments of J774 cells. Phase contrast (a-c) and corresponding immunocytochemical detection of TG (4’ and b') and
the lysosomal membrane glycoprotein Lamp-1 (¢’) before (¢ and ¢') and after (a-b’) endocytosis of TG at 37°C. TG was internalized within

a 5-min pulse and cells were subsequently chased in TG-free media for 5 min (2 and a’) and for 60 min (b and b'). TG was detectable in vacuoles
of J774 cells within 5 min (a’, arrows). Note that immunolabeling revealed TG associated with the membranes of these vacuoles (a’, arrows).
They were not immunolabeled with antibodies against Lamp-1 (¢’, see asterisk in ¢) but Lamp-1-positive small vesicles often surrounded the
vacuoles (¢’, arrowheads). With prolonged chase periods (60 min; b and b') TG became detectable in small vesicles (', arrowheads) that accu-
mulated near the tips of cellular extensions in bipolar J774 cells. N, nucleus. (a and a’) X1,300; (b and b') X1,250; (¢ and ¢’) X1,175.

tated thyroid hormone release in various endocytic compart-
ments. The T,/T, ratios and the values of NH,Cl inhibition
suggest that the preferential release of T, occurred in early en-
docytic compartments and that of T in lysosomes.

Thyroid hormone transport. Unexpectedly, the values for
thyroid hormones released from TG did not further increase
after 5 min of incubation of cells with TG (cf. Fig. 2). We
envisioned three possible reasons for this plateau in hormone
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release: (a) a loss of thyroid hormones due to experimental
conditions, e.g., unspecific adsorption to the culture dish; (b) a
loss of thyroid hormones due to metabolism in J774 cells; and
(c) saturation of thyroid hormone-releasing enzymes. To ex-
clude the first two possibilities, thyroid hormones were added
to cell-free media and to vital or formaldehyde-fixed cells. Thy-
roid hormone recovery was determined after incubation for
time intervals from 5 to 60 min at 37°C. In cell-free media a
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Figure 4. Endocytic pathway of TG in J774 cells. Cryosections from cells after endocytosis of TG for 5 min and chase periods of 5-60 min in
TG-free media. Lysosomes ( Lys) have been previously labeled by endocytosis of BSA-Au,, (9-h pulse, 20-h chase). Immunolabeling with anti-
TG and goat anti-rabbit Fab-Au; antibodies revealed TG attached to the inner membrane surface of endosomes (EN) within 5 min (g and b).
Prelabeled lysosomes were found in close apposition to TG-containing endosomes (a and b). In addition, both markers were detected together
in large vacuoles (¢, arrows). After 60 min, TG was detected in prelabeled BSA-Au,,-containing lysosomes (). These results indicate accessi-
bility of TG for lysosomal hydrolases within early stages of endocytosis. (a) X32,300; (b) X67,500; (¢) X40,000; (d) X117,000.

loss of thyroid hormones was not observed, indicating that ad-
sorption to the surfaces of the culture dishes was negligible (not
shown ), whereas media containing vital or formaldehyde-fixed
cells showed a decline in the thyroid hormone content. The loss

o A A U]
30 120 min
kD

A3, e Figure 5. Limited proteolysis of '*’I-
TG after endocytosis by J774 cells.
! 92.5 SDS-PAGE and fluorography of J774
i cell lysates after binding (lane 1) at
o 4°C (30 min) and endocytosis (lane
2) at 37°C (120 min) of '¥I-TG. En-
- 30 docytosis resulted in the formation

.- 2 215 of a25-kD fragment (arrowhead) that
i 143 was not observed at 4°C. Note that
only limited proteolysis occurred at
times of maximum thyroid hormone
1 2 release.

of hormones from the media corresponded to the hormone
content detected in the cell lysates (Fig. 7, a and b). Generally,
no difference in the hormone contents of vital or formalde-

lysosomal hydrolases

200

97.4
46
30

21.5
143

Figure 6. Degradation of TG
by lysosomal hydrolases of
J774 cells. SDS-PAGE and im-
munoblotting of TG (lane 1)
incubated with lysosomal hy-
drolases isolated from J774
cells for 5 min (lane 2), 60 min
(lane 3), and 4 h (lane 4) at
37°C. Note that time intervals
of 4 h were needed for degra-
dation of TG. Cross-reactivities
of antibodies against TG with
lysosomal hydrolases were not
observed (not shown).
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Figure 7. Accumulation of T; and export of T, by J774 cells. Thyroid
hormone levels (mean+SE) of cell lysates after incubation of vital
J774 cells with T and T, for 5-60 min at 37°C. Note that T, levels
of cell lysates increased with time (), indicating intracellular accu-
mulation of T;. In contrast, T, levels in the cell lysates increased
within 30 min and decreased again at 60 min (a), indicating that T,
is exported into the medium.

hyde-fixed cells was observed with 5.5 fmol T; and 152 fmol T,
accumulating in 109 cells/min, thereby ruling out a significant
degradation of thyroid hormones by J774 cells. We conclude
that saturation of thyroid hormone-releasing enzymes is the
most likely mechanism underlying the plateau formation in
hormone release from TG. The T, levels in vital cells, however,
decreased again at 60 min (Fig. 7 a), suggesting that J774 cells
acquired the ability to export T,.

Discussion

Increased concentrations of circulating TG are followed by an
elevation of thyroid hormone levels resulting from the partial
degradation of TG by unknown extrathyroidal mechanisms
(19, 20, 36-38). First indications that macrophages might be
the cellular source for thyroid hormone release from circulat-
ing TG came from the ability of Kupffer cells to efficiently
internalize TG (7) and from long-term incubation of macro-
phages with TG (39).

Using the mouse macrophage cell line J774 we show that
hormone release is a fast process occurring within minutes after
limited proteolysis of TG, whereas the degradation of TG is a
slow process requiring several hours. In addition, we show that
J774 cells release preferentially T, from TG.

It is generally assumed that circulating TG in rats has a low
degree of iodination in basal conditions (40). However, upon
TSH stimulation of the thyroid gland the plasma levels of TG
increased and the iodine content of the circulating TG resem-
bled that of tissue TG (40). In pathological conditions direct
continuities between the follicle lumen and lymphatic vessels
have been described, thereby allowing highly iodinated TG to
reach the circulation (41). Most important, we could show that
under normal conditions TG leaves the thyroid follicles
through a TSH-dependent transepithelial transport bypassing
the lysosomes (8). Transcytosed TG reaches the circulation as
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an intact molecule in a state similar to luminal TG (10) and
can efficiently function as a substrate for thyroid hormone re-
lease by macrophages.

The amount of thyroid hormones released from circulating
TG by macrophages is unknown but presumably much lower
as compared with the hormone release by the thyroid gland.
However, we postulate that tissue macrophages in the liver or
in other organs act in concentrating TG by specific receptors
(18) and that the subsequent release of thyroid hormones re-
sults in increased hormone levels at locally circumscribed re-
gions, such as the space of Dissé in the liver or at inflammatory
sites.

Cellular sites of thyroid hormone release from TG by macro-
phages. In thyrocytes it was hypothesized that degradation of
TG involves two main steps, with thyroid hormones being re-
leased by selective and limited cleavage preceding nonselective
and delayed proteolysis of the protein backbone (42, 43). We
show that this process, in principle, occurs also in macro-
phages.

In the thyroid gland hormones are released from TG after
endocytosis and proteolysis in endocytic compartments (44).
When macrophages were incubated with TG a high proportion
of thyroid hormones was present in the supernatants and only a
minor part was detected in cell lysates. This finding was unex-
pected because it raised the possibility of extracellular proteoly-
sis of TG before endocytosis.

J774 cells secrete 60-70% of their newly synthesized lyso-
somal hydrolases (45). Our observations, however, show that
thyroid hormone release by secreted proteases accounts for
only ~ 2% of the total T,, whereas no T, release was detect-
able. This low contribution of secreted proteases favors the idea
that ectoproteases on the cell surface are involved in the fast
process of thyroid hormone release from TG. Indeed, the incu-
bation of isolated plasma membranes from J774 cells with TG
is followed by the release of thyroid hormones and iodothyron-
ines (Brix, K., unpublished observation).

Intracellular degradation after endocytosis of TG can occur
in endosomes and lysosomes, since proteolytic activities were
detected at all stages along the endocytic pathway in macro-
phages (46-48). We show that TG is accessible for lysosomal
proteases at early stages of endocytosis and detectable in lyso-
somes at later stages (at ~ 60 min), whereas the degradation of
radioiodinated TG was still incomplete at 2 h of endocytosis.
Apparently, thyroid hormone release precedes degradation of
the protein backbone of TG. Our results are in support of ob-
servations on the half-life of circulating TG in rats (5.1 h) and
the finding that the first degradation product with a molecular
mass of 60-70 kD cannot be detected before 2 h after injection
of TG (15). Lamas and Ingbar (49) have shown that the degree
of iodination affects the rate of proteolysis. In the macrophage
system TG resisted the degradation within 60 min irrespective
of the iodine content.

Mechanisms of thyroid hormone release from TG by macro-
phages. The nature of enzymes releasing thyroid hormones is
still obscure. In vitro, it was shown that cathepsins B, D, and L
cleave TG near the hormonogenic sites and it was concluded
that proteolysis of TG is a complex process requiring the syner-
gistic action of various enzyme activities (50). We could show
that thyroid hormone release from TG by macrophages begins
extracellularly by the action of secreted proteases and probably
of ectoproteases, and continues in the endocytic compartments
(see Fig. 8). Possible candidates for thyroid hormone-releasing
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enzymes in macrophages are the secreted cathepsin L (51, 52),
ectoproteases on the plasma membrane (53), and various
cathepsins in the endocytic compartments (47, 54, 55).

The release of thyroid hormones from TG reached a
plateau after 5 min of incubation of J774 cells with TG. Our
observations allow the conclusion that saturation of thyroid
hormone-releasing enzymes is the most likely mechanism un-
derlying this plateau formation. Furthermore, we expected a
rapid but limited release of thyroid hormones from TG since
we have recently shown that endocytosis of TG by macro-
phages is a saturable process (17, 18). Because T release oc-
curs preferentially in more acidic compartments of J774 cells
and the number of endocytosed TG molecules is limited, we
expected considerably lower amounts of released T; as com-
pared with T,. Indeed, our experiments have shown that T,
release exceeds that of T, by a factor of ~ 37.
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