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Abstract. Tissue-type plasminogen activator (tPA) is a serine protease which cleaves
plasminogen to its active form, plasmin. tPA plays a physiologic role in hemostasis,
wound healing, and embryogenesis. Therapeutically, recombinant human tPA is used
as a thrombolytic in myocardial infarction. Although production of therapeutic quantities
of tPA in Chinese hamster ovary (CHO) cells transfected with the human gene for tPA is
practical, production costs remain high. One important factor which determines the
ultimate cost of tPA (or any other recombinant protein expressed in mammalian cells)
is its production level on a per cell basis. We have used postembedding immunocyto-
chemical staining with colioidal gold to study the subcellular localization of tPA In CHO
cells expressing recombinant tPA (rCHO) in an effort to understand the factor(s) which
might limit secretion. Staining for tPA was evaluated visually and by morphometric
analysis and was specific and reproducible. Serially passaged rCHO showed no signif-
icant change in staining density over 31 serial passages. Staining density was greatest
over dilated cisternae of the rough endoplasmic reticulum and nuclear envelope. Golgi
stacks and large acid phosphatase-positive vacuoles (probably lysosomes) were also
heavily stained. Staining of lysosomal vacuoles suggested that rCHO might be degrading
nascent tPA. Incubation of rCHO with '°I-tPA showed that the cells were not internalizing
tPA from the media. These results suggest that rCHO fail to secrete a portion of the tPA
they synthesize and that it is degraded in lysosomes. This observation may have
important implications on the choice of expression systems for efficient production of

large quantities of recombinant proteins.

[P.S.E.B.M. 1991, Vol 198}

techniques hold great promise as therapeutic
agents in many disease settings. Although
some recombinant proteins can be expressed in non-
mammalian cells, many proteins that are dependent on
intra-chain disulfide bonding, proper glycosylation, or
other posttranslational modifications for functional ac-
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tivity must be expressed in mammalian cells (1). How-
ever, mammalian expression systems typically produce
recombinant proteins at lower levels than bacterial,
yeast, or insect expression systems. Production levels of
tens of milligrams per liter per day (or pg/cell/day) are
typical for an optimized mammalian expression system
(2). This low production level impacts adversely on the
ultimate availability and cost of therapeutic proteins.
For example, streptokinase is a thrombolytic that is a
natural product of bacteria and is used to treat acute
myocardial infarction. The cost of a therapeutic dose
of streptokinase in 1991 is approximately 200 U.S.
dollars. Recombinant tissue-type plasminogen activator
(tPA) is also a thrombolytic used in acute myocardial
infarction but costs approximately $2000, 10 times the
cost of streptokinase. tPA is produced in Chinese ham-
ster ovary (CHO) cells (3), and higher costs of produc-
tion are responsible, in large part, for this substantial
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difference in price. While this is admittedly an extreme
case, high production costs and difficulty in producing
large quantities of recombinant proteins in mammalian
cells remain significant issues in exploiting these pro-
teins therapeutically.

tPA is a serine protease, with an approximate mol
wt of 65,000, that has three glycosvlation sites and
elaborate intra-chain disulfide bonding (4). The protein
is folded into five domains, which are named on the
basis of homology with other proteins. From the N
terminus, these are: finger, a domain homologous to a
domain of fibronectin: growth factor like, homologous
to epidermal growth factor; two kringles, homologous
to plasmin; and protease, homologous with the active
site domain of many other serine proteases (5). The
proteolvtic activity of tPA 1s dependent on proper fold-
ing of the peptide chain. The principal physiologic
function of tPA is to proteolytically cleave plasminogen
to its active form, plasmin. This function is exploited
clinically in thrombolvtic therapy of myocardial infarc-
tion (6).

tPA is produced constitutively in a number of
tissues, most notably by endothelial cells (7-9). Some
tumor cells also produce tPA (10). For production of
recombinant tPA, the human gene has been transfected
into a variety of continuous cell lines (11-13). The
current therapeutically approved tPA is produced in
transfected Chinese hamster ovary cells (3). Production
of large amounts of functional tPA in bacterial or yeast
expression systems has not been reported, presumably
because of improper folding of the molecule. Although
there are many factors that contribute to the final cost
of recombinant proteins produced in mammalian cells
(14), production on a per cell basis is one of the more
important. In the experiments described herein, we
have used postembedding immunocytochemical stain-
ing with colloidal gold to study the subcellular localiza-
tion of tPA in CHO cells expressing recombinant tPA
(rCHO). In an effort to better understand the factor(s)
which might limit secretion of tPA, production on a
per cell basis and subcellular localization were corre-
lated in stablely transfected cells for 31 serial passages.
We found that there was no significant change in the
staining density with serial passage, but found evidence
that CHO cells may fail to secrete a portion of nascent
tPA.

Materials and Methods

Cell Culture. CHO cells were transfected with the
human gene for tPA in an expression vector similar to
that described previously for bovine endothelial cells
(12) and selected in methotrexate for high level tPA
secretion. The recombinant CHO cells were maintained
as suspension cultures (5% CO,, 95% air, 37°C) in
spinner flasks in minimal essential medium (Gibco,
Grand Island, NY) supplemented with 5% fetal bovine
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serum and 200 nM methotrexate. Recombinant DNA
and transfected cells were handled in compliance with
the NIH guidelines for physical and biological contain-
ment. The cells were passaged by dilution on a twice-
weekly basis. Passage numbers 25, 30, 43, and 56 (from
a 15-week period) were immunostained for tPA.

Immunocytochemistry. Aliquots of approximately
1 x 10° cells were centrifuged and fixed with 0.5%
paraformaldehyde and 0.05% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.3) for 2 hr at 4°C. The celis
were washed in 0.2 M cacodylate buffer and partially
dehydrated in ethanol (90%). The cells were then in-
cubated in 90% ethanol and L.R. White embedding
resin (1/2), followed by 100% L.R. White resin at room
temperature for 9 h (Polysciences Inc., Warrington,
PA). The cells were infiltrated with L.R. White resin
(without catalyst) overnight at 4°C and embedded in
gelatin capsules in L.R. White resin (with catalyst) at
—20°C (15). The resultant blocks were sectioned at
approximately 60 nm and the sections were collected
on Formvar-coated 200-mesh nickel grids. The grids
were stored at —20°C until immunostained.

Cells were stained for tPA using goat antthuman
uterine tPA antibodies. This antisera was obtained com-
mercially (American Diagnostica. New York, NY) and
has been characterized previously (16).

Grids were stained by sequential immersion in [00-
ul reagent drops on Parafiim at room temperature
according to the following protocol: (i) 1% cold water
fish gelatin in phosphate-buffered saline (CWFG-PBS;
17) (Sigma Chemical Co., St. Louis, MO) for 60 min;
(i1) goat antihuman tPA {/500 in CWFG-PBS for 90
min; (iii) wash in CWFG-PBS 6 times, 10 min each
time; (iv) colloidal gold-conjugated rabbit antigoat Ig
(15 nm) (E-Y Laboratories, San Mateo, CA) 1/5 in
CWEFG-PBS for 90 min; and (v) wash in distilled water
(20 immersions).

The grids were then post-stained with osmium,
uranyl acetate, and lead citrate. Controls for immuno-
staining included omission of primary antibody tPA,
immunostaining of a sample of rCHO cells mixed with
ampbhibian erythrocytes, and immunostaining of CHO
cells transfected with the gene for an unrelated human
protein (control-CHO).

Morphology and Acid Phosphatase Cytochem-
istry. To allow detailed examination of organelles,
rCHO and control-CHO were fixed in 2% glutaralde-
hyde in 0.1 M cacodylate, postfixed in OsQ, stained en
bloc with uranyl acetate, dehydrated, and embedded in
Spurr’s resin. Sections were cut at approximately 60
nm and stained with lead citrate. rCHO were also
stained cytochemically for acid phosphatase activity
using modified Gomori medium, as described previ-
ously (18). All grids were examined with a JEOL 100CX
or 1200EX transmission electron microscope operating
at an accelerating voltage of 60-80 kV.



Morphometry. Ten to 17 consecutive cell profiles
from each immunogold-stained sample were photo-
graphed at X 10,000 magnification. To ensure that data
would be collected from comparable regions, only cells
that were sectioned through the nucleus were included.
Negatives were printed as X2.5 enlargements. The num-
ber of colloidal gold particles overlaying the nucleus,
cytoplasm, and extracellular space was counted and the
areas of these regions were measured digitally with a
SigmaScan semiautomatic image analysis system (Jan-
del Scientific, Corte Madera, CA). These data were used
to calculate staining density (number of gold particles
per um?) for each region.

Statistical analysis of the gold unit area was per-
formed using the general linear models procedure and
the Tukey studentized range test (SAS Institute, Cary,
NC). P-values less than or equal to 0.05 were accepted
as significant.

Cellular Internalization of '%|-tPA. To determine
the role of reuptake of secreted tPA in determining the
subcellular localization of tPA, rCHO, control-CHO,
and freshly isolated rat hepatocytes (a positive control
cell) were incubated with '*I-tPA, as described previ-
ously (19). Briefly, '*’I-tPA was prepared by incubating
tPA with ['*I]sodium iodide in an Iodogen coated tube
(Pierce, Rockford, IL). Free iodine was separated from
125]-tPA with a tPA affinity gel (American Diagnostica).
The '*I-tPA was greater than 90% precipitable by
trichloroacetic acid and retained its proteolytic activity.
Isolated hepatocytes were prepared by perfusing rat
livers with collagenase. The resultant single cell suspen-
sions were greater than 90% hepatic parenchymal cells.
Viability of hepatocytes and suspension cultured CHO
cells was greater than 90%, as determined by trypan
blue exclusion. Cells (1 X 10°/ml) were incubated in
Kreb’s-Heinseleit buffer containing 10 m glucose, 2%
bovine serum albumin, and a trace amount (final con-
centration 10 pM) of 'I-tPA in 50-ml Erlenmeyer
flasks. The flasks were incubated at 37°C in a shaking
bath under 95% O, and 5% CO,. At selected times,
triplicate 0.5-ml aliquots were removed and washed,
and cell-associated '**I-tPA was measured by gamma
counting. Nonspecific uptake of '*I-tPA was deter-
mined by incubating cells in the presence of excess (200
ma/) nonlabeled tPA, Data were expressed as cell-
associated tPA by correcting cell-associated counts for
the specific activity of '*°’I-tPA.

Results

Specificity and Reproducibility of Staining. Im-
munocytochemical staining of tPA in rCHO cells was
specific and reproducible. Table I presents data on tPA
immunogold staining of the same rCHO cells over 31
passages. Background staining on extracellular spaces
were consistently low. No specific staining of control-
CHO and amphibian red blood cells was seen and

omission of the anti-tPA antibodies from the staining
protocol resulted in the complete loss of specific stain-
ing, indicating that the staining was specific for tPA.,

Specific immunostaining for tPA was observed in
rCHO cells examined over 31 passages by morphomet-
ric analysis. There were some differences in specific
staining density between the passages, but these differ-
ences were not statistically significant. Grids from
rCHO Passage 43 were stained on five separate occa-
sions. Staining specific for tPA was observed each time
these samples were processed, indicating that the tPA
immunogold-staining procedure was highly reproduci-
ble.

Subcellular Localization of tPA in rCHO. The tPA
immunogold-staining procedure was used to study the
subcellular distribution of tPA in rCHO cells. The
ultrastructure of rCHO was examined following con-
ventional processing procedures, because the fixation
for immunostaining did not provide fine ultrastructural
preservation.

Profiles of rCHO were generally round (Fig. 1A).
Nuclei were eccentric and usually round or bean-
shaped. The Golgi region was well-defined and multiple
profiles of Golgi were occasionally seen in the same
cell. Mitochondria were frequently bracketed by cister-
nae of rough endoplasmic reticulum (RER) (Fig. 1A).
The RER was often dilated and uniformly filled with a
moderately electron-dense material. Often the nuclear
envelope was dilated and filled with a similar electron-
dense proteinaceous material (Fig. 1B). Large vacuoles
were prominent in some cells. Some of these vacuoles
contained proteinaceous material and/or myelin figures
(residual bodies) (Fig. 1C), suggesting that they were
secondary lysosomes. Their lysosomal association was
also suggested by cyvtochemical staining for acid phos-
phatase activity (Fig. 1D).

Representative immunostaining of rCHO is shown
in Figure 2. There were deposits of gold beads over
dilated cisternae of the RER (Fig. 2A) and nuclear
envelope (Fig. 2B). These dilations were similar to those
seen in Figures 1A and B. Many cells had a different
pattern of staining. Instead of gold beads concentrated
over the RER, dilated nuclear envelope, or vacuoles,
they were evenly dispersed over the Golgi region (Fig.
2C). Lysosome-like vacuoles, when present, were al-
ways intensely stained (Fig. 2D). A qualitative assess-
ment of the distribution of gold particles over the
various cellular compartments is summarized in Table
II.

Staining of rCHO was heterogeneous on a cell-to-
cell basis; some cells showed intense staining and others
hardly any. [This is also reflected in the large SE for the
morphometry data in Table 1.] In cells showing mod-
erate to heavy staining, the pattern of staining was
generally consistent for each of the four passages eval-
uated. RER showed the most intense staining. Staining
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Table I. Specificity and Reproducibility of Immunogold Staining for tPA

Staining density

Staining density Specific staining

Cell type on cytoplasm? on extracellular space density
{no. gold/um?) (no. gold/um?) (no. gold/um?)

rCHO (Passage 25) 110 £ 40 23+ 2 87 + 40
rCHO (Passage 30) 90 £ 27 5+1 85 £ 27
rCHO (Passage 43) 121 + 20 18 £2 103 £ 20
rCHO (Passage 56) 67 +9 14+ 3 53+ 9
control-CHO 12+ 2 133 -1x3°
Amphibian red blood cells 33+8 28 + 3 5+8°

¢ Data are presented as the mean = SE.
® Not significant compared to extracellular space.

of the nuclear envelope and Golgi areas was more
variable and, in some cells, the large vacuoles (lyso-
somes?) were the only structures to be intensely stained.

Cellular Uptake of '*I-tPA by Transfected Cells.
To determine if reuptake tPA could account for the
putative lysosomal localization of tPA in rCHO, we
examined uptake of '**I-tPA by these cells. Freshly
isolated hepatocytes were included in the experiment
to serve as a positive control for uptake of tPA. Rat
hepatocytes have been shown to rapidly internalize tPA
by receptor-mediated endocytosis (19). As shown in
Figure 3, isolated rat hepatocytes progressively took up
radiolabel over the 30-min incubation. In contrast,
rCHO cells took up very little radioactivity. Extending
the incubation time to 2 h did not increase uptake by
rCHO cells. To eliminate the possibility that rCHO
cells may have autosaturated a putative tPA receptor,
we also examined CHO cells transfected with the gene
for human CD4. Again, little uptake of '*°I-tPA was
seen. When rCHO cells were incubated with '*°I-tPA
in the presence of a large excess of nonlabeled tPA, the
same amount of cell-associated radioactivity was found,
suggesting that all uptake of '**I-tPA by rCHO cells is
due to nonspecific interactions and that it is not a
receptor-mediated process.

Discussion

In this report, we describe a technique for postem-
bedding immunogold staining of tPA. We demonstrate
that the staining is specific and reproducible and have
applied it to study the subcellular localization of tPA
in CHO cells transfected with the human gene for tPA.

Plasminogen activators are believed to piay a role
in many physiologic functions, e.g., thrombolysis, em-
bryogenesis, and metastases (7-9), and numerous in-
vestigators have studied their distribution by immuno-
histochemical staining (20-26). With the exception of
a study by Paul er a/. (27) of the plasminogen activator
produced by pig kidney cells, we believe that ours is the
first report of an ultrastructural localization of tissue-
type plasminogen activator. And, although our studies
have been limited to transfected cells, the technique
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may be sufficiently sensitive to detect indigenously
expressed tPA in vivo, e.g., in endothelial cells (7-9).
Since all necessary reagents are commercially available,
application of the staining technique described in this
report can be carried out by other laboratories.

rCHO cells were examined for over 30 continuous
passages as suspension cultures. Although there were
variations in the subcellular localization of tPA from
pass to pass, e.g., staining of the nuclear envelope, the
average density of staining was relatively stable. This
stability in staining correlates with stable levels of se-
cretion of tPA (4-6 pg/cell/day) by rCHO. A notable
finding of our study was the variation in staining density
for tPA from cell to cell in a given passage population.
This was reflected in the large SE for tPA-specific
staining density (Table I). Hammel et a/l. (28) have used
quantitative immunocytochemistry to evaluate produc-
tion of peptide hormones and have found similar cell-
to-cell variation in morphometrically similar popula-
tions of pituitary melanotrophs and cells in the neuro-
hypophysis. They suggest that staining density reflects
physiologic differences between the cells. The observed
variations in staining density of rCHO cells, thus, may
correlate with the fluctuations in production of tPA by
individual cells. CHO cells transfected with foreign
proteins consistently showed dilated cisternae of the
endoplasmic reticulum and nuclear envelope that were
filled with proteinaceous deposits. Our results show that
these deposits contained tPA-derived material. Non-
transfected CHO cells rarely had regions of dilated
endoplasmic reticulum. In addition to immunocyto-
chemical localization in organelles of the secretory
pathway, tPA was also found in vacuoles containing
densely staining material. These structures were similar
in size, shape, density, and location to structures iden-
tified as lysosomes by acid phosphatase cytochemistry.
To elucidate whether the tPA in these structures was a
result of shunting out of the secretory pathway or
reuptake of secreted tPA from the medium, we assessed
the ability of rCHO to endocytose '°I-tPA. Several cell
types, including endothelial cells (29), fibroblasts (30),



Figure 1. (A) CHO cell transfected with the human gene for tPA (rCHO) fixed in glutaraldehyde and postfixed in osmium. The nucleus (N) is
eccentric and is associated with a prominent Golgi region (GR). The cytoplasm has relatively few organelles except for mitochondria (M) and a
few dilated cisternae of rough endoplasmic reticulum (arrows). In an adjacent cell, the cisternae of the rough endoplasmic reticulum are only
slightly dilated (arrow heads). Lead citrate and uranyl acetate. Bar equals 1 um. (B) Detail of an rCHO cell process, as described above. The
cisternae of the nuclear envelope is dilated (arrow) and contains moderately electron-dense proteinaceous material. Lead citrate and urany!
acetate. Bar equals 1 um. (C) Detail of an rCHO cell showing the dilated cisternae of the endoplasmic reticulum (arrow) and mitochondria. A
cytoplasmic vacuole contains a whorl of electron-dense material, suggesting that it is a secondary lysosome (L). Lead citrate and uranyl
acetate. Bar equals 1 um. (D) Detail of an rCHO cell stained for acid phosphatase activity using a modified Gomori method. A cytoplasmic
vacuole (L) similar to that shown in C is positively stained. Lead citrate and uranyl acetate. Bar equals 1 um.

and especially hepatocytes (19, 31, 32) can internalize
tPA. However, the '*I-tPA uptake studies with rCHO
cells show that only very low levels of tPA become cell
associated. Thus, it is unlikely that reuptake of secreted
tPA accounts for the vacuolar localization. Another
hypotheses is that tPA is transcribed at a faster rate
than the Golgi can process it and that a portion accu-
mulates in the RER and may be routed to lysosomes,
rather than being secreted. Recent work on glycoprotein

synthesis suggests that the transit time for proteins from
the RER to the Golgi is relatively long (33). In addition,
improperly folded proteins cannot be transferred to the
Golgi for glycosylation (34), but are degraded either
lysosomally or in a novel, nonlysosomal compartment
(35). A mechanism that may be involved in regulating
secretion of proteins is binding to the so-called heavy
chain binding protein (BiP). BiP has been shown to
bind immunoglobulin heavy chains, preventing transfer
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Figure 2. (A) CHO cells transfected with the human gene for tPA (rCHO) and immunostained for tPA, as described in the text. Dilated cisternae
of endoplasmic reticulum are heavily stained (arrows), while the mitochondria (M) and nucieus show no specific staining. Bar equals 1 um. (B)
Detail of an rCHO showing immunostaining for tPA in the nuclear envelope. N indicates the nucleus. Bar equals 1 um. (C) rCHO showing
diffuse staining of the Golgi region (GR) delimited on one side by the nucleus. Bar equals 1 um. (D) Detail of an rCHO showing heavy
immunostaining of a lysosome-like cytoplasmic vacuole (L). Bar equals 1 um.

Table Il. Subcellular Localization of tPA in rCHO?

Nuclei and N
Passage number mitochondria Nuclear envelope RER Golgi regions Vacuoles
25 — —_ ++ +++ +
30 — +++ ++++ + +++
43 — ++++ ++++ +++ +++
56 — — ++ + ++

@ Symbols used in table: + = minimal specific staining; ++ = moderate specific staining; +++ = heavy specific staining; and ++++ = very
heavy specific staining.
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Figure 3. Uptake of "°|-tPA by cultured cells. Freshly isolated he-
patocytes (circles), CHO cells transfected with the human gene for
tPA (triangles), or CHO cells transfected with the human gene for an
unrelated protein (squares) were incubated with '?°|-tPA at 37°C for
1 to 30 min. Cell-associated radioactivity was used to calculate fmole
equivalents of tPA per 10° cells and the results (+ SD) were plotted
against time. Rat hepatocytes took up '®ItPA in a time-dependent
fashion. CHO celis showed little uptake of '25|-tPA.

to the Golgi prior to their assembly with light chains
(36). In CHO cells transfected with the gene for tPA,
normally glycosylated tPA shows low levels of associa-
tion with BiP. However, blockade of glycosylation of
tPA by site-directed mutagenesis or treatment of the
cells with tunicamycin enhanced association of tPA
with BiP and decreased secretion (37). Our results
demonstrating that wild-type tPA-derived material is
present in dilated RER and lysosome-like vacuoles
suggests that slow processing and trapping of tPA occurs
in rCHO cells. Direct evidence of involvement of BiP
in this process will require further studies.

Taken together, our data suggest that proteins tran-
scribed from amplified genes in transfected CHO cells
may not be efficiently secreted. CHO cells are a com-
monly used expression system for recombinant proteins
(1). Given the high cost of production of pharmaceuti-
cally relevant recombinant proteins in mammalian sys-
tems, understanding this phenomenon and optimizing
the culture conditions to improve secretion of recom-
binant proteins is an important area for further re-
search.
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