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Basic Cell Culture

Jeffrey W. Pollard

1. Introduction

This article describes the basic techniques required for successful cell cul-
ture. It also acts to introduce some of the other chapters 1n this volume. It is not
mtended to describe the establishment of a tissue culture laboratory, nor to
provide a historical or theoretical survey of cell culture. There are several books
that adequately cover these areas, including the now somewhat dated, but still
valuable volume by Paul (1), that of Freshney (2), and the multi-authored
volumes edited by Jakoby and Pastan (3), Davis (4), and Celis (5). Instead,
this chapter focuses on the techniques for establishing primary rodent cell cul-
tures from embryos and adult skin, maintaining and subculturing these fibro-
blasts and their transformed derivatives, and the isolation of genetically pure
strains. The cells described are all derived from Chinese hamsters since to date,
these cells have proved to be the most useful for somatic cell genetics (6,7).
The techniques, however, are generally applicable to most fibroblast cell types.

I only discuss growing fibroblastic cells in semidefined media. A very
detailed consideration of serum-free culture and the maintenance of epithelial
cells can be found in Chapter 4. Methods for culturing many other non-
fibroblastic cell types are described 1n Chapters 2 through 24.

2. Materials

1. Alpha mimimum essential medium (a-MEM) containing penicillin and strepto-
mycin: for economy, we buy prepared medium as powder m 20-L aliquots. A
44-g quantity of sodium bicarbonate 1s added, the powder 1s made up to 20 L 1n
deiomzed distilled water, the pH adjusted to 7 4, and the media sterile-filtered
through a 0.22-pM filter using a pressure vessel coupled to a filtration apparatus
and driven by a pressurized 95.5% air CO, gas mix This gas mix mantains pH
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2 Pollard
on preparation and storage The 500-mL bottles are stored at 4°C in the dark
until use (see Notes 1 and 2). Prepared media can also be purchased from many
suppliers.

2  Growth medium: a-MEM plus 15 or 7 5% (v/v) fetal calf serum This 1s made up
as required and stored at 4°C.

3. Fetal calf serum (FCS) should be pretested to ensure 1t supports optimal growth
(see Section 3.6.). It can also be heated at 56°C for 30 min to destroy complement
1f 1t 15 to be used for cultures where the presence of complement can cause com-
plications. Sera should be aliquoted and stored at —20°C

4 Ca**Mg?*-free phosphate-buffered saline (Dulbecco’s PBS). 8 g/L NaCl, 0.2 g/L
KCl1, 0.2 g/L KH,POy, 2.16 g/L Na,HPO, 7TH,0), pH 7 2.

5 PBS citrate' PBS + sodium citrate at 5.88 g/L.

6. Trypsin' One vial of lyophilized Difco (Detroit, MI) Bacto-trypsin in 400 mL of
PBS citrate (0 125% trypsin) or 10 times this concentration for the 1solation of
embryonic fibroblasts (see Note 3)

7 Counting fluid: PBS + 0 2% (v/v) FCS.

8. Formalin fixative: 10% (v/v) commercial formaldehyde (comes as a 40% [v/v]
solution).

9. Methylene blue stain: 0.1% (w/v) methylene blue 1n distilled water filtered
through a Whatman No. 1 filter.

10 Trypan blue: 0.5% (w/v) in PBS

11 Colcemud: 10 pg/mL, store at 4°C

12. Karyotype fix- Methanol acetic acid (3:1) made up on the day of use and kept on
ice 1n a tightly stoppered bottle

13 Giemsa stain: Use commercial Giemsa concentrate diluted 3.47 parts in commer-
cial Gurr’s buffer (one tablet to 1 L distilled water). Alternatively, 10 mM potas-
stum phosphate, pH 6.8, can be used as the buffer. The diluted stain is only stable
for 2—3 mo.

3. Methods

3.1. Establishment of Primary Chinese Hamster

Fibroblast Cultures

3.1.1. Embryo Culture

L.

2

3.

Kill a 12-d old pregnant Chinese hamster with ether.

Wash the animal in tap water and then with 70% ethanol

Make a surgical incision on the dorsal side to expose the uterus using sterile
mstruments (these can be dipped 1n ethanol and flamed to maintain sterility
during the operation)

Remove the uterus in toto, and transfer it to a sterile Petri dish. Dissect the
embryos, and place them 1n a new sterile Petri dish (see Note 4).

Mince the embryos very finely, and whale still in the Petri dish, wash the pieces
with 5 mL of 0.125% Bacto-trypsin at 37°C.

Tilt the Petr1 dish so that embryo pieces go to the side Remove the pieces into a
50-mL centrifuge tube using a wide-bore pipet.
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Add 40 mL of fresh 1.25% Bacto-trypsin, and incubate at 37°C for 5 min
Regain the embryo pieces by centrifugation at 100g for 3 5 min, and discard the
supernatant.

Resuspend the pieces 1n 40 mL of fresh 0 125% Bacto-trypsin, and incubate at
37°C for 25 mun (this can be performed in a roller apparatus).

Neutralize the trypsin with 4 mL of FCS

Deposit the supernatant through a 100-pum sterile mesh 1nto another centrifuge tube.
Centrifuge the supernatant for 5 min at 300g at room temperature

Resuspend the pellet 1n 10 mL o-MEM plus 15% FCS, and count the cells in a
hemocytometer (see Section 3.3.) at about 1/100 dilution.

Lay down 1.5 x 107cells 1n 40 mL of a-MEM plus 15% FCS into a 75 cm? flask,
and place it in a 37°C tissue-culture incubator

The next day, replace the medium with an equal volume of a-MEM plus 15% FCS.
Forty-eight to 72 h later, the monolayer should be confluent, and at this point, the
cells are ready for subculture. This 1s performed by mcubating the monolayer
with 4.5 mL of 0.125% Bacto-trypsin at 37°C until the cells detach. Cell detach-
ment can be visualized either by observing the cell monolayer 1n oblique light or
directly under the microscope. When the cells have detached (~80%), add 0.5 mL
FCS (10%), pipet up and down five times, and transfer contents to a 15 mL cen-
trifuge tube.

Centrifuge the cells at 300g for 3.5 min at room temperature.

Remove the supernatant, resuspend the cell pellet in 5 mL a-MEM plus 15%
FCS, and determine the cell concentration.

Resuspend the cells at 4 x 10%vial in a-MEM plus 15% FCS plus 10% (v/v)
sterile dimethyl sulfoxide (DMSO), and freeze at—135 or —176°C The cells will
remain viable for several years

The cells may also be subcultured at one-third to one-tenth dilutions They have
doubling times of approx 36 h At this point, start to calculate the number of
mean population doublings by keeping careful records of subculture number and
split ratio (see Chapter 3 for details).

3.1.2. Skin Fibroblasts
See Chapter 2 of this volume for human explants.

Kill and wash an ammal as described for the 1solation of embryonic fibroblasts
(see Section 3 1.1., steps 1-3). In fact, 1t 15 often convenient to prepare skin fibro-
blasts from the same animal as the one from which the embryos were obtained.
Cut small pieces (1-2 mm?) of dermis from the exposed skin flaps using sterile
instruments, avoiding any fur.

Place several (5—10) small pieces (see Note 4) mto a 25-cm? flask, and allow
them to adhere for 30 min in a very thin film of medium (0.5 mL) at 37°C.
Once adhered, add 5 mL of growth medium to the opposite surface (i.e., top
surface) of the flask to avoid washing off the skin pieces. Place the flask in the
incubator in the upside-down position for 24 h (the surface tension holds a thin
film of medium to the upper surface and stick the explants to the flask surface).
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5 Once the explants are firmly stuck, gently invert the flask and return to the
incubator

6 The next day, it 1s often advisable to change the medium to remove any debris
and unattached explants.

7. After several days, first “epithehial” type cells and then fibroblast will grow out
of the explants (see Chapter 2 for details) Let this process continue until most of
the surface is covered with fibroblasts or until obvious necrosis 1s observed 1n the
explant. It may be necessary to change the medium every week until substantial
outgrowth 1s observed.

8. Remove the explanted material (see Note 5) with a Pasteur pipet attached to a
vacuum line leaving the adherent fibroblasts

9 At this stage, depending on the density, the fibroblasts can either be trypsinized
(>50% confluent) or allowed to continue to grow to form a monolayer before
they are trypsinized, subcultured, and frozen as described 1n Section 3 1 1

3.2. Maintenance and Subculture of Transformed Cell Lines

Many transformed cell lines will grow both as monolayers and in suspen-
sion culture. The CHO-S cell line is one such line having been selected for
suspension growth by Thompson from the original K1 CHO cell hine isolated
by Puck (see Note 6, ref. 7). Because CHO cells are transformed, they do not
require as much serum as normal diploid fibroblasts, and we routinely culture
them in 7.5% (v/v) FCS. Despite the relative ease with which transformed cells
can be cultured, however, unlike normal diploid fibroblasts, they do not enter a
stationary phase of long-term viability (8,9). In this phase, they rapidly lose
viability, and therefore must be subcultured during the exponential phase of
growth and cannot be maintained as arrested cultures in reduced serum

1 CHO cells are stored frozen at ~4 x 10° cells/mL at —135 or at —176°C (liquid
mtrogen) in growth medum contaiming 7 5% FCS and 10% (v/v) DMSO A single
vial 1s removed from the frozen stock, rapidly defrosted in a 37°C water bath, and
the cells regained by centrifugation at 300g at room temperature for 3.5 mimn

2 The supernatant 1s discarded and the pellet resuspended in 1 mL of prewarmed
medium and placed 1nto a 25-cm? flask or a 60-mm diameter dish containing
4 mL of growth medium

3 Approximately 2 d later, the cells should be almost confluent and ready for sub-
culture (see Note 7) They are trypsinized as described for the primary diploid
fibroblasts. After cell detachment, FCS 1s added to 10% and the cells resuspended
as single cells by pipeting up and down about five times with a 5 mL pipet An
aliquot of this cell suspension (up to a total of 10% of the recipient volume of the
medium) can be added directly to a new tissue culture vessel containing growth
medium and returned to the incubator until the next subculture Alternatively, the
cells may be regained by centrifugation, resuspended, and the concentration/mL
determined (see Section 3.3 ). Known concentrations of cells may then be sub-
cultured by appropriate dilution. In a 25-cm? flask with 5 mL of growth medium,
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CHO cells should yield about 2 5 x 10%/cm? but yields are variable depending on
serum batch and media used

At this stage, cells maybe transferred to a magnetically stirred spinner flask (com-
mercially available) contamning pregassed (95% air/5% CO,) growth medium;
usually a 250-mL spinner flask s seeded to give a density of ~8 x 104 cells/mL.
These flasks are then placed 1n a warm room or 1n a temperature-regulated water
bath (Heto), and stirred at 100 rpm (full details of spinner culture and scale up are
described in Chapter 5, see also Note 8) CHO cells grown 1n suspension should
give ~10° cells/mL at saturation density, at which point the medium will be very
yellow (acid).

3.3. Determination of Cell Number

This can be performed either using an electronic particle counter (e.g.,

Coulter Electronics Inc.) or a hemocytometer. The former 1s the more accurate
and can be used to count low concentrations of cells (~103 cells/mL); the latter
requires higher density and 1s more prone to sampling error, but allows a visual
estimation of the “health” of the cells and, combined with Trypan blue exclu-
sion, can be used to estimate cell viability.

1

Resuspend cells to give a uniform cell suspension by pipeting up and down
against the side of the plastic centrifuge tube

If the cells have been trypsinized, as described in Section 311, 02 mL of the
cell suspension to 7.8 mL of counting fluid 1n a 15-mL Falcon snap-cap tube will
give a statistically reliable cell count (1000—14,000 particles/0 5 mL counted).
Count three aliquots with the Coulter counter set to count 0 5 mL, sum the three
counts, divide by 3, and multiply by 40 (for dilution) and 2 to calculate the cells/
mL (see Note 9)

The cells can then be appropriately diluted for the experimental setup or
subculture

Alternatively, the cells can be counted on a hemocytometer. The cells need to be
resuspended at 3—5 x 10° cells/mL. A drop of a cell suspension 1s added to erther
side of the hemocytometer, taking care not to overfill it and making sure that the
coverslip 1s firmly 1n place

. Each large square on the hemocytometer (improved Neubauer type) gives an area

of 1 mm? and a depth of 0.1 mm (1 € , the volume 1s 10~ mL). Count the cells 1n
the square (usually using the one bounded on each side with triple lines) on exther
side of the counter, average the counts, and divide by 2 and multiply by 10* to
give the number of cells/mL If there are too many cells (>1000), just count the 5
diagonal squares and multiply by 5 to give the number to be multiplied by 104 If
there are too few cells, count more than one complete square on each side of the
chamber, and divide the total cell number accordingly.

This procedure can also be used to determine cell viability, since prior to placing
the cells 1n the hemocytometer, they can be diluted 1 1 with 0 5% Trypan blue
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The number of cells that can then exclude the stain (1 e , have intact cell mem-
brane) can be determined by counting the cells as described in steps 3—5

3.4. Isolation of Genetically Pure Cell Lines

The 1solation of somatic cell mutants is outside the scope of this chapter, and
the reader is referred to Thompson (10) for the considerations necessary to
1solate such mutants successfully. All cell lines will genetically alter over time,
however, and pertodically the parental type will need to be purified from vari-
ants or revertants. The easiest way to do this is to 1solate a single clone. This
causes some potential problems, however, since a clone may 1tself be a varant,
and thus several clones will need to be isolated and tested to ensure the pheno-
type selected 1s the required one. To overcome this problem of clonal variabil-
ity, 1t 1s usually better to contract the cell population to about 100 cells and then
expand this to the mass culture. This contraction should statistically remove
any variants from the population. It is worth remembering, however, that any
variant that has a growth advantage over the parental type will soon overgrow
the whole culture. Once a mass culture 1s obtained, it should be frozen 1n a
large number of vials (20-50) to provide a base for future experiments. This
enables the investigator to grow a culture for approx 3 mo before discarding it,
and then to return to the frozen stock for the next set of experiments. Thuis
protocol reduces the genetic drift 1n the culture and avoids the necessity of
frequent genetic purification using the following methods.

1 Trypsimze a culture, recover the cells, and determine the cell number as described
i Section3 11

2 Duilute to 2.5 cells/mL with 20 mL of growth medium.

3 Plate out 0 2 mL/well into a 96-well tissue-culture plate

4. Incubate plates at 37°C 1n an humidified incubator for 10-12 d Do not move or
disturb the plates, mitotic cells will float off and form satellite colonies.

5 Examine every well with a microscope, and ring those that have a single clone.
These may be pure clones but a second cloning ensures that you end up with
populations dertved from a single cell

6. Trypsinize two to three of these individual clones with 0.2 mL of trypsin and,
once detached, transfer the well’s contents into 4 mL of growth medium 1n a
snapcap tube.

7. Pipet this up and down to ensure a single cell suspension, and then plate 1t again
at one-tenth serial dilutions (1 ., 0.4-3 6 mL) and 0 2 mL/well 1nto a 96-well
tissue-culture dish (see Note 10).

8. Retumn these new plates to the incubators Add medium from a different batch to
the trypsinized wells of the old plates, and also return this to the incubator This
provides a backup in case the new plates are contaminated Again, do not move
the plates,
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9. After 10-12 d, select individual clones n the new plates, and expand them up to
mass culture (remember to always keep a backup culture).

10. Freeze a large stock (2050 vials) as described in Section 3.1 1, since at this
stage, you will have a genetically pure line (except for the mutations that may
have occurred during the clone’s expansion). Split the frozen stock between a
liquid N, store (long-term) and a —70 or —35°C store (short-term experimental
stock)

11  Alternatively, the mass culture that needs to be genetically cleansed can be plated
into 60-mm dishes containing S mL growth at 100 cells/dish

12 Leave these to grow for approx 10 d. Trypsinize the ~100 clones from each plate
and expand them together to a mass culture in the normal way.

13 Freeze 20-50 vials of these cultures as described 1n step 10.

3.5. Karyotyping

It is often desirable to karyotype your cells. Full details for banding and
identifying karyotypes are given i Chapter 27. This chapter, therefore, deals
with a simple method, derived from Deaven and Petersen (/1) for producing
karyotypes of Chinese hamster cells.

1 A culture growing 1n the exponential phase of growth (1 e., having a high mitotic
index) 1 a 10-mL suspension culture (2 x 10° cells/mL) or as a monolayer
(108 cells/60-mm plate) 1s treated with colcemuid at 0 06 pug/mL for 2 h to accumu-
late cells in mitosis

2. For the monolayer culture, tap the plate and remove the medium contarning
detached mitotic cells Trypsinize the remaining monolayer, pool with the
medium, and proceed

3 Regain cells by centrifugation at 300g for 3.5 min at room temperature.

4. Resuspend cells in 1 mL of growth medium, add 3 mL of distilled water, and
mnvert to mix (do not pipet because the cells are fragile)

5. Leave for 7 mun to allow the cells to swell (this time can be altered 1f satisfactory
spreads are not obtained)

6. Add 4 mL of freshly prepared ice-cold fixative (methanol:acetic acid, 3:1)
directly to the hypertonic solution to avoid clumping

7. Regain the cells by centrifugation at 300g for 3.5 mimn

Disperse the pellet gently by agitation (do not pipet) 1 10 mL of fixative

9 Repeat this procedure three times. At this point, the fixed cells can be stored for a
week at 4°C or slides can be made immediately.

10. Using a Pasteur pipet, drop two to three drops of the resuspended cells onto a
chiiled slide from about 20 cm. Blow gently onto the surface, and place the slide
onto a hot plate at 60—-65°C (just too hot to keep the palm of one’s hand on
the plate).

11. Leave the slide to dry for 5 min and then place in a staining chamber (a Cophn
jar) ensuring that the surfaces do not touch (see Note 11).

12 Stain the karyotypes with Giemsa for 3 min.

&
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Wash the slides by dipping the slides through three additional Coplin jars each
containing 50 mL of water

Dry the slides and count the chromosome number under the microscope, or pro-
cess for banding (see Chapter 27)

3.6. Serum and Media Testing

Before a new batch of serum or media is purchased, 1t is advisable to obtain

a sample from the manufacturer and test its growth-supporting characteristics.
This is particularly important for serum. I usually select two of the most used
cell types 1n the lab—currently these are a human diploid fibroblast strain and
CHO cells—to test their growth and plating efficiencies (see Note 12).

1

10

11.

Make up individual aliquots of growth media, all containing the same media
batch, but with the different test sera and including the serum batch currently
being used (or vice versa 1f you are testing media batches)

Plate the cells into 15 dishes for each test media at 5 x 10° cells/60 mm tissue-
culture dish and containing 5 mL of the media

Every day for 5 d thereafter, trypsinize the cells from triplicate plates and deter-
mine the cell number/plate

Plot a growth curve (log cell number vs time), and calculate the doubling time
and saturation density

At the same time as setting up the growth curves, seed in triplicate 60-mm dishes
contamnimg 5 mL of the appropriate media with 100 and 200 cells (6 plates/test)

After 10-12 d fix the culture for 15 min by flooding with formalin

Tip the media and formalin down the drain, and stain the clones with methyl-
ene blue

Leave the stamn for 15 min, and then wash 1t away with water

Leave the plates stacked up against each other to dry in a 37°C room

Count the colonies

The three parameters of doubling time, saturation density, and plating efficiency
should allow the section of a serum (or media) that gives optimal growth (see
Note 13)

4. Notes

1

The shelf-life of a powdered medium 1s several years Once reconstituted, how-
ever, this 1s reduced to 2-3 mo, mainly because glutamine 1s unstable If older
medium 1s used, the glutamine should be replenished (292 ug/mL) The pH of a
medium, on storage, should not be allowed to rise, and to achieve this, good
plastic caps with close-fitting rubber 1nserts should be used I also find 1t useful
to seal the caps with a strip of Parafilm®, since this prevents condensation around
the cap rim and, thus, minimizes the risk of fungal contamination. Medium
contamning HEPES can also be used to avoid bicarbonate buffering. I have never
been entirely happy, however, with the cell’s long-term growth characteristics in
HEPES-containing medium.
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o-MEM is a rich, multipurpose medium developed by Stanners et al (12) to
grow hamster cells I have not had the experience of any mammalian cell type
that will not grow 1n this medum, including hybridomas It is slightly more
expensive than most media, however, and many cells will tolerate less rich and,
therefore, cheaper media

Purified trypsin can also be used and is sometimes necessary, e.g , for macroph-
age cell lines (13), but it is much more expensive and usually not necessary The
citrate chelates Mg?* and Ca?* and replaces EDTA (Versene) 1n the buffer

1t 1s advisable to keep fibroblast cultures from individual animals distinct, since
1t may be required to distinguish between individuals genetically

If the explant 1s not necrotic, 1t 1s possible to remove 1t with sterile forceps and
transfer 1t to a new culture flask for further outgrowth of cells.

The detailed derivation of the various CHO stains 1s given in Gottesman (7). It
should be noted that CHO is a proline auxotroph and should always be main-
tained 1n proline-containing medium.

CHO cells can maintain viability, providing the medium pH does not become
alkali, at 4°C for extended periods of time (7-10 d). Cultures n capped bottles
can therefore be moved to the cold room to avoid subculture under desperate
circumstances

Primary cell cultures may also be grown on microcarriers in suspension culture

Full details of this technology are given in Chapter 5

The Coulter counter should have a 140-pM aperture and the thresholds set
as described 1n the machine’s Instruction Manual. Serum n the PBS prevents
cells from aggregating and grving unreliable counts The counter sometimes gets
partially blocked, only experience of the time taken for each count and for the
cell’s particular display on the spectroscope will indicate problems with count-
ing. Gentle brushing of the orifice with a camel-hair brush will unblock the
counter. The Coulter counter can also give a visual display of cell volumes Thus,
when combined with a pulse height analyzer, can be used quantitatively to mea-
sure cell volume or to determine cell viability by estimating the amount of cell
debris 1n a sample.

To maintain genetically pure cell lines, it is absolutely essential not to cross-
contaminate cultures To ensure this, fresh pipets must always be used at every
step. Do not re-enter a media bottle with a pipet that has been near a culture

Similarly, never pour from a media bottle into a culture. Splash-backs can occur.
If you have more than one culture at a time 1n a tissue culture hood, only one of
these should be opened at any one time. Meticulous attention to these small
details will prevent the cross-contamination scandals (e.g., HeLa cells 1n all
cultures') that one so often reads about

It 15 usual to prepare one slide and check 1t with phase contrast microscopy so
that adjustments can be made on subsequent slides. If there are many nucle1 with-
out cytoplasm and a few metaphases, reduce the swelling time. If there are many
scattered chromosomes, blow less vigorously. If the metaphase spreads are over-
lapping, either swell for a longer time (up to 40 min) or blow more vigorously
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All these parameters need to be adjusted according to the local environment
conditions and cell type (see Chapter 27 for greater detail and ref. 14).

H many cell lines are being used, it 1s often impractical to test the serum out on all
the cell types. Usually the most difficult to grow are chosen for the test, but cau-
tion needs to be exercised since I once had a batch of serum that supported the
cloning and growth of primary diploid fibroblasts but failed to allow cloning of
CHO cells!

This procedure need only be performed about once every year Enough serum
can then be ordered for the next year, since the serum 1s stable at —20°C for at
least 2 yr We used to check our serum using [3H]-thymidine incorporation 1 d
after seeding the cells, but given the hazard of using radioactive thymidine, we
abandoned this procedure. It is less labor-intensive, however, than measuring
growth curves and gives perfectly adequate results. Details of measuring radio-
active isotope incorporation 1nto acid insoluble material may be found in Chapter
9, Volume 1 of the Methods in Molecular Biology series
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Establishment, Maintenance, and Cloning of Human
Dermal Fibroblasts

Gareth E. Jones and Clare J. Wise

1. Introduction

The widespread use of human diploid fibroblasts in many tissue-culture-
based systems has 1ts origins 1 the pioneering work on cellular senescence by
Hayflick (1). He established a reliable protocol for the maintenance of fibro-
blast strains that was also favorable for stimulating cell proliferation. The
reproducibility of the cell cultivation system he developed allowed the realiza-
tion that normal diploid cells exhibit a limited proliferative potential in vitro.
Depending on the age of the donor and the biopsy site, human dermal fibro-
blasts can reach over 50 population doublings before senescence sets 1n (2).
This high value 1s of great advantage to laboratories wishing to study some
aspect of cell function i a normal diploid cell population. With the develop-
ment of reliable cryopreservation protocols, 1t 15 possible to build up a substan-
tial bank of early to mid passage fibroblasts from a single primary culture
derived from a biopsy. This bank of stable diploid cells thus has many attributes
usually only found 1n transformed cell lines where homogeneity of cell popula-
tion over a prolonged period of time 1s often crucial to the experimenter.
Unlike a transformed line however, human fibroblasts maintained, as described
here, generally retain the normal diploid karyotype.

A second consequence of the proliferative potential of human fibroblasts is
that they can be successfully cloned. In most other species, and especially in
rodents, a culture crisis will anise after some 5—7 passages mn which diploid
cells will cease undergoing mitosts. Subsequent random events will often throw
up a spontaneously transformed clone that will take over the culture dish (3).
Although this transformant may well be useful, 1t 1s no longer a normal diploid
cell and 1t 1s thus unsuitable for many purposes. Given such behavior, cell clon-

From Methods in Molecular Biology, Vol 75 Basic Cell Culture Protocols
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ing with the aim of using stable diploids 1s out of the question, but human
fibroblasts have been found to be quite agreeable to the rigours of cloning. This
allows the experimenter to derive clonal populations of cells, as for example in
the cases of females who are heterozygous for an X-chromosome linked phe-
notype of interest (4).

This chapter describes the basic procedures that enable successful establish-
ment of human diploid fibroblasts and gives two methods by which early pas-
sage cells may be cloned. The success of our cloning method 1s largely the
result of the use of adsorbed fibronectin as a seeding substratum; fibroblastic
cells bind avidly to fibronectin via cell surface integrins resulting in high cell
seeding efficiency.

There are a few problems unique to collecting human biopsy material. First,
the tissue sample 1s usually taken for sound clinical reasons, such as aiding
diagnosis. The needs of the pathologist must be met first, and 1t 1s essential that
your wishes should have been communicated to the clinician in charge well in
advance of the biopsy. Second, there is the problem of repeat sampling; mul-
tiple biopsy of one human 1s rare since 1t often cannot be clinically justified.
Simularly, one cannot always be confident that the site of biopsy is consistent
between patients. For these and other reasons, 1t is virtually obligatory to
obtain the active participation of clinical colleagues who are well versed in the
requirements of a prolonged research program plus the backing of the hospatal
ethical commuttee for your project. Lack of attention to these early consider-
ations will probably render your research efforts useless.

2. Materials

1 Basal salt solution, with Hank’s balanced salt solution (HBSS, ICN Flow, Thame,
Oxfordshire, UK) (see Appendix)

2. Growth medmm contamning: 10% fetal calf serum (heat inactivated)
(Globepharm), 1% penicillin/streptomycin (ICN Flow), 1% r-glutamine (ICN
Flow) (see Note 1).

3 Calcium- and magnesium-free phosphate buffered saline (PBS-A) (Oxoid,
Basingstoke, Hampshire, UK)

4 0.04% EDTA (Sigma, St Lows, MO) in PBS-A.

0 25% Trypsin/0 02% EDTA solution in HBSS (Gibco BRL, Paisley, Scotland, UK).

6 Stock solution of human plasma fibronectin (Sigma, St Louis, MO) prepared
following the instructions of the supplier, diluted to 10 pg/mL 1n PBS-ABC (with
calcium and magnesium salts).

3. Methods
3.1. Collection of Biopsy

1 Provide a labeled container of medium to your clinical collaborator. A 20-mL
sterile universal tube, with leak proof cap 1s ideal, about half full of complete
culture medium.

et
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If 1t will not be possible to transfer the biopsy directly to the tissue culture labo-
ratory, provide a Thermos flask filled with ice (or a polystyrene box filled with
1ce). If kept at 4°C, biopsy samples will survive for periods up to 2 or 3 d, though
tissue degeneration may be expected

It should not be necessary to ensure that the biopsy will be taken under controlled
sterile conditions The site of collection will be sterilized (usually with 70% etha-
nol), perhaps following shaving to remove hair, and many patients will ask for a
local anesthetic (see Note 2)

3.2. Primary Explant Culture

1.

2.

10.

11

Transfer the biopsy to fresh sterile HBSS 1n a centrifuge tube, and rinse by gentle
hand agitation for a few minutes Transfer to a Petri dish in a sterile cabinet.
Dissect off unwanted fat and necrotic material. Using scalpels, chop up the mate-
rial into 2-mm cubes

Wet the inside of a few wide-bore sterile Pasteur pipets to stop subsequent stick-
ing of biopsy fragments to the glass. Transfer fragments using sterile Pasteur pipets
to a sterile centrifuge tube containing 1 mL HBSS, and allow the pieces to settle
Wash twice in fresh HBSS, aspirate off the HBSS, rinse using a sterile Pasteur
pipet and replace with fresh buffer. Allow the pieces to settle under gravity
Rinse the culture surface of a 25-cm? culture flask with 1 mL of complete growth
medmm. There should be just enough to cover the whole surface with a film of
liquid after a vigorous shake or two. This will aid the attachment of the biopsy
fragments to the culture surface.

Wet a clean sterile Pasteur pipet. Using this pipet, transfer pieces of tissue to the
culture flask, placing them evenly over the whole available surface. Ideally, you
should aim to have some 20 fragments of materal per flask, but less 1s practi-
cable and often evitable with human material.

Cap the flask and invert the culture vessel so that tissue fragments will be 1n a
“hanging drop” configuration. Surface tension properties will retain a pool of
medium around and over the explants, gravity will drain excess medium to the
“upper” surface of the flask.

Transfer the flask to a tissue culture incubator set at 37°C and 5% CO,/air mix-
ture (see Note 3) A 37°C hot room 1s sufficient 1f media are HEPES buffered
Leave the flasks 1n a “hanging drop” configuration for up to 8 h The tissue frag-
ments should stick to the culture surface within this time.

Return the culture flasks to a sterile cabinet, still inverted Uncap and remove
excess medium (containing any explant material that failed to adhere to the
culture surface) using a Pasteur pipet attached to a vacuum pump. Reorent
the culture flask, add 1-2 mL of growth medium, cap the flask, and return to the
culture incubator. Leave for 18-24 h.

Examine the cultures. If the explants have adhered, make up the medium volume
to 5 mL (see Note 4)

Leave for 1 d, then remove the explants. These may either be picked off with
a pair of sterile fine curved (watchmakers) forceps or dislodged with suction
pressure generated down the capillary column of a fine-bore Pasteur pipet.
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Fig. 1. A primary culture showing a skin explant, rounded epithelial cells, and stel-
late fibroblasts. The epithelial cells are the first to appear from the explant, but after
5 d, fibroblasts have migrated out to the substratum and are proliferating rapidly (mag-
nification x250).

12.

Replace the medium in the culture flask, and monitor the outgrowth of cells over
the next few days (Fig. 1). Once some 75% of the culture surface has been cov-
ered by cells, the culture is ready for passage (see Notes 5 and 6).

3.3. Subculture and Maintenance (see Note 7)

1.

2

Remove the medium by aspirating into a medium trap, placing the culture flask
on end, and allowing full drainage.

Add a wash of 5 mL of HBSS or PBS-A to rinse the cells and remove traces of
serum. Remove the wash as in step 1 (see Note 8).

Add 1 mL of trypsin/EDTA in HBSS, and swirl the flask to cover the monolayer
with solution (see Note 9). Incubate in trypsin until the cells begin to round up.
Do not force the cells to detach by trituration, since this will cause cell clumping.
Gentle rocking of the flask is acceptable. It usually takes some 10 min to detach
90% of the monolayer. Do not leave the cells in trypsin longer than is necessary
(see Note 10).

Add 4 mL of growth medium to inactivate the trypsin. Disperse the cells with
gentle and repeated pipeting to provide a single-cell suspension (see Note 11).
Count the cells by hemocytometer (see Note 12) or electronic particle counter.
Dilute to the appropriate seeding concentration by simply adding the cell suspen-
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10.

sion to the total volume of medium required for distribution to fresh culture flasks.
This ensures that each flask will contamn the same concentration of cells (see
Note 13)

Add 4 mL of cell suspension to each flask, cap the flasks, and return to the incu-
bator. If needed, gas with sterile 5% CQO, Leave in an incubator for 2 h with caps
left slightly open (vented) to allow for gas exchange Recap the flasks and leave
for at least 24 h.

To determine when a medium change 1s required, check the culture every day for
a drop 1n pH (see Note 14). Thus 1s usually evidence of depletion of medium by
the growing culture Examune cells under an mverted microscope for signs of
cytoplasmic vacuolation, and estimate cell density

If only feeding 1s required, remove and discard medium Add an equal volume of
fresh medrum that has been prewarmed to 37°C Return the culture to the incuba-
tor (see Note 15). Continue to feed cultures until the culture surface is completely
covered with cells (a confluent culture) Then repeat the subculture protocol (see
Note 16).

Cell Cloning (see Note 17)

Clean glass coverslips in an acid wash (0.1M HCI for 10 min), rinse repeatedly
distilled water, and sterilize at 120°C for 2 h 1n a dry oven, or use a microwave
oven if preferred

Snap the coverslips to produce small shards of glass The size will be very vari-
able, and you should select shards of approximately 4 mm?2

Place the glass fragments into wells of a 24-multiwell plate. Aim to cover about
75% of the bottom surface of each well with glass

Add a solution of plasma fibronectin to just cover the glass fragments Leave for
2 h at room temperature or 30 min at 37°C

Prepare a cell suspension by trypsinization, following the routine methods given
for cell subculture

Asprrate off the fibronectin solution (this can be reused for up to 5 h 1f kept cold).
Wash the wells in medium Add the cells 1n complete medium, plating at popula-
tron densities of about 25 cells/32 mm diameter plate. Keep the depth of the
medium to a mimmum

Place the culture 1n a 37°C incubator, and leave for 2-3 h to allow adhesion and
spreading of cells to fibronectin-coated glass

Examine the culture with an inverted microscope. Identify those glass shards
with one cell attached Using sterile forceps, remove selected pieces to 96-well
tissue culture multiwell plates

Place a single fragment of glass into each well before adding medium to the well.
The glass will stick firmly to the underlying plastic as a result of surface tension
(see Note 18)

Add complete medium to the wells, again keeping the total volume to a mimimum
(50 pL) Place the multiwell plate 1n a tissue culture ncubator after checking
again that each well contains only a single cell, and leave for 18-24 h.
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Examine cultures for signs of colony formation. At this early stage, it 1s possible
to check that each well contains a single colony. Remove glass shards having
multiple colonies using forceps (see Note 19)

Allow the cells to proliferate until the base of the well 1s covered with fibroblasts.
Use standard trypsin detachment procedure to 1solate cells Seed clones nto a
6-well tissue-culture plate 1n complete medium and allow to grow up On the
next passage, transfer the cells mnto a standard 25cm? tissue-culture flask (see
Note 20) Use the standard subculture protocol to passage cell clones (see Notes
21 and 22) (For a protocol on dilution cloning, see Note 23 )

4. Notes

1

L-Glutamine 1s usually present in commercially obtained media, but it 1s degraded
1f the media 15 stored for a long time For this reason we usually supplement
media with a further 1% L-glutamine

This chapter deals with the culture of cells from dermal biopsy, but in practice, fibro-
blastic cells can be grown from virtually any biopsy material following this protocol.
If cells are grown 1n a sodium bicarbonate containing medium, then the cultures
need to be gased, with 5% CO,, by venting the flasks This will allow the pH to
adjust. If media are HEPES buffered, then no pH adjustment 1s required and the
flasks should not be vented.

You are likely to be provided with very small amounts of biopsy with which to
begin your culture. Explant culture is particularly suited to this restriction, since
there 1s a great risk of losing cells during enzymic disaggregation There are two
major disadvantages to this technique. Some tissue has very poor adhesiveness
of explant to culture surface This 1s not a problem for skin or muscle biopsy. Two
vaniations can be tried to overcome this problem 1f need be. First, try to make
your explant size smaller; this 1s harder than 1t sounds and may call for the use of
a good binocular dissecting microscope. Second, increase the percentage of
serum in the growth medium from 10-20% or more to aid the attachment of the
explants to the culture surface The second disadvantage relates to cell selection.
The technique will only allow culture of those cell populations with good migra-
tory powers; 1t does not provide a culture that represents the mixture of cell types
to be found 1n the biopsy. Skin biopsy explants will show an 1nitial migration of
epithelial cells from the explants over the first few days, these cells are then
overgrown by fibroblasts (Fig. 1)

Always use fetal bovine serum 1n the culture medium of primary explant cul-
tures This gives better survival figures than serum from nonfetal sources. Some
materials proliferate better on culture plastic ware that has been precoated with
denatured collagen (Gelatin) in PBS-ABC

Despite the rarity of good biopsy material, I always discard explants that have
been removed from the established primary culture Many sources suggest that
these explants can be reused to seed a second round of cultures. Although this 1s
true 1n theory, I feel that problems over toxins released as a consequence of tissue
necrosis within the explant do not justify the effort.
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Once a primary culture is subcultured, it becomes known as a cell strain, partially
reflecting the heterogeneous lineages of the explant. As the cell lines proliferate
and are subcultured, a selection process will usually occur that narrows the range
of cell phenotype within the strain, For consistency between experiments and/or
between biopsied samples, it is essential to give a code to each cell line estab-
lished 1n your laboratory and a record of the number of subcultures performed
For finte cell strains that are derived from biopsies, 1t has been a routine to
reduce the cell concentration at each subculture by two- or fourfold. Under these
circumstances, each passage 15 accompanied by either a one or two times popula-
tion doubling prior to the next subculture, A record of the number of passages and
population doublings must be kept with each cell culture For example, a cell
stramn will be designated by normal human skin fibroblast (NHSF) on the first
subculture, together with a number to indicate the source of the cell strain (NHSF5
will indicate the fifth biopsy taken). We will also add a note of the population
doublings, so this will become NHSF5/1. This last number will increase by one
for a split ratio of 12 (NHSF5/2, NHSF5/3, and so on) or by a two for a split ratio
of 1'4 (NHSF5/2, NHSF5/4, and so on).

All solutions and media should be prewarmed to 37°C before use

If cells adhere strongly to the tissue-culture plastic, they may take some time to
dissociate 1n trypsin/EDTA. The length of time that the cells are exposed to
trypsin should be kept to a minimum to prevent damage to the cells Addition
of a prewash of 0.04% EDTA 1n PBS-A should be added for up to 30 s, removed,
and then trypsin solution added This will help the trypsin to act more quickly
and minmmise damage to cells

Many proteolytic enzymes are available in varying degrees of purity Crude
trypsin (e g., Difco 1:250) contain other proteases that may be toxic to some
cells. Start with the crude preparation, and move on to purer grades only if neces-
sary You will also need much lower concentrations for shorter exposure periods
than those given here for crude trypsin

If cells have formed a confluent monolayer, 1t 15 possible that when exposed to
trypsin, detachment of the monolayer as a sheet will occur, rather than as a single
cell suspension. By passing the cell suspension through a 1-mL syringe with a
25-gage hypodermic needle, while still in trypsin, a single-cell suspension can be
achieved without shearing of the cells.

A Trypan blue (Sigma) (0 2% in PBS-B [ICN Flow]) exclusion test can be car-
ried out by muixing 1 1 with a cell suspension to be counted by hemocytometer
The dye will be excluded from viable cells, and present in dead or dymg cells.
This allows calculation of cell concentration including only viable cells

Once a routine of medium change and subculture 1s underway, you may wish to
replace the 25-cm? culture flasks with 75-cm? versions Do this if the cells prolif-
erate rapidly, and do 1t early in the life of the cell line

Most commercial media contain Phenol Red, which 1s a pH indicator. When at
the correct pH, the dye 1s orange/red When media is depleted the color will
change to straw yellow, indicating that a subculture or feed is needed. When cells
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have just been fed or cultured the media will often be pink and flasks should be
vented to allow pH adjustment by CO, until they are orange/red

It 1s good practice to pretest a batch of serum for the capacity to support your cell
cultures and, once satisfied, to use the same batch 1n all your subculture work for
a particular experimental program In this way, you will avoid problems associ-
ated with the considerable batch variation between seemingly 1dentical serum
The subculture method given here will eventually provide a series of replicate
samples for setting up your experiment You should not necessarily adhere to this
method when preparing a cell population for an actual experimental assay
Cloning of most cell strams 1s a difficult and tedious procedure that 1s only to be
undertaken for strong scientific reasons. Normal tissue cells only have a hmited
number of generations, and by the time that sufficient cells have been produced
from a clone, they may be already near to senescence Low plating densities are
needed to ensure successful 1solation of clones, but his results in low survival
levels 1n all but a few cell lines This method attempts to overcome these difficul-
ties by choosing a rich medium, by seeding cells at high densities (some five to
s1x times the recommended concentrations) onto small fragments of easily
manipulated glass, and by pretreatment of the seeding surface with fibronectin to
mmprove the adhesiveness of the substratum It 1s possible to use feeder layers
of 1rradiated cell monolayers, but we find that the extra work involved offers no
improvement in the success rate over fibronectin coating

We normally do not take much care over checking the orientation of the glass
fragment when 1t 1s taken to the well of the 96-well dish, the cell can either be
face up to the medium or sandwiched against the surface of the well Sometimes
1t seems that cells caught in the latter orientation survive better than those facing
up The confines of the microenvironment between the glass and plastic surfaces
may allow the cell to create a locally enriched environment that mimics a higher
cell density state If you have problems with plating efficiency, 1t would be worth
experimenting with this observation, perhaps taking care to place the cloning
medium mto the well before adding the glass fragment 1n this case.

The visual tdentification of an 1solated cell mass should not be taken as conclu-
sive evidence for its origin from a single progenitor cell With females, it 1s pos-
sible to use mdividuals who are heterozygous for some X-chromosome linked
gene such as G6PD, clone therr cells, and then test indrvidual clones for G6PD
phenotype. You should either follow this suggestion to check against genetic con-
tamination of a clone or find another gene that you can assay for in some way. If
all you need 1s a clonal population of fibroblasts, you should use females with a
well-known allelic polymorphism of an X-chromosome gene

Most cells proliferate better when the cell density 1s not too low By gradually
increasing the size of the culture vessel when subculturing you avoid the risk of
losing the cells

If no cultures appear 1n the 1solates by 3 wk, 1t 15 very unlikely that they will do
s0. We suggest that 1f you get this result more than once, you should consider
using conditioned media m order to establish the clones Collect the medium
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from cultures of fibroblasts that have been growing for at least 4 d, centrifuge at
10,000¢ for 30 min at 4°C to clarify, and filter the supernatant through a 0 2-um
low protein binding sterilizing filter. Add this conditioned medium as a 40%
(v/v) fraction to your cloning medium.,

We have used cloning rings in combination with Petri dishes to generate clones
Isolated cells are plated at densities of between 25 and 50 cells/60-mm diameter
Petr1 dish in Ham’s F10 medium and 15% foetal calf serum Individual clones
were 1solated using glass cylinders that are dipped in silicone grease prior to
pressing onto the base of the Petri dish to encompass a growing clone and 1solate
1t. Trypsin solution 1s then added by pipet to the clone, and the dissociated cells
are removed to a culture flask Production of clones was less efficient using this
techmque, and this led to the development of the method we have described here
Another method of cell cloning 1s dilution cloning which should be carried out 1n
96-well plates Dilute cells down to a concentration of 10 cells/mL To be accu-
rate, this concentration should be reached by serial dilution. Seed cells out at
100 pL/well in complete growth medium and incubate for 3—4 d Check to see
that some wells contain proliferating cells and return to the incubator until clones
have reached confluence If cells need to be fed during this time, do this by
removing 50 uL media and adding 50 pL fresh media Repeat dilution cloning
once again Transfer clones to a 24-well plate, then to a 12-well plate, at which
point clones can be characterized and expanded further.

References

L.

2.

Hayflick, L (1965) The hmited in vitro lifetime of human diploid cell strains Exp
Cell Res 37,614-636

Dell’Orco, R T, Mertens,J G, and Kruse, P F (1973) Doubling potential, calen-
dar time and senescence of human diploid cells in culture Exp Cell Res 77,
356-360.

Todaro, G J and Green, H (1963) Quantitative studies of the growth of mouse
embryo cells 1n culture and their development nto established lines. J Cell Biol
17,299-313.

Hiller, J., Jones, G. E , Statham, H. E , Witkowski, J A., and Dubowitz, V. (1985)
Cell surface abnormality 1n clones of skin fibroblasts from a carrier of Duchenne
muscular dystrophy J Med Genet. 22, 100-103






3

Aging of Cultured Human Skin Fibroblasts

Calvin B. Harley and Steven W. Sherwood

1. Introduction

Since the seminal observations of Hayflick and Moorhead (1) that cultured
human fibroblasts have a finite replicative lifespan, study of 1n vitro cellular
senescence has provided a foundation for understanding organismal aging.

Recent studies have shown that molecular and biochemical markers of in
vitro senescence can be demonstrated in vivo providing direct evidence that
aging in tissues in vivo involves accumulation of replicatively senescent cells
(2). Similarly, the finding that 1n vitro cellular senescence 1s correlated with
the progressive loss of telomere sequences from chromosome ends and that
this process represents a significant change accompanying organismal aging
has provided new impetus for examination of the role of replicative senescence
in aging and age-related disorders, including cancer (for review, see ref. 3).

The role of cellular senescence 1n gerontological research has utilized in
vitro cultured cells 1n three ways. First, longitudinal studies have utilized cells
1solated from donors of various ages, or a single donor sampled at different
times during their lifespan, to compare structural, biochemical, and molecular
features of cells derived from organisms of increasing age. Second, cells cul-
tured from individuals with accelerated aging syndromes such as progeria or
Werner’s syndrome have been compared with age-matched cells from normal
donors. The third method uses continuously propagated cell cultures estab-
lished from normal donors to compare cell function between early and late
passages as cells proceed to replicative senescence 1n vitro. In all three cases, it
is a goal to relate in vitro differences in cell function to age-related organismal
changes. No one method 1s without limitation, however, and therefore 1t is ideal
to utilize more than a single approach (4).

From Methods in Molecular Biology, Vol 75 Basic Cell Culture Protocols
Edited by J W Pollard and J M Walker Humana Press Inc , Totowa, NJ
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Because 1n vitro culture lifespan and cell “age” (population doubling level
[PDL)) are operationally defined by culture conditions and procedures, experi-
mentally reproducible comparisons between cultures of different “age’” demand
strict adherence to standardized culture procedures and use of well-character-
1zed reagents. Careful attention to the establishment of primary cultures and
ongoing estimation of population doublings are points emphasized in this chap-
ter. Other chapters in this and other volumes provide greater detail on mainte-
nance of cell strains and special techniques relevant to specific cell types, some
of which have been used to examine aging 1n cultured cells (5).

Rigorous evaluation of population doublings requires measurement of

The number of viable cells used as culture inoculum, N,
The fraction of cells that attach, f,

The fraction of cells that divide, f;, and

The number of cells 1n the culture at confluence, N,

DN -

Provided that there are not dramatic changes in other parameters such as cell
size and interdivision time, these factors determine the incrememental cell
doublings during one passage according to the equation:

Doublings = logy {[N.— (1 —f3) f2 N, Yfufa No} e8]

Because in practice the fraction of normal skin fibroblasts that attach and
divide 1s close to 1 for the most of the lifespan of the culture, these effects are
1gnored or assumed 1n the term MPD (mean population doublings) according
to the equation:

MPD = log, (N/N,) = log, (1/split ratio) 2)

Thus, 1f confluent cells are split at a 1:4 or 1:8 ratio, for example, the num-
ber of MPD required to repopulate a dish to confluence 1s simply 2 or 3,
respectively. It should be emphasized, however, that this estimate of cell gen-
erations can be significantly in error toward the end of culture lifespan when
the fraction of cells attaching and dividing becomes significantly less than 1,
and the cell number at confluence declines. The methods described here for
determining population doublings can be applied to any system of cells grow-
ing on a solid matrix (6-8).

2. Materials

1. Regular growth medium (RGM) Media of varying degrees of complexity and
“definedness” have been used to culture primary fibroblasts. Highly specialized
medium is not, however, required for skin fibroblasts We currently use a mixture
of DMEM and M199 media (GibcoBRL, Life Technologies, Grand Island, NY)
as a basal medium. Bottles of RGM are stored at 4°C without additives (glutamine
5 mM and fetal bovine serum [see Note 1], 10% by volume). The latter are added
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at the time of use, and once medium 1s made, 1t should be used within 2 mo
Medium 1s warmed to 37°C at time of use but otherwise kept at 4°C

Medium composition and/or vendors should not be changed without adequate
growth testing Rapid testing can be done by simply growmng cells for several
doublings, comparing the rates of growth in different media Subtle effects of
medium may require prolonged culture and may only be detectable as a reduced
rate of cumulative growth over the proliferative lifetime of the cells Serum rep-
resents the medium component most subject to variation in quality and very care-
ful attention must be paid to characterizing specific lots prior to use (see Chapters
1 and 4) At a mimimum, cells should be grown for several doublings at high and
low density with test serum to insure the reproducibility of cell growth rate, To
msure sustained consistency m cell growth for long periods (6—12 mo), samples
of different lots of sera can be obtained, tested, and satisfactory lots purchased in
adequate quantities to avoid changing lots
CaZ*- and Mg?*-free phosphate buffered saline (PBS). 0 14M NaCl, 2.7 mM KCl,
1.5 mM KH,PO,, 8.1 mM Na,HPO,, pH 7.4.
Trypsin: 0.125% solutton 1s obtained from Gibco BRL, Life Technologies (Grand
Island, NY). Aliquots (5-10 mL) are stored frozen at —20°C Thaw as needed
Unused portions should be kept at 4°C The presence of EDTA in the trypsin
solution can have an impact on cell behavior and should be evaluated for specific
experiments (see Note 2).

3. Methods
3.1. Primary Culture

1

A standard 2—4-mm punch biopsy of epidermus plus dermus 1s taken from the
abdomen or inner forearm by a qualified person using sterile technique (see Notes
3 and 4).

Place the tissue into a 100-mm tissue-culture dish containing a small amount of
RGM Cut t1ssue 1n half and place one-half in a vial containing 10 mL of RGM.
Place at 4°C as a backup sample It will retain viable cells for many days

. Mince remaming piece of tissue mto pieces 1-mm? or less and place three pieces

each (dermis side down, 1f possible) mto 35-mm dishes (see Note 5) Use a sili-
conized Pasteur pipet to transfer tissue Prepare a sterile 25-mm coverslip by
putting sterile silicone grease on each corner to permit coverslip to adhere to
dish. Place coverslip over pieces of tissue, add 2 mL RGM under coverslip, and
incubate at 37°C in humidified 5% CO, atmosphere.

Monttor explants for appearance of cells along the edges of tissue pieces every
2 d and refeed cultures weekly Outgrowth of spindie-shaped fibroblasts will
occur within several days Irregularly shaped loosely packed keratinocytes will
appear prior to fibroblasts but will differentiate and die in RGM

When fibroblast outgrowth reaches a size of about 1 cm? (2-4 wk), gently
remove coverslip, remaining tissue, and RGM and rinse dish twice with PBS.
Add 0.3 mL trypsin making sure that cells are covered. Return dish to incubator
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Table 1
Estimated MPD During Primary Culture?
Cell number/dish MPD
30,000 6
60,000 7
120,000 8
250,000 9
500,000 10

9This estimation assumes that about 500 cells mnitiate
outgrowths from the tissue fragments in one 35-mm
dish Some heterogeneity in population doublings 1s
introduced 1nto the culture because of density-depen-
dent inhibiton of growth (4)

Table 2

Tissue-Culture Dishes

Parameter 35 mm 60 mm 100 mm
Surface area, cm? 8 21 55
Cells at confluence, N, 5% 105 13 x 106 3 x 106
Trypsin, mL 03 06 10
RGM, mL 17 34 9.0

for 10 min or until cells begin to detach from dish (monitor with inverted micro-
scope). Gentle agitation of dish may be required to loosen cells

6. Add 15 mL RGM, and triturate cells to suspend Remove debris and count an
aliquot of cells. Pool cells from several dishes

7. Estimate MPD according to Table 1

8. Place remaning cells into fresh medium 1n 35- or 60-mm dishes. Record date,
strain designation, and expected MPD at confluence on lid of dish. Expected
MPD is obtained by adding to the calculated MPD of the primary culture 3.3 log
(NJ/N,), where N, 1s the expected number at confluence (Table 2) and N, 15 the
initial number of cells (see Notes 6 and 7).

3.2. Secondary Cuture and Subsequent Passages

1. As culture reaches confluence, aspirate medrum, wash cells once with PBS, add
trypsin (Table 2), and return dish to mcubator for about 10 min or until cells
begin to detach Gentle agitation may be necessary to loosen cells

2 Add RGM and triturate cells to suspend Count an aliquot of cells and moculate a
fresh dish with cells 1n an appropriate volume of RGM. The inoculum should be
1/8 to 1/2 the number of cells required to form a confluent monolayer Uniform
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and reproducible growth requires even dispersion of cells over surface. Record
date, strain designation and expected MPD at confluence.

Refeed culture at least once a week until culture attains confluence. Passage cells
at confluence making sure that total cell number is determined and split ratio is
appropriate (see Notes 7 and 8).

3.3. Senescence (Phase Ill)

1.

Visually monitor cells using inverted microscope at each passage and estimate
growth rate as days to confluence from a standard moculum (e.g., 1/8 of number
at confluence) When the growth rate declines, the culture is approaching its ter-
minal passage. Cells will become larger and more irregular 1n shape (Fig. 1).
Senescence (also known as MPD max, Phase III, or terminal passage) is the point
at which one MPD requires longer than 1 wk to attain (see Note 9). For example,
if the split ratio is 1.8, a culture not reaching confluence 1 3 wk may be consid-
ered terminal. Senescence cells will become more difficult to trypsimize 1f they
are maintained for prolonged periods without subcultivation (see Note 10)

4. Notes

1

Do not use dialyzed or heat-inactivated serum for routine cultivation of normal
human fibroblasts. Fibroblasts are tolerant of short-term medium changes and
biochemical studies often require exposure to media lacking (or containing) par-
ticular components Conducting a growth curve 1n special media will serve to
ensure that cells are not adversely affected by medium. If less than one popula-
tion doubling is involved in studies, metabolic assay of the rate of protein synthe-
s1s or DNA synthesis using radiolabeled precursors can be used to measure the
impact of specialized medium on cell growth

Crude preparations of trypsin may contain other proteases. Varaiblity in activity
may also occur Standardization of trypsin exposure can be achieved by varying
trypsin concentration up or down 1f cells require longer than 15 or shorter than
5 mun for release from plates. The use of EDTA 1n trypsin solutions may repre-
sent an important factor 1n the lifespan of cultured cells and should be evaluated
as a potential source of variabiltiy in cell lifespan

Rigorous use of good sterile techmque should obviate the need for antibiotics
and antimycotics, which may have unpredictable effects on cells

Fibroblast cultures can be initiated from skin taken from essentially anywhere on
the body Anatomical location of sample including exposure to sun and
envirnomental factors should be considered as factors potentially affecting the
cultures established.

Disaggregation of biopsies can be done mechanically or with proteases, resulting
1n cell suspensions rather than outgrowth from explants. The effects of the pro-
teases on cells are, however, somewhat unpredictable and 1t 1s difficult to est1-
mate the number of founder cells for the culture. The advantage of using proteases
1s that 1t eliminates heterogeneity in doublings within the primary population that
arises from density-dependent arrest of cells in the outgrowth technique (7). By
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Fig. 1. Senescence-related change in cell and nuclear size in human diploid skin
fibroblasts (cell line BJ). (A) Proliferating PDL 30 cells. (B) Senescent PDL 78 cells.
A large difference in both cytoplasmic and nuclear size (but decrease in nucleocyto-
plasmic ratio) is apparent in senescent cells. Fluorescent micrograph of viable cells
stained with acridine orange.

harvesting the primary culture before outgrowths become large and heteroge-
neous, this problem can be minimized.

6. Proper evaluation of the “age” of cultures established from secondary sources
(cultures or frozen ampules) requires estimation of MPD. Assume 9 MPD for
primary culture and 1-3 MPD for each passage depending on the split ratios
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Table 3
Labeling Schedule for Estimating S-Phase Fraction Using Inmunodetection
of DNA Synthesis (Bromodoeoxyuridine Incorporation)

Time, h

Culture

phenotype 0 24 48 72 96 120

Young Split 1.8, BrdU  Harvest, — — —
10% FBS fix, stain

Quiescent  Split 1 8, — — Refeed BrdU  Harvest
change to 0 5% FBS fix, stain
0 5% FBS
6 h after
plating

Senescent  Split 1 4 — — Refeed BrdU  Harvest,
orl?2, 0.5% FBS fix, stain
change to
0.5% FBS
after6 h

previously used (1 2, 1.4, or 1:8). On nitiating cultures from such sources, sub-
culture cells at a split ratio of 1 2. After 6-12 h, estimate the proportion of cells
attached and add this to the number of MPDs estimated initially For example, 1f
one-half of the cells n the first 1 2 split attach, this first spult 1s approx 2 MPD
This number 1s then added to the 1nitial estimate of MPD

7. The values of N, (Table 2) reflect an average value for forearm skin fibroblasts
N, and N, should be checked periodically throughout the lifespan of each strain
and these values used for MPD calculations

8 In reporting comparisons of carly and late passage cells, 1t 1s useful to report
culture age as “percent lifespan completed,” 1.e , MPD/MPD,,, together with
MPD

9 Various criteria have been used to define senescence or Phase III. Our experience
1s that termunal cells will fail to reach confluence after 3 wk following a 1:8 split

10. It1s important :1n comparisons of young vs old cells to distinguish between quies-

cent young cells and senescent cells. The latter two are distinguished by capacity
of quiescent cells to re-enter the cell cycle when stimulated by mitogens (e.g.,
serum) We uttlize a standard procedure for serum-starving cells followed by
readdition of serum and labeling of S phase cells using erther radiolabeled DNA
precursors or bromodeoxyuridine to assess the mitogenic potential of cultures
and hence the degree of culture senescence (see Chapter 29 for details) Table 3
presents a schedule of cell plating, serum withdrawal, refeeding, and
bromodeoxyuridine labeling. In this protocol, cells are plated onto sterile 22-
mm? coverslips for labeling. Detection of incoporated label (BrdU) is done by
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immunohistochemical staining with commercially available antibodies to BrdU-
substituted DNA (we utthze monoclonal anti-brdU-sibstituted DNA, clone IU-4
available from Caltag Laboratories, South San Francisco, CA).
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Ex Vivo Maintenance of Differentiated
Mammalian Cells

Lola M. Reid and Thomas L. Luntz

1. Introduction

Maintenance of differentiated epithelia cells including ex vivo can be achieved
now to a surprising degree through recognition of two complimentary and
dynamically interacting sets of mechanisms: Mechanisms associated with
epithelial-mesenchymal interactions, a relationship that is universal and that
constitutes the organizational basis for all metazoan tissues; and mechanisms
associated with stem cell biology and with stem cell-fed maturational lineages.

In this chapter we provide a summary of these principles and with some
details 1n altered conditions for maintenance of cells ex vivo that offer an
update on this review as previously published in the first edition of this book.

2. Concepts and Principles

Studies on molecular mechanisms governing differentiation in mammalian
cells are rapidly progressing to elucidate key principles. Among these 1s the
recognition that stem cell-fed maturational lineages occur in most, if not all
tissues, persisting into adulthood. The maturational process results in cells with
a gradient in expression of phenotypic markers dictated in part by restriction of
genetic potential through physical and biochemical changes in the chromatin
and, secondarily, by signal transduction mechanisms activated by gradients of
hormonal and extracellular matrix signals. The ability experimentally to dis-
sect the dynamic interactions between maturational effects on chromatin ver-
sus signal transduction has been made possible in recent years by the methods
to identify and isolate purified populations of stem cells and early progenitors
and by methods to maintain them ex vivo using precisely defined hormonal,
nutritional, and extracellular matrix components. This chapter 1s intended to

From, Methods in Molecular Biology, Vol 75 Basic Cell Culture Protacols
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highlight some of the general themes discovered by recent studies but is not
intended to be comprehensive. Within the reference list are given a number of
excellent recent comprehensive reviews in the fields of stem cells, apoptosis,
extracellular matrix, signal transduction, and ex vivo mamtenance of cells.

2.1. Stem Cells and Lineage Biology

Stem cells are pluripotent cells capable of producing daughter cells with
more than one fate (1—28) The only stem cells with capacity to produce all
known cell types are the zygote and germ cells. During embryogenesis,
pluripotency is narrowed 1n somatic stem cells to the restricted pluripotent state
n determined stem cells—cells with ability to generate daughter cells matur-
ing into all the cell types for a specific tissue. The determined stem cells pro-
duce a lineage of daughter cells undergoing a unidirectional, terminal
differentiation process. In all well-characterized mammalian lineage systems
(e.g., hemopoiesis, gut and epidermis), stem cells have been 1dentified by
entirely empirical assays in which they prove capable of producing the full
range of descendants (/—9). Although there are suggestions now of molecular
markers for stem cells (see below), these markers have been defined for only
one or two tissues (29—35). Therefore, at present, there are no known markers
that uniquely identity all stem cells, and no molecular mechanisms are known
that result in the conversion from a stem cell phenotype to a commitment to
differentiation 1n a unique pathway.

Despite the lack of general molecular markers, stem cells can be defined by
two general features: pluripotency, the ability to produce daughter cells of more
than one fate, and expandability, the ability to produce a large number of dif-
ferentiated progeny (/—16). They are usually slow-cycling cells, with long
3H-thymidine-retention times and usually in a G, state, indicative of a quies-
cent state but having the potential to respond to appropriate signals by increas-
ing their rate of growth (2,3, 1/—16). Stem cells are also smaller than the mature
cells, have higher nuclear to cytoplasmic ratios (blast-like cells), are diploid,
and have a fetal phenotype that includes expression of fetal 1soforms of tissue-
specific genes (2,3,7,8,19,27,28). Stem cells are bound to a form of extracellu-
lar matrix with a chemistry extensively overlapping with that found in
embryonic tissues and consisting, 1 part, of type IV collagen, fetal 1soforms of
laminin, fetal cell adhesion molecules (CAMs), fetal forms of proteoglycans,
and hyaluronates (76,17). Other markers, recently 1dentified for some classes
of stem cells include:

1. Expression of the multidrug resistance gene, MDRI1 (32),
2. Having poor uptake of mitochondrial dyes such as rhodamine and referred to as
being “rhodamine dull” (20,32);
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3 Paracrine signaling between embryonic, tissue-specific forms of mesenchyme
and epithelia (9,71,12,17,21), and

4 Relatively stable telomere lengths and expression of telomerase, an enzyme that
maintains telomere length (33-35)

Stem cell compartments are usually located in protected, well-vascularized
areas, such as the base of intestinal crypts (4—6), the limbus of the cornea (3),
the bulges of the hair follicle (2), the deep troughs of the epidermal/stromal
interface in the palm (/—3), among small ductules within glandular tissues such
as lungs (10) or pancreas (25,26), among the small ductules, the canals of
Hering, around the portal triads 1n the liver (/4-24), and in small cells lining
the ventricles of the brain (27) Within the stem cell compartment are typically
a layer of epithelial stem cells, glued onto a layer of mesenchymal progenitor
cells via an embryonic form of extracellular matrix, and 1n close association
with one or more support cells (/—28). In Table 1 the known cellular constitu-
ents for the stem cell compartment of a number of representative tissues are
listed, and 1in Table 2 some of the classic features of stem cells are summarized.

Pluripotentiality, a defining feature of stem cells, consists of the ability of a
stem cell to generate a range of daughter cells having distinctly different mor-
phological, cytological, or functional phenotypes. For example, intestinal stem
cells grve rise to enterocytes, goblet cells, chromaffin cells, and endocrine cells
of the gut. There 1s an assumption that each tissue will have a determined stem
cell capable of producing only the cell types for that tissue (e g., brain stem
cells can produce cells with phenotypes of mature brain cells but are not capable of
producing skin cells or cell types of any other tissue). However, there are sev-
eral examples 1n which the determined stem cell may have broader plasticity
that encompasses multiple tissues with a common embryological origin.
For example, there may be a common precursor between liver and pancreas
(14-26) with induction of liver or pancreas phenotypes depending on the mi-
croenvironment. This complicates the assessment of pluripotentiality, since the
extent of plasticity of gene expression within specific stem cell types is not
known Thus, although the principle of how to define a determined stem cell 1s
generally accepted among investigators, how to apply that principle to all
known examples of “plasticity” within tissues 1s not yet known.

The concept of “self-replicative ability,” that 1s, the presumption that stem
cells can generate daughter cells that are phenotypically 1dentical to the parent
cell, 1s a concept now thought to apply only to germ cells, but 1s being hotly
debated for determined stem cells (73). Striking evidence, published recently,
strongly suggests that pluripotent hemopoietic stem cells have a finite lifespan
and are undergoing aging both functionally and physically (33—-36). Hemopoi-
etic stem cells, defined rigorously by antigenic profile and derived from older
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Table 1
Known Cellular Constitutents of Stem Cell Compartments in Representative
Tissues
Mesenchymal Support
Tissue Stem Cell cell cells Location
Skin Epidermal stem  Stromal progenitor ~ Melanocytes ~ Deep troughs of
cell cells eptdermal/dermal
nterface; limbus
of the cornea
Intestine  Intestinal stem Stromal progenitor ~ Paneth cells Intestinal crypts
cell cells
Hemo- Hemopoietic Stromal/endothelial ~ Adipocyte Bone marrow' near
poletic stem cell progenitor cells the vascular mput
tissue for the plates (the
lineages) of
maturing hemo-
potetic cells
Testis Spermatagonia Stromal progenitor ~ Leydig cell, Periphery of semi-
cells Sertol cell ferous tubules
Lung Clara cell Stromal/endothelial ~ ? Bronchiole—alveolar
progenitor cells Junction
Brain CNS neuronal Endothelial Glial cells Small cells lining the
stem cells progenitor cells (ghal pro- ventricles
genitors?)
Prostate  Basal cell Stromal progenitors ~ ? Periphery of prostate
Liver Hepatoblasts Stromal/endothelial  Ito cell, Near portal triads of
(canals of progenitor cells hemopoietic liver acinus
Hering) progenitor
cells

animals, have been shown to have less regenerative capacity than antigenically
1dentical cells derived from embryonic or neonatal tissue. Thus, aging is
thought to result in a decline in the number of determined stem cells and/or 1n
a decline 1n the regenerative capacity of those determined stem cells even
though not resulting in loss of pluripotency. In addition, the telomeres on chro-
mosomes from the cells are shortening with age, albeit at a dramatically slower
rate than for somatic cells (33—36). Parallel reports indicate a decline in the
number of mesenchymal stem cells with age (7/—12), and preliminary studies
suggesting a similar phenomenon have been described in hepatic stem cells
(20; Reid and associates, unpublished data). However, rigorous studies defin-
ing even the phenomenology, much less molecular mechanisms explaiing it,
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Table 2
Relevance of Lineage Paradigms to Ploidy, Regulation of Growth,
and Tissue-Specific Gene Expression?

Hormonal Tissue-specific

Maturational ~ Matrix Ploidy (cell regulation of genes available

stage chemistry® cycle stage) growth for regulation

Stem Cells Embryonic Diploid Governed primarily, Early (fetal)
(mostly G,) if not entirely, by genes

local, paracrine sig-
naling within the stem
cell compartment,
epithelial and age-
and tissue-specific
stroma plus support

cells (slow growth)
Committed Embryonic Diploid Primanly governed by Early (fetal)
Progenitors (mostly G) epithelial-stromal genes

mteractions, but there
is also a significant
sensitivity to systemic

signaling (rapid re-
generative responses)

Early Adult Mixture of Diploid (G;)  Governed by a mixture Early, adult-
cells embryonic of paracrine signaling onset genes

and mature and systemic signaling
(growth can be fast)

Adult cells Increasing Mixture of Governed predomin- Intermediate,
proportion of diploid and antly by systemic adult-onset
mature matrix tetraploid signaling (growth genes
components (cells in limited)

either G;
or Gy)

Terminally Mature matrix Tetraploid/ Lattle or no growth; Late, adult-
differentiated  chemustry octaploid hypertropic responses onset genes
adult cells (Gy) responses to regener-

(apoptotic) ative sttmuli

“The data 1n the table are based on studies from skin, hemopoietic tissues, gut, liver, prostate, and
brain. The description of the patterns 1n matrix chemistry are based on studies 1n the gut and hver,
Stmular maturational processes 1n matrix chemustry occur 1n all tissues, however, there are important
variations with respect to matrix chemustry described in the text and summarized in Table 3

bSee Table 3 Embryonic matrix chemustry' type IV collagen, fetal laminins, fetal cell adhesion
molecules, fetal proteoglycans, hyaluronates. Mature matrix chemistry. fibrillar collagens,
fibronectins, adult cell adhesion moelcules, adult proteoglycans
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have yet to be done. Therefore, the existence and/or extent of self-replication
among classes of stem cells remains to be elucidated.

One of the only tissues 1n which stem cells do not persist into adulthood 1s
the heart (28). The last evidence for determined stem cells in human cardiac
tissue is approx 3 mo in utero. Thus, at birth, the heart tissue is thought to
contain only committed progenitors that give rise to all the mature cells of the
heart and that remain stably terminally differentiated for the entire adult
lifespan. Although stem cells appear not to be present in the adult heart,
unquestionably the major factor in the heart’s minimal regenerative capacity, 1t
1s unknown whether there are significant numbers of commutted progenitors in
the adult heart, and if so, what proliferative capacity they have.

2.2. Committed Progenitors: The Amplification Compartment,
Responding First to Regenerative and Injury Signals

The cells in the “amplification” or “transit” compartment are “commutted pro-
genitors,” capable of maturing to only one cellular fate (1—/2,15-20,27,28)
They grow rapidly, are marked by short label-retaining times, and are exquis-
itely sensitive to injury stimuli, which result 1n a tremendous expansion of the
cell population. These transitional cells are diploid, are larger than the stem
cells, have lower nuclear/cytoplasmic ratios (thus, more cytoplasm and cyto-
plasmic organelles), and have a tissue-specific gene expression that is interme-
diate between the fetal phenotype of the stem cells and the adult phenotype of
the mature cells. Successive divisions result in phenotypically more differenti-
ated cells, and result 1n the displacement and movement of these cells away
from the stem cell compartment.

In the epidermis, intestine, liver, and bone marrow, the stem cells and their
lineage of daughter cells are positioned in a polarized organization that makes
the cellular gradient apparent (I-21). Adjacent to the stem cells are cells of the
amplification compartment, the “transit amplification cells” or committed pro-
genitors. These transitional cells move upward 1n the intestinal crypts (4-6),
upward 1n the epidermis (71-3), and along plates of fenestrated endothelial cells
n the liver (13—24) and bone marrow (7—9) that extend between a peripheral
vascular source (e.g., portal triads) toward a vascular exit (e.g , central vein)
(7—9,13—24). In addition to the movement away from the stem cell compart-
ment, transit cells (or other forms of committed progenitors) undergo rapid
proliferation, allowing for extensive cellular amplification. Lastly, in a few
tissues studied 1t has been found that maturing cells are lacking telomerase and
show signs of shortening of telomeres (30—~33). Other molecular mechanisms
such as chromatin rearrangements (including loss of some chromatin) and
highly regulated methylation processes are associated with terminal differen-
tiation (29,37—48). Empirically, commitment has been found to be unidirec-
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tional and 1rreversible. A cell that has restricted 1ts genetic potential to that for
one recogmzable adult cell type has never been found to be able to revert to
another cell type by any condition 1n vivo or 1n vitro.

The known regenerative capacity of tissues is hypothesized to be dependent
on the proportion of stem cells and committed progenitors (74,16,17) Thus,
rapidly renewing tissues such as gut, skin, and hemopoietic tissues are
assumed to have the highest numbers of stem cells; rapidly regenerating tis-
sues such as hiver or breast are thought to have intermediate numbers; and
tissues with limited regenerative capacity (e.g., lung and pancreas) are thought
to have the fewest or perhaps to have only commutted progenitors. Changes n
the kinetics of the lineage would define tissues in a quiescent versus a regen-
erative state.

Another prediction of classic lineage models is for developmental shifts 1n
the relative proportion of cells at distinct maturational stages. Embryonic tis-
sues are assumed to contain a high percentage of determined stem cells and
progenitors along with a maturational gradient skewed towards the early stages
of the lineage. Adult tissues would be assumed to contain small numbers of
determined stem cells and commutted progenitors and with a maturational
lineage skewed toward cells late in the lineage. These predictions based
on lineage models are supported by current evidence (11,12,20,30-36) and by
the empirical finding of reduced regenerative capacity of tissues with age.

2.3. Lineage Position-Dependent Gene Expression:
The Basis for Heterogeneity of Gene Expression in Tissues

The cells in the differentiation or maturation compartment retain the ability
to divide slowly 1n quiescence, or more rapidly during regeneration, and they
undergo a gradual maturation process resulting eventually 1n terminal differen-
tiation (/—28). Terminal differentiation typically results in loss of mitotic abil-
ity accompanied by increases in ploidy and hypertrophic growth of the cells.
Multinucleated cells with nuclei that are tetraploid or octaploid are common
among tissues capable of quiescent states. In addition, maturation is associated
with increasing autofluorescence, because of changes in amounts of fluores-
cent cytoplasmic pigments such as lipofuscins, and with increasing cytoplas-
mic “complexity” or “granularity,” a parameter of flow cytometric analyses
and related to maturation-dependent increases in mitochondria, ribosomes, and
other cytoplasmic organelles (/-9,13,20).

The determinants of a cell’s position within the lineage and 1ts phenotype at
that position have been shown to include a combination of.

1 Autonomous intracellular mechanisms that are division number- or time-depen-
dent such as chromatin rearrangements or methylation events (30--36,40—48).
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Table 3
Reguiation of Signal Transduction by the Synergistic Effects
of Hormones and Extracellular Matrix

Process External signals affecting

Transcription Extracellular matrix components: heparin proteoglycans, hep-
arins, fibronectins, and laminin have been found active
Matrix/hormone synergies: peptide hormones and steroid hor-
mones 1n the presence of heparin proteoglycans or heparins
Steroid hormones* extent of regulation often less than observed
with steroid hormones 1n combination with extracellular ma-
trix components
Processing Glucocorticoids.
mRNA stability Collagens; adhesion proteins; all proteoglycans, heparins,
dermatan sulfates, peptide hormones Some of these posttran-
scriptional effects can be mimicked by membrane permeant
analogs of cAMP.
Translational Hormones + matrix components
efficiency
Protein secretion  Proteoglycans and glycosaminoglycans through influence on
pH and calcium; certain peptide hormones whose effects can
be mimicked by second messengers, collagens, adhesion

proteins.
Protein removal  Proteoglycans and glycosammoglycans via affects on
and turnover ntracellular pH and Ca?*, via phosphorylation mechanisms

2 Signal transduction mechanisms (49—76) (summarized 1n Table 3) activated by
a Gradients of soluble signals (autocrine, paracrine, or endocrine factors), of
nutrients, and of gases (0,/CO, levels), in multiple combinations, and/or 1n
synergistic effects with extracellular matrix components (50-54)
b. Gradients of extracellular matrix components. a complex, mnsoluble mixture
of proteins and carbohydrate-rich molecules found on the lateral borders (lat-
eral matrix) and on the basal borders (basal matrix) of all cells (55—76).

The heterogeneity of gene expression in all tissues 15 now recognized to be
(in a number of tissues) or assumed to be (in all others) the result of a combina-
tion of the microenvironmental changes (hormones, nutrients, O,/CO, levels,
and extracellular matrix) and lineage position-dependent genotypic changes.
In effect, there are early, intermediate and late genes activated in a lineage
position-dependent fashion; identical microenvironmental cues can induce dis-
tinct genes at different maturational stages.
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Some of the questions for future investigations are:

1. What are the distinctions defining the rapidly renewing tissues (skin, gut, and
hemopoietic tissues) versus those that can assume a quiescent state?

2 Is ths a distinction 1n the numbers of determined stem cells or committed pro-
genitors?

3. Do rapidly regenerating tissues simply have such high lineage kinetics that we do
not appreciate that they have a quiescent versus regenerative state?

4. Are there other mechanisms, missing or dimmished 1n rapidly regenerating tis-
sues, that can alter the kinetics from a quiescent state to a regenerative condition?

2.4. Signal Transduction Mechanisms

Signals from cell—cell interactions maintain and regulate growth and govern
gene expression of a restricted set of genes—those defined by the maturational
stage of the cells. A summary of the factors and the aspects of gene expression
regulated by them are given 1n Table 3. Therefore, the same soluble and/or insol-
uble signal can elicit qualitatively or quantitatively distinct biological responses
from different cell types or even the same cell type at distinct maturational stages.

Signals from cell—ell interactions consist of a set that are soluble and a set
that are insoluble. Soluble signals include autocrine factors, produced by a cell
and active on the same cell; paracrine factors, produced by one cell and acting
on a neighboring cell(s); and endocrine factors, produced by one cell and act-
g on a target cell at a distance from the source cell and delivered to the target
cell(s) through blood or lymph. All of these soluble signals, including the
autocrine ones, are highly regulated and under very strict controls.

Insoluble signals include components of the extracellular matrix, an
insoluble material produced by all cells and found on the lateral borders
between homotypic cells, the lateral matrix chemistry, and on the basal surface
of cells separating them from heterotypic cell types. The soluble and insoluble
signals are interregulated and also have multiple synergistic effects. That is, solu-
ble signals can induce synthesis of specific matnx components; matrix sub-
strata can dictate output of specific soluble signals or regulate receptors for
these signals, and distinct sets of matrix components and soluble signals coop-
erate in the regulation of specific physiological processes. Moreover, the pro-
tein sequence of some matrix molecules contains concatemers of sequences for
biologically active factors interspersed with enzyme-sensitive sequences.
Therefore, proteolysis of the matrix molecules results in localized release of
those factors.

Extracellular matrix components turn over slowly, on the order of days to
weeks, and serve to stabilize cells in specific configurations of adhesion sites,
of antigens, hormone receptors, 10n channels, and so on. Since the extracellular
matrix 1s connected directly to the cytoskeleton via transmembrane molecules,
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changes n the conformation of one or more matrix components can directly
mfluence cell shape (77—79). The soluble signals that have a more rapid turn-
over, on the order of seconds to minutes, activate signal transduction processes
that induce a specific physiological process such as growth or expression of
tissue-specific genes The effect of a soluble factor 1s entirely dependent, both
qualitatively and quantitatively, on the matrix chemustry assoctated with the cell

2.5. Changes in Matrix Chemistry with Respect
to Lineage Position

The lateral matrix chemustry, found between homotypic cells, consists of
CAMs and proteoglycans, but no collagens, fibronectins, or laminins (55-70)
The basal matrix chemistry, found between closely associated heterotypic cell
types (e.g, epithelia and mesenchymal cells), consists primarily of CAMs,
proteoglycans, basal adhesion molecules (fibronectins or laminins), and col-
lagens The collagen scaffoldings in the basal matrix chemistry of two adjacent
cell types are cross-linked, thereby physically connecting the two cell layers.

The chemustry of the basal and lateral matrices change in predictable ways
within a maturational lineage (57,58,68,70). All known determined stem cells
are associated with a fetal lateral and basal matrix chemustry consisting of fetal
isoforms of CAMs and proteoglycans, fetal 1soforms of laminin, type IV col-
lagen, and often high levels of hyaluronates. Commitment and subsequent
maturation of the cells are associated with a shift, in gradient fashion, mn the
lateral and basal matrix chemustry. The shift includes a decline in the amount of
basal matrix components, a decline or loss 1n the expression of hyaluronates, a
conversion to more and more stable forms of collagens, and a shift to adult
1soforms of basal adhesion proteins, of CAMs, and of proteoglycans.

Although all tissues studied have similar basal and lateral matrix chemis-
tries within the stem cell compartment, there are three major variations known
1n basal and/or lateral matrix chemistry occurring with maturation (summa-
rized n Table 4)

1. Preservation of expression of all major classes of matrix components but with
gradients m 1soforms within those classes. Some lineages, exemplified 1n gut
and liver, are associated with a preservation in the expression of all classes of
matrix components, but a shift in which 1soforms are expressed The liver pro-
genitor cells and intestinal stem cells are associated with a classic embryonic
basal lamina consisting of laminin, type IV collagen, fetal CAMs, and specific
forms of syndecan, a heparan sulfate proteoglycan Maturation 1s associated with
a gradual shift to increasingly more stable forms of fibrillar collagens, fibronectin,
and a heparin-like heparan sulfate proteoglycans, located at highest concentra-
tions 1n association with the most mature cells (e.g , around the parenchyma near
the central vein in the liver) In the past, the liver was considered an “epitheliond



Ex Vivo Maintenance of Mammalhan Cells 41

Table 4
Summary of Major Changes in Matrix Chemistry During Development?

Known classes of mature matrix

Epidermal and neuronal

Gastrointestinal tissue? tissues Hemopozetic cells®
Retention of all major Loss of basal matrix com- Lack of collagens; loss
classes of matrix ponents (collagens, basal of cell binding domains
components for basal adhesion protems, and m adheston proteins mn
and lateral matrix but integrins) with the basal states of the mature
conversion to mature committment to terminal cells but with possible
1soforms differentiation; lateral expression 1n activated
matrix components states of those cells;
convert to mature forms conversion to mature

1soforms of other classes
of matrix components

“Stem cell compartment—embryontc matrix. type IV collagen, fetal lammnins, fetal CAMs, fetal
proteoglycans (tend to be forms of heparan sulfate protcoglycans), hyaluronates Mature cells—
mature matrices various fibrillar collagens, fibronectins, mature CAMs, mature proteoglycans (tend
to be higher proportion of dermatan sulfate proteoglycans and heparin proteoglycans)

bAlso many tissues that can assume a quiescent state (e g , hiver, prostate, lung)

‘Mostly relevant to lymphocytes The literature 1s still scanty on maturational effects n
hemopoietic tissues on extracellular matrix chemustry Therefore, 1t 1s difficult to discern pat-
terns that may be true for all classes of hemopoietic cells

organ” and not a true epithelium, because most of the mature liver cells were
assoclated with a form of extracellular matrix i the Space of Disse that is dis-
tinct morphologically from basement membranes. Now 1t is realized that the liver
and the gut are both true epithelia with gradients of matrix chemustry paralleling
and coordinate with maturing lineages of cells

2 Loss 1n expression of basal matrix components: The skin and nervous system
undergo maturational processes in which there 1s a loss 1n the expression of basal
matrix components, but retention 1n expression of lateral matrix components.
The lateral matrix components undergo the maturational shifts in chemustry
known for all lineages.

3. Loss in expression of collagens and shift to regulated expression of adhesion
proteins containing cell-binding domains. Hemopoiesis is associated with loss of
collagen expression and with loss of expression of exons encoding the cell bind-
ing domains 1n adhesion protens in those cells that become free floating Expres-
sion of 1soforms of the adhesion proteins still contamming those cell binding
domains is retained by immunocytes, but utilized 1n a highly regulated way for
the many complex cellular mteractions mvolved 1n immunological responses.
Other hemopotetic cell types, especially the monocytic—-macrophage lineage,
retain the capacity to produce collagens; their matrix chemistry maturational pat-
terns are too poorly characterized to permit generalizations.
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Table 5
Common Requirements for Growth by all Maturational Stages
of Epithelia and for Tumors

Substratum' type IV collagen, laminin.

Basal medium: any nutrient rich medum.

Calcium concentration. typically below 0.5 mM.

Other nutrients: putrescine, folinic actd, hypoxanthine, nicotinamide

Trace elements. varies with the tissue and consist of the co-factor requirements for
enzymes typically 1n the tissue.

Glycosaminoglycan/proteoglycan: tissue-specific species of heparan sulfate proteo-
glycan, or 1f 1t 1s not available, the heparan sulfate chains added to the basal
medium

2.6. Ex Vivo Maintenance of Cells at Distinct Maturational Stages

For optimal maintenance of cells ex vivo, one must define the maturational
stage of the cells, the soluble signals, and the matrix signals. By defining all of
these, one can reproducibly and with considerable accuracy know how the cells
will behave. In the first edition of this review (80), detailed methodologies for
the defined conditions for various cell types were provided. There are sum-
mary overviews of the principles that guide the development of these protocols
given. In particular, there is an update on some of the generic rules for defined
ex vivo conditions for cells (Tables 5-8).

2.6.1. Hormonally Defined Media (HDM) Containing Rigorously
Defined Nutrients, Hormones, and Growth Factors

Any cell type can be maintained ex vivo, if it 1s provided with appropriate
substratum of extracellular matrix and with a serum-free HDM containing
purified hormones, growth factors, trace elements, and nutritional factors
(81,82). The exact composition of HDM 15 tissue-specific and, very rarely, is
species-specific. Thus, for example, an HDM developed for optimal growth of
rat lung tissue will be virtually identical to that for growth of human lung tis-
sue. For the few tissues for which cells at distinct maturational stages have
been isolated in bulk (hemopoietic cells, liver), the exact composition of HDM
contains subsets of factors that are identical for all maturational stages and
others that are distinct (17,57). Complementing this is the realization that the
exact composition of HDM is distinct for cells in an optimal growth versus
optimal differentiation state (57).

Classical cell-culture conditions, tissue-culture plastic and serum supple-
mented medium (SSM), produce cell cultures with mimimal differentiated func-
tions caused by inhibition of transcription of tissue-specific mRNAs and
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Table 6

Growth Requirements that are Maturationally Stage-Specific

Variables

or conditions Stem cells Commutted progenitors Mature cells
Lipids LDL/HDL + FFA + PL# LDL/HDL + FFA+PL?  Linoleic acid will
suffice, although
the 1deal is as for
progenitors

Feeder Strict dependence on Strict dependence on No dependence on

layers embryonic, tissue- stromal feeders feeders.
specific stromal feeders (tolerant of stromal
and on feeders of feeders from drverse
support cells sources).

Mitogens Local signaling Local signaling Systemic signaling
dominant (e.g., IGFII, dominant (e.g., IGFII, domnant (e.g.,
bFGF, transferrin) bFGE, transferrin). nsulm, T3, EGF)

Effects of Poorly differentiated Well-differentiated Not relevant,

malig- tumors have 1dentical carcinomas have
nant requirements to those of requirements that are
transfor- stem cells except for a 1dentical to that of
mation loss of dependence on commutted progenitors
(Tumors) age- and tissue-specific except for loss 1n the
mesenchymal feeders requirement for all
and a reduced feeders
dependence on other
feeders

“FFA a muxture of free fatty acids bound to crystalline pure bovine serum albumin and that
include linolerc acid, palmitic acid, oleic acid, and stearic acid, PL  phospholipids that include phos-
phatidylcholine, lysophosphatitlylcholine, phosphatidylethianolamine, and sphingomyelin LDL/
HDL, low and high density lipoproteins

destabilization (i.e., short-half-lives) of those mRNAs (14,17,57,81,82). Com-
mon gene mRNAs (e.g., actin, tubulin) are stabilized by these conditions.
Moreover, normal cells, especially epithelial cells, survive for only a few days
when cells are plated on tissue-culture plastic substrata and n a serum supple-
mented medium. Tumor cells and stroma are better able than normal epithelial
cells to survive the deleterious effects of serum, a factor in their preferential
selection (e.g., stromal cell overgrowth) in classical cell cultures. Serum-free
HDM and tissue-culture plastic result in cell cultures that have far more stable
tissue-specific messenger RNAs, hence greatly enhanced differentiated func-
tion. However, the cells still cannot synthesize their tissue-specific mRNAs at
normal rates (87,82). Thus, the cells maintained on tissue-culture plastic and in
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Table 7
Differentiation Conditions: Common Requirements for All Maturational
Stages and for Tumors

Substratum- flexible, porous substratum coated with fibrillar collagens (e g , type
III), fibronectin.?

Basal medium. any nutrient rich medium

Lipids LDL, HDL, FFA, and PL ®

Calcium above 0.5 mM

Hormones' glucocorticoids.

Glycosaminoglycan/proteoglycan: tissue-specific forms of heparin proteoglycans or,
1f not available, unbleached heparin saccharides

aThe cells, at all maturational stages, must be able to polarize such that their basal surface 1s
specialized for uptake of nutrients and for signaling (80,81}

bFFA a muxture of free fatty acids bound to crystalline pure bovine serum albumin that
include linoleic acid, palmutic acid, oleic acid, and stearic acid, PL. phospholipids that include
phosphatidylcholine, lysophosphatitlylcholine, phosphatidyletiianolamine, and sphingomyelin
LDL/HDL, low and high density lipoproteins

Table 8
Requirements for Differentiation In Vitro that Vary with the Maturational
Stage or that Vary with Respect to Distinct Fates

Requirements for polarity
Stem cells* essential for survival of the cells as well as for function

Commnutted progenitors optimal but not essential for survival, essential for
function
Mature parenchymal cells optimal but not essential for survival, growth, or for
posttranscriptionally regulated tissue-specific functions; remains essential for
full transcriptional regulatory mechanisms
Tumors. optimal but not essential for survival, growth, or some functions
Requirements for feeders
Stem cells. age- and tissue-specific stromal feeders.
Commutted progenitors dependent on stromal feeders but can utilize ones that
derive from diverse sources
Mature cells. stromal feeders are optimal but not essential for any known physi-
ological state
Tumors: optimal but not essential
Known soluble signals dictating fates
Membrane-permeant cAMP derivatives, TPA, phorbol esters, dimethyl-sulfoxide
(DMSO0), tissue-specific heparin saccharides
Signals dictating optimal gene expression
Heparin proteoglycan or its heparin chains are required in combination with spe-
cific sets of soluble signals for full transcriptional regulation of tissue-specific
genes by the indicated soluble signals Each gene requires a precise mix of
soluble signals for optimal expression and regulation
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HDM regulate entirely or almost entirely under posttranscriptional regulatory
mechanisms. Survival of both normal and tumor cells maintained as primary
cultures on tissue-culture plastic persist for only a few days, a week at most.

2.6.2 Extracellular Matrix Substrata

Matrix substrata are essential for cell survival and for stabilizing cells in
phenotypic configurations that facilitate signal transduction mechanisms acti-
vated by soluble signals. The extracellular matrix components can be provided
ex vivo either by soluble signals that induce the synthesis of the appropriate
matrix components and/or by presenting the cells with prepared substrata of
tissue extracts enriched in extracellular matrix or purified matrix components.
The purified matrix components, many of them commercially available, pro-
duce highly reproducible biological responses 1n cells particularly when they
are used 1n combination with HDM The availability of some classes of matrix
components (e.g , proteoglycans) 1n rigorously prepared forms, remains quite
limited. No individual purified matrix component will enable cells to survive
and function for more than a week or two. Rather, long-term stability of sur-
vival and physiological responses has been afforded only by extracts enriched
n extracellular matrix and, to a lesser extent, mixtures of matrix components.
Implicit in these findings 1s that the matrix chemistry 1s complex and multifac-
torial 1n 1ts effects. Matrix extracts, such as “matrigel” (17,63,82), biomatrix
(17,82), and amniotic membrane extracts (§2), have induced cells into far more
complicated physiological states than any known purified matrix component
and are the only conditions known that have permitted differentiated cells to
survive ex vivo almost indefinitely. A major function of the matrix 1s to induce
three-dimensional states 1n cells, essential for achieving full normalcy in cellu-
lar phenotype and for normal transcription rates of tissue-specific genes
(78,79). The future, therefore, will be 1n identifying precise mixtures of puri-
fied matrix components that confer stable survival and physiological responses.

2.7. Comparison of Normal and Tumor Cells

Neoplastic cells have phenotypes that are quite similar to those of stem cells
and committed progenitors (84—91). Therefore, it is logical that tumor cells
have ex vivo maintenance requirements that overlap extensively with that of
normal progenitor cells, their normal counterparts (Zvibal et al., submitted).
The fallacy in many of the prior assumptions about tumors has been in the
comparison of them with normal, mature cells. For example, the requirements
for ex vivo maintenance of hepatoblastomas are almost identical to that of
hepatoblasts, whereas well-differentiated hepatomas or cholangiomas have
requirements close to that of the commaitted hepatic or biliary progenitors,
respectively. The phenotypic expression of tumors and of cultures of them also
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parallels that 1n their normal counterparts. Thus, as Van Potter and Pierce
(83-85) have long argued, tumors are maturationally arrested progenitors, and
the expression of fetal genes 1s simply part of the normal phenotype of the
progenitor cells (80,83). Proof of Van Potter and Pierce’s hypothesis has been
supported by more recent studies comparing normal hepatic progenitor cells
versus hepatic tumor cells (Zvibel et al., submitted). For example, matrix/hor-
monal synergies have been found to regulate fetal (early) genes such as insu-
lin-like growth factor-II (IGF-II) and transforming growth factor-beta (TGFf3),
both transcriptionally and posttranscriptionally in tumors (73) and in their nor-
mal counterparts—hepatic progenitors (21); identical hormone/matrix syner-
gies regulate adult-onset genes in mature parenchymal cells (17,81). If the
tumor cells express any adult-onset genes, they are regulated, invariably, by
posttranscriptional mechanisms entirely or with muted transcriptional regula-
tory mechanisms i combination with the posttranscriptional mechanisms.

3. Methods and Protocols

Many of the methods and protocols are as reported in the original edition of
this chapter (80). Updates include the modifications to acknowledge ex vivo
conditions that must be tailored to maturational stages of cells. Several tables
(Tables 5-8) provide summaries of the rules governing variations on the major
protocols.

3.1. Isolation of Lineage Position-Specific Cells

The behavior of cells ex vivo depends, mn part, on the microenvironment
offered to them, and also on the maturational stage of the cells. Identical
microenvironments will elicit qualitatively distinct growth responses and
expression of tissue-specific genes depending on whether the cells are pro-
genitors, intermediates in the maturational lineage, or terminally differentiated
cells. Although this concept 1s considered a given by investigators in the
hemopotetic field, it has only relatively recently been considered by mvestiga-
tors working with cells from other tissues (e.g., ref. 13).

Numerous specific protocols used for 1solation of purified cell populations
enriched for specific maturational stages have been reported for various tis-
sues. However, there are some highly successful approaches used by hemopoi-
etic biologists and that are applicable broadly to all tissues (see Chapters
16-24). These are the ones described 1n general (and 1n brief) below. Investiga-
tors are encouraged to review the literature relevant to the cell of interest to
them to learn of cell parameters possibly unique to their cells and that might
offer approaches for purification.

As cells progress through maturational stages, they change in characteristic
ways defined rigorously for various tissues by developmental biologists and/or
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by those studying apoptosis or senescence, programmed cell death, or necrosis.
Among the most common changes that occur with respect to maturation are:

1. Increase m cell size: Stem cells and early progenitors are typically small with cell
diameters ranging from 7-15 pm, whereas many fully mature cells can range
from 20-50 um or even larger.

2. Increase 1n cell “granularity”. Granularity 1s a crude measure of the number of
cytoplasmic particles such as mitochondria, ribosomes, and other organelles and
1s detected by the “side scatter” feature in flow cytometry.

3 Increase in autofluorescence Older cells have more lipofuscins and other factors
that fluoresce

4. Changes 1n antigenic profile' Each cell type has a distinct antigemc profile for
each of the maturational stage Investigators can use this fact to develop flow
cytometric sorting strategies that with cell sorting result in purification (or
enrichment) of these cells The most 1deal antigenic profiles for purification of
maturationally staged cells are those of surface markers enabling one to purify
viable cells

5. Lineage position-dependent changes in tissue-specific gene expression. As stated
1n more detail in Section 2 3 , every tissue lineage has genes that are characteris-
tically expressed at early, intermediate, or late stages of the lineage.

6. Chemustry of extracellular matrix produced by the cells A review of this 1s given
1n Section 2 5 This fact enables investigators to purify cells by matrix molecules
(or by receptors for them) that are dominant at particular maturational stages.

To punfy particular cells at specific maturational stages will necessitate pro-
tocols employing multiple parameters, since there are no known single param-
eters that uniquely identify cells at a single maturational stage. Also, 1t is
important to note that one must use such purification approaches whether one
starts with embryonic, neonatal, or adult tissues. The full maturational lineage
exists at all developmental stages, but the proportions of cells that are early,
intermediate, or late in the lineage change with developmental age. Embryonic
tissues consist of cells predominantly early in the lineage; with age the lineage
is truncated increasingly towards cells late in the lineage. The following is an
example of a straightforward approach that can be used for multiple tissue
types to isolate particular maturational stages of cells. It is to be considered as
representative and not as the only approach to achieving the goal of
maturationally defined cell populations.

I Dissociate tissues by protocols minimizing the loss of surface markers (there-
fore, avoid harsh enzymes)

2. Identify antigenic surface markers of cells to be eliminated. The antibodies that
recognize these surface markers must not crossreact with antigens on the cell(s)
of interest). Critical control studies are to verify that the antibodies do not cross-
react remembering that most antibodies have been screened for crossreactivity
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with one but not all maturational stages, therefore, an antibody that does not
crossreact, for example, with mature cells may, nevertheless, crossreact with pro-
genitor cells

3 Use the antibodies that are unique and do not crossreact to the cells of interest to
eliminate those cells via panning protocols or, for rigorous purification, by flow
cytometry

4 After eliminating the cells that are not of interest, use antibodies (or parameters)
that 1dentify cells of interest (and 1deally of cells at specific maturational stage)
Select by panning or by flow cytometry

5 Ifthe purification scheme eliminates many, or most, of the cell types not of inter-
est, one can use measures of “forward scatter” (defining cell size) and/or “side
scatter” (defining cell granularity) on flow cytometers to select cells that are
broadly defined at early, intermediate, or late maturational stages This works
only secondarily to the purification of cells to as few cell types as possible within
the samples. Cell size and cell granularity do not, 1n general, define cell types but
rather only maturational stages within a cell type

3.2. Defining the Ex Vivo Requirements for Specific Cell Types

The detailed protocols for defining nutritional, hormonal, extracellular
matrix and other requirements for cells are as published previously (80) and
are not given here. Rather, only summaries are provided.

An approach to defining the soluble signals from cell—cell interactions has
been to replace the serum supplement to media with known and purified hor-
mones and growth factors (80). This enables one to produce serum-free HDM
Recipes for HDM for other cell types are widely available in the literature. Use
of HDM results in selection of the cell type of interest from primary cultures
containing multiple cell types. Also, distinct HDM are needed for optimal
growth vs differentiation of cells and for optimal expression of specific genes
(see Tables 68 for summaries of generic conditions).

The requirements for tumors or tumor cell lines are 1dentical to, or overlap
extensively with that of their normal counterparts, the stem cells (the blastomas and
anaplastic cell lines) or commutted progenitors (the well-differentiated tumors
and cell lines) (92; Zvibel et al., submitted), supporting the hypotheses of Van
Potter (§4) and of Sell and Pierce (85). Therefore, the development of an HDM
for a cell type can begin by defiming the requirements for a cell line that can be
used 1n clonal growth efficiency (CGE) assays (percent of cell colonies that
grow at low seeding densities) to assess the effects of candidate factors.

To start the process, one should establish on tissue-culture plastic and in a
serum supplemented medium (SSM) the minimal cell densities at which one
can detect viable colonies (typically 100—1000 cells/60-mm dish) when devel-
oping HDM for cell growth or the minimal cell densities for cell survival (typi-
cally 10,000-100,000/60 mm) when developing HDM for optimal cell
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differentiation. Use the lowest cell density at which one can routinely obtain
colonies (1n defining growth conditions) or survival (for defining differentia-
tion conditions) in SSM and on tissue-culture plastic Then establish a negative
control at the same density 1n serum-free medium (SFM):

1 Negative control cells on tissue-culture plastic and in SFM. Minimal survival or
growth.

2 Positive control’ cells at low densities on tissue-culture plastic and in SSM Maxi-
mal survival (differentiation) and or maximal number of colonies (growth)

Substrata of extracellular matrix are essential for the survival of cells and the
specific chemistry of the matrix will determine whether the cells are 1n a state
permussive for growth or differentiation. Development of HDM 1s most easily
and readily achieved by first assessing the effect of extracellular matrix on the abil-
ity of the cells to undergo clonal growth (for optimizing growth) or on the extent
of survival (for optimizing differentiation). As a guide to defining these vari-
ables, use those conditions listed in Tables 5 and 7 and found to be the common
generic conditions required for growth or differentiation. Therefore, by assess-
ing these generic conditions, one can achieve a new set of base conditions: Most
cells will attach and survive on appropriate matrix substrata for 1 wk or more,
even 1f there are no hormonal or growth factor additives in the medium. There-
fore, one can use this condition as a base condition 1n which to test the effects of
soluble signals, one by one. Ideally, use purified matrix components (purified
collagens, adhesion proteins, etc.) and not matrix extracts (e.g., matrigel,
biomatrix) for this process, since 1t will reduce enormously the number of unde-
fined variables in the microenvironment. Using the matrix substrata, add the
cells at the cell densities just defined and establish new base conditions:

3 Negative control using matrix: Number of colontes (for defining and HUM for
growth) or number of cells surviving on matrix (for defining an HDM for differ-
entiation) when cells are on an optimal matrix substrata and are in SFM

4. Positive control using matrix. number of colonies (1n development of HDM for
growth) or number of cells surviving on matrix (in development of HDM for
differentiation) when cells are on an optimal matrix and in SSM.

Once these four control conditions are defined, one can then assess soluble
factors one by one for their influence on colony growth or on expression of a
specific gene. Replicate plates of cells are plated on the appropriate generic
matrix substratum optimizing growth (or that optimizing differentiation) and
in a plating medium containing the base medium plus additives that will permut
attachment to the matrix (e.g., 1f enzymes were used to prepare single cell sus-
pensions, then the plating medium must contain appropriate mnhibitors of those
enzymes or even low levels, 1-2% of serum to inactivate them). After a few
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hours under the plating conditions, the cultures are rinsed and given the test
conditions: SFM plus the test factor(s). In all experiments, replicates under
each of the four controls should be included.

The purified hormones and growth factors to be assayed for efficacy for growth
or differentiation are prepared as stocks at concentrations that are 1000X of the
expected final concentration. The mitial concentrations to be tested should be
based on any mformation available from in vivo or 1 vitro studies on the rel-
evance of the factor to the cell type of interest. Plan to do medium changes that
take 1nto account the lability of the factor(s) being tested. In optimizing growth
conditions, study further any factor(s) that increases the number of colomes (or
increases the cell survival). In surveying for soluble factors relevant to differen-
tiation, one must plate the cells at high cell densities.

4. The Future

The prospects are bright that in the near future, the rapidly developing fields
of stem cell biology and lineage mechanisms, matrix biology and chemustry,
signal transduction, and tissue engineering will provide information that
enables investigators to understand the fundamental principles and molecular
mechanisms governing the formation and maintenance of tissues and, on the
practical side, enables investigators to maintain any tissue ex vivo in a physi-
ological state approximating that in vivo.

Our recognition that all tissues are organized or “formatted” as progenitors
and lineage systems provides an explanation for many past mysteries or para-
doxes in basic and clinical research. Several examples are noted:

1. The well-known difficulties by everyone to grow ex vivo any adult, quiescent
tissue is owing, in part, to the fact that most of the cells plated n culture are
mature cells or cells late n the lineage and with limited growth potential, what-
ever growth is experienced by the progenitors in those cultures 1s obscured by
sheer mass of more mature cells that rapidly go into growth arrest. In addition, the
ex vivo requirements for growth of the progenitors are distinct from those of the
mature cells. Therefore, one must purify the progenitors and establish them ex
vivo using the defined conditions unique to them Only progenitors from a tissue
should be clonable and able to demonstrate extensive proliferative potential

2. The heterogeneity of gene expression within a tissue and the vanability 1n
responsiveness of cells to pharmacological and physiological agents 1s the result
of mechanisms governing lineage position-dependent gene expression in combi-
nation with the microenvironment. Only by isolating cell populations that are
from specific lineage positions can one have cells that umformly express specific
genes It 1s likely but, 1n most cases, not yet shown that molecular mechamsms
governing gene expression (transcription factors, processing, mnRNA metabolism,
protein turnover) incorporate lineage position-dependent facets
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3 Regenerative processes in all adult tissues should derive from a combination of
commutted progenitors and from more mature cells; however, steady replacement
of the commutted progenitors, and, therefore, the ultimate source of regeneration
of tissues, will denve from determined stem cells, 1f they exist 1n an adult tissue.

4. Aging of an individual 1s a phenomenon keyed to the collective properties of
stem cells n all tissues. The absolute regenerative potential of a tissue over a
lifetime 1s dependent on the number of progenitors 1n that tissue and their rate of
utilization By contrast, apoptosis incorporates molecular mechanisms associ-
ated with the maturation of a lineage, whether in an embryo or an elderly person
and 1s secondary to stem cell properties Therefore, most past studies on “aging”
were actually studies of apoptosis

5 Gene therapy, to date, has succeeded only using ex vivo modification of hemopoi-
etic progenitors (93) Other approaches, particularly use of “targeted injectable
vectors,” ones injected systemically that naturally target the relevant tissues, have
failed either by failure to be taken up uniquely by the relevant targets and/or by
transient and very muted expression caused primarily by immunological rejec-
tion mechanisms (93) Although the huge number of ongoing studies 1n this area
may eventually offer successful methods for “targeted injectable gene therapy,”
it 1s more likely that the most successful approaches will be “ex vivo gene
therapy” mn which investigators will 1solate relevant determined stem cells or
committed progenitors, expand, transfect and select transfected cells ex vivo, and
then remtroduce the transfected cells in vivo

6 Tumor biology 1s a subset of stem cell biology. That 15, tumor cells are stem cells
or committed progenitors with mutations that alter their ability to complete the
maturational lineage process and their interdependence with support cells Most
of the phenotype of tumors 1s 1dentical to that of their normal counterparts, thus,
most so-called tumor markers are actually “early genes” expressed by and regu-
lated 1dentically m normal and transformed progemitors Only by comparing
tumor cells that can be mapped to particular stages of the early lineage to their
normal progenitor counterparts at the same stages can investigators identify the
true distinctions between the normal and the transformed progenitors. The effec-
tiveness of cancer therapies should be dependent on whether the toxic effects of a
particular therapy targets the stage of the lineage containing the malignantly trans-
formed cells. Some of the therapies fail because they target and kill more mature
cells 1n the lineage, leaving a transformed progenitor at an earlier stage of
the lineage to grow rapidly 1n a form of regenerative response to compensate for
the cellular “vacuum” left by the cancer treatment. In the future, when we know
markers defining lineage stages for many tissues, and when we have 1dentified
which lineage stages are affected by which cancer therapies, a patient’s tumor
can be staged for its position in the lineage enabling clinicians to use the optimal
cancer therapies that kill cells at that stage of the lineage. Alternatively, if we
learn enough of the molecular mechanisms of commitment and how the lineage
1s driven, we should be able to develop therapies to differentiate tumors, ending
their aberrant growth patterns.
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In addition, the fields of artificial organs, plastic surgery, drug testing, vaccine
production, cell therapy, gene therapy, bioreactors containing mammalian cells to
be utilized for production of specific products, and many others will be radically
redirected and advanced by some of the understandings now emerging from stem
cell and hineage biology, signal transduction and matrix biology and chemistry It 1s
an exciting time and one that will benefit patients and industry as well as research
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Scale-Up of Suspension and Anchorage-Dependent
Animal Cells

Bryan Griffiths and Denis Looby

1. Introduction

In this chapter, scale-up 1s described in a laboratory context (1020 L), but
the principles and techniques employed have been successfully adapted so that
cells are now grown industrially in unit volumes of up to 10,000 L for vaccine,
interferon, and monoclonal antibody production. The need to scale-up cell cul-
tures has been expanded from the historical requirement for vaccine manufac-
ture to include not only interferon and antibodies, but many important medical
products such as tissue plasminogen activator, erythropoitin, and a range of
hormones and blood factors. The low productivity of animal cells, resulting
from their slow growth rate and low expression of product, plus the complexity
of the growth conditions and media, led to attempts to use recombinant bacte-
ria to express mammalian cell and virus proteins. However, this has proven
unsuitable for many products, mainly because of incomplete expression and
contamination with bacterial toxins, and more importance is now being put on
expression of recombinant proteins from mammalian cells. This has allowed
the use of faster growing and less fastidious cell lines, such as CHO, and
amplification of product expression by multiple copies of the gene.

2. Principles of Scale-Up

Animals cells are grown 1n two completely separate systems. For those cells
that grow individually 1n suspension, the range of fermentation equipment
developed for bacteria can be readily modified. This 1s a great advantage, since
these culture vessels are economic 1n terms of space, the environment 1s homo-
geneous and can be critically controlled, and scale-up 1s relatively straightfor-
ward. Many cell types, however, will only grow when attached to a substrate
or, in some cases, will only produce significant levels of a product when grown

From Methods in Molecular Biology, Vol 75 Basic Cell Culture Protocols
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1n this mode. Scale-up of substrate attached cells 1s far more difficult to achieve
and has given rise to a wide range of alternative culture systems.

Two approaches to scale-up can be taken. The first 1s volumetric—a simple
mncrease 1n volume while retaining the same cell density or process mntensity.
The second method 1s to increase the cell density/unit vol 10—100-fold by means
of medium perfusion technmques. Cell densities of over 103/mL can be achieved
1n a variety of systems, but they are difficult to volumetrically scale-up because
of the effects of nutrient and waste metabolite concentration gradients, how-
ever, the development of cultured systems based on the immobilization of cells
in porous carriers has overcome this limitation. Compromuse 1S possible with
large-scale (100500 L) cultures operating at just 10-20 times above the con-
ventional cell densities (1-3 x 107/mL) by means of special perfusion devices,
such as the spin filter.

The environmental factors that can most readily be controlled are pH (and
redox) and oxygen. The hmiting factor 1n scale-up, particularly in cell density,
1s usually oxygen. Surface aeration used 1n small cultures soon becomes 1nad-
equate, since the volume (and therefore depth) of medium increases. Bubbling
of air/oxygen mixtures into cultures, with turbulent stirring/agitation, 1s the
most efficient means of oxygenation. Unfortunately, cells are fragile, compared
to bacteria and only slow stirring and bubbling rates can be used, which are
often inadequate for maintaining a sufficient oxygen supply. To overcome this
problem, most cultures rely on several oxygenation methods, and many
igeneous methods have been developed for this purpose (7).

Two further points should be taken into account during scale-up. The first of
these 1s the increased risk of contamination and the proportionally higher costs
of culture failure. The second 1s a question of logistics 1n the preparation of
medium and particularly cell inocula. It 1s a small matter to harvest 103 cells
and oculate them in a good physiological state into a new culture. An inocu-
lum of 109 cells takes a long time to prepare, cells can be left for long periods
1n damaging conditions, and media can lose 1ts temperature and pH can change
while these handling procedures are carried out. The objective 1s to keep both
the process and the culture system as simple as possible, having everything
well prepared and ready, and not to be over-ambitious with regard to scale.
This will ensure that cultures are initiated with cells in good physiological con-
dition and reduce the risks of microbial contamination

3. Methods

3.1. Suspension Culture
3.1.1. Culture Vessels (Fig. 1)

The simplest means of growing cells 1n agitated suspension is the spinner
culture vessel. The culture pot has a magnetic bar, usually placed a few mlh-
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Fig. 1. Range of culture apparatus for suspension cells (A) magnetic bar spinner
culture, (B) Techne MCS stirrer, (C) surface stirrer (Techne BR-05/06), (D) small
scale fermenter with marine impeller, (E) airlift fermenter, (F) vibro-fermenter
{(Chemap)

meters from the bottom of the vessel, and 1s placed on a magnetic stirrer. As
long as the bar 1s able to rotate freely and the stirrer 1s of sufficient quality to
maintain constant stirring speeds, and not overheat, this methodology works
extremely well for growing most cells up to densities of 1-2 x 105/mL These
glass spinner vessels are available from a wide range of suppliers (e g , Bellco,
Wheaton) in sizes from 0.2-20 L (2). A modification of this principal for shear-
sensitive cells 1s the spinner vessel using surface agitation as exemplified by
the BR-06 Bioreactor (Techne). Spinner vessels are only satisfactory up to a
certain size—between 2 and 10 L depending on the cell line and its required
use. Above 10 L, glass vessels become inconvenient to handle and the progres-
sion to i situ stainless steel vessels should be considered. The other reason for
change 1s that, with scale-up, the need to control the culture environment and
carry out specialized manipulations (e.g., perfusion, media changes, and so on)
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increases. For this level of sophistication, a fermentation system needs to be
used. The man differences are that stirring 1s by a direct-drive mechanism with
a motor, and the vessel has a complex top that allows the inclusion of a range of
sensors, probes, feed supply lines, and sampling devices for contamination-
free momtoring and control. Fermenter kits (laboratory scale) are available in
the range from 1—40 L and cost 1n the region of $4500-37,500 (£3,000-25,000)
(with control of sturing speed, temperature, pH, and oxygen).
Culture vessels for animal cells should have the following features-

1. Curved or domed bottom to increase mixing efficiency at the low stirring speeds
that are used (100350 rpm)

2. Water jacket temperature control to avoid the use of immersion heaters that give
localized high temperatures Electrically operated silicone pads are also suitable
at volumes up to 5 L—the only disadvantage 1s the reduction 1n visibility mnto
the vessel

3. Absence of baffles and other sharp protrusions that cause turbulence The interior
1s finished to a high grade of smoothness to minimize mechanical damage and for
cleanliness.

4 An aspect ratio (height to diameter) of 2 1 maximum, and preferably no more
than 1.5.1.

5 Suitable impeller to achieve nondamaging bulk flow patterns (e g, modified
marine or pitched blade impellers) with top drive, so that there are no combina-
tions of moving parts that would grind up the cells

Some animal cells, including many hybridoma lines, are sensitive to the
mechanical effects of stirring. For such cells, there are two alternative means

of mixing besides stirring.

1 Vibromixer This 1s a nonrotary device using a plate that vibrates 1n the vertical
plane a distance of 0 13 mm. Conical perforations 1n the plate affect the mixing
(Vibro-fermenter, Chemap)

2 Arrhift Medum 1s circulated 1n a low velocity bulkflow pattern by being lifted up
a central draft tube by rising air bubbles, and recirculated downward 1n the outer
ring formed by the draft tube. This system forms a near 1deal mixing pattern and
allows near-linear scale-up to at least 1000 L. Unfortunately, the apparatus, with
a 12 | aspect ratio, 1s very high and a 30-L fermenter needs 3-m ceiling height.
Aurhift fermenters are available commercially either as complete systems (e.g.,
Incelltech) or as disposable 570 mL unit (Cellift, Fisher Scientific).

3.1.2. Culture Procedure for Suspension Cells

1 Inoculum should be prepared from a growing suspension of cells (i.e., in mid-to-
late logarithmic phase). Stationary phase cells are either slow to start in a fresh
culture or do not grow.

2 Prewarm to 37°C, and equilibrate the pH of the culture medium with the CO,/air
gas mix, before mnoculating the cells.
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3 Inoculate cells at over 1 x 105/mL. Recommended level 1s 2-3 x 10°/mL for
many cell (hybridoma) lines

4 Stir the culture within the range 100-300 rpm This speed depends on the ind:-
vidual type of culture reactor. Stir at a speed sufficient to keep the cells in homo-
geneous suspension Do not use speeds that allow cells to settle out at the bottom
of the culture

5. Monitor cell growth at least daily by taking a small sample, either through a
special samphing device or removing the vessel to a laminar flow cabinet and
using a pipet, and carry out a viable cell count (Trypan blue stain and a hemocy-
tometer, see Chapter 1)

6 pH. If the culture 1s closed (1.¢., all ports stoppered with no filters), then the pH
will fall. You should remove the culture to a cabinet and gas the head space with
arr If the culture 1s very acid, sterile sodium bicarbonate (5 5%) can be added or,
when the cells have settled out, remove 50% of the medium and replace with
fresh (prewarmed) medium Return culture to stirrer. It 1s preferable to have inlet
and outlet filters, so that there 1s continuous head-space gassing, initially (i.e.,
first 24 h) with 5% CO, 1n ar, followed by air only. Suitable filters are
nonwettable with a 0 22-pum rating,

7 After 34 d, the saturation density of 1-2 x 109 cells/mL should be attained Most
suspension cells will then die at a rap:d rate unless harvested or maintamed with
medium changes

3.1.3. Special Procedures

I Arrhft. Follow the protocol in Section 3 1 2 except, instead of stirring, a gas flow
rate of approximately 520 cc air/L/min 1s used for mixing

2. Increase cell density by perfusion To perfuse a culture (i e., the continuous or
semicontinuous addition of fresh medium and withdrawal of an equal volume of
spent medium) means that methods of separating the cells from the medium are
needed There are a number of ways to do this, 1.e., spin filters, membranes (e g ,
hollow fibers), and porous carriers

3.1 3.1 SPIN FILTER

The problem with most filtration techniques is that the filter rapidly becomes
blocked with cells. A spin filter, so called because 1t is attached to the stirrer
shaft, reduces the problem of blockage, because as 1t spins it produces a bound-
ary effect on 1ts surface that reduces cell contact. Also, they normally have a
large surface area and, thus, have a low flow rate at any one point. A porosity of
about 6—10 um is needed, and stamnless steel mesh can be used. This 1s thin
enough to be cut to form a cone in which the join can be double-folded and
machine-pressed (Fig. 2). This allows a perfusion rate in the order of 1-2 vol/d.
This device will allow cell densities of over 107 cells/mL to be achieved (3).

3.1.3.2. HoLLow-FIBER CARTRIDGES

Hollow-fiber umts are available at both ultrafiltration and micro-filtration
membranes. For the purposes of withdrawing medium and returning the cells
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Fig. 2. Spin filters' (A) construction using folded nterleaving edges, (B) diagram-
matic representation of a spin filter; (C) open perfusion systems, (D) perfusion system

with media recycle
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Fig. 3. Hollow-fiber cartridges 1n perfusion loop for (A) removing spent medium
(H) and returning cells to the culture and (B) oxygenating the medium
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to the culture 1n a loop outside the vessel filtration 0.22 pum 1s sufficient. The
scheme 1s shown diagrammatically in Fig. 3. Many fiber cartridges are not
steam sterilizable, but polysulfone and teflon fibers are. The quantity of
medium withdrawn must be balanced by adding fresh medium from a reservorr.
Using flow rates of up to 1 vol/h, cell densities 1n the region of 25 x 107/mL can
be achieved, but oxygen 1s a limiting factor and an additional filtration car-
tridge should be put in the external loop as an oxygenator.

3.1.4. Notes—Suspension Culture

1 Perfusion Media becomes limiting because of the depletion of nutrients (glucose
and glutamine), build-up of waste metabolites (lactate and ammonium), and msuf-
ficient oxygen More efficient media usage (cells produced/maintained per unit
media consumed) can be achieved in spin filter systems with media recycle through
an external reservoir because of improved oxygenation (i e , increased mixing and
sparging rates can be used 1n the cell free environment of the reservorr)

2 Media: Serum 1s a very high cost addition to culture med:a, but alternatives such
as specialized serum-free media that include a range of growth factors usually
work out as expensive, or more so Although cultures may have to be mnitiated 1n
a complex media, as cell density increases, so cells become less dependent on
serum and growth factors Thus, at densities above 5 x 106-107/mL, serum con-
centration can be drastically reduced (to 2%) or even excluded If serum-free
medium 18 used, cells are more susceptible to damage by stirring and sparging,
but this can be offset to a certain extent by adding pluronic F68 (polyglycol) at
0 1% (See ref. 4 for other means of cutting the costs of media )

3 Contamination/sterility: The larger the scale, the more expensive a culture failure
becomes Carry out stringent quality-control procedures by testing growth media
several days before 1t 1s to be used for bacterial contamination. Do not take short-
cuts on the support equipment, but use specialized tubing connectors and sam-
pling devices supplied by fermenter equipment companies Also, do not overuse
the air filter (6—10 sterilization cycles maximum), and do not allow them to get
wet (erther during autoclaving or with media or condensation)

4 Suspension culture Many cells either attach to the surfaces of the vessel or form
unwanted clumps. Media for suspension culture should have a reduced calcrum
and magnesium-ion concentration (special formulations are commercially avail-
able) because of the role of these 10ns 1n cell attachment Attachment to the vessel
can be discouraged with a pretreatment of a proprietary silicone solution (e g.,
Repelcote, Hopkins and Williams).

3.2. Anchorage-Dependent Culture

3.2.1. Materials

Anchorage-dependent culture systems are far more difficult to scale-up than
suspension cultures because of the additional requirement of providing the
extra surface area 1n an economical (in terms of space) way and still maintain
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Fig. 4. Scale-up of anchorage-dependent cultures (a) flask, (b) roller bottle, (c)
plastic spiral (Sterlin), (d) glass tubing (Belco-Corbeil); (e) stack plates; (f) multi-tray
units (NUNC); (g) immobilized bed (glass spheres); (h) microcarrier culture The fig-
ures define the surface area for each culture vessel

homogeneity throughout the system. For this reason, suspension culture, in
which a 1-L stirred vessel 1s conceptually similar to a 1000-L vessel, 1s always
the preferred culture method. The first step in scale-up (Fig. 4) usually involves
the change from stationary flasks (available in sizes up to 200 cm?) to roller
bottles (sizes up to 1750 cm?) The larger size of roller bottle will yield in the
range of 2-5 x 108 cells, and therefore, for most purposes, a multiplicity of
rollers has to be used. The next step 1n scale-up 1s to use roller bottles that have
an increased surface area resulting from the inclusion of glass tubing (Belco-
Corbeil, Chemap Gyrogen) or plastic spiral films (Sterlin). By this means, the
surface area within a roller bottle can be increased to 8500 cm? (spiral film)
and 15,000 cm? (glass tubing). An alternative to investing in specialized, and
costly, roller culture equipment 1s to use plastic multi-tray umts (Nunc). Each
tray has a surface area of 600 cm? and units of 6, 10, and 40 (24,000 cm?) plates
can be obtained. Two systems that allow a huge unit scale-up of substrate
attached cells are immobihized beds (e.g., constructed of glass spheres) and
mucrocarrier culture (cells growing on 200-um spheres that are stirred 1n sus-
pension culture apparatus). Microcarriers can provide 5000 to 50,000 cm?/L
and are currently being used in commercial production systems at the 1000-L
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scale (a total of 15 x 106 cm? surface area, which has the potential of support-
mg 15 x 10! cells).

3.2 1.1 RoOLLER CULTURE

Reutilizable glass or disposable plastic roller cultures are used. The most
commonly used sizes are 750-850 ¢m? and 1500—-1700 ¢cm?2. Complete modu-
lar systems holding up to 48 large bottles can be purchased either free-stand-
ing, for use 1 hot rooms, or within an incubator cabinet.

3.2 1 1.1. Procedure The following procedure 1s based on a 1500 cm? (24 x
12 cm) roller bottle.

1 Add 200-300 mL of medium
Add 15 x 107 cells (observe previously listed advice on preparation of nocula
and medium).

3 Revolve the culture at 15 rph

4. Cell growth can be observed under an inverted microscope with a long-distance
objective

5 After 3-5 d, the cell sheet will be confluent yielding from 15 x 105 (human
diploid) to 5 x 103 (heteroploid cells, e.g., HeLa) cells/cm?

6 Pour off the medium, wash the cell sheet with prewarmed phosphate buffered
saline, and add 20 mL trypsin (0 25%). Place culture back on roller, and allow to
revolve for 1020 muin The cells will detach and can be harvested, diluted in
fresh medium and serum, and passaged on.

This outline protocol can be considerably modified. An advantage of this
method is that the medium volume:surface area ratio can be altered easily. Thus,
after a growth phase, and when a product is to be harvested, the medium vol-
ume can be reduced to 100 mL in order to obtain higher product concentration.

3.2.1.2. GLAss BeaD IMmoBILIzeED BEDs (3,5)

This type of culture system apparatus 1s easily fabricated in the laboratory
(Fig. 5) A suitable cylindrical glass container 1s packed with borosilicate glass
spheres (minimum diameter 3 mm, optimum diameter 4 or S mm). Medium 1s
perfused by means of a peristaltic pump from a reservoir (which 1deally 1s a
stirred tank reactor), which can be monitored and controlled for pH, oxygen,
and so on. The productive capabilities of the system are give in Table 1.

3.2.1.2.1. Procedure

1. Prepare growth medium and add to reservoir (2 mL/cm? culture surface area)

2. Equilibriate the system for temperature and pH, and circulate the media through
the packed bed (allow sufficient time for the solid glass spheres to reach 37°C).

3 Inoculate cells (1-2 x 10%cm?) mto a volume of medium equal to the void vol-
ume of the bed (250 mL/kg 5 mm spheres)
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Fig. 5. Schematic diagram of the fixed bed culture system (1) peristaltic pump, (2)
arr filter, (3) media recycle out, (4) media recycle return, (5) media feed, (6) harvest
line, (7) samples port, (8) moculum line, (9) off gas, (10) head space air/CO,, (11) au/O,
sparge, (12) addition lines, (13) DO probe, (15) pH probe, (16) medium level in reser-
voir, (17) reservoir vessel

Allow the cells to attach (3-8 h depending on cell type), but the culture can safely
be left overnight (16 h) at this stage

Start medium recycle, initially at a rate of 0.1 linear cm/mm, but as the culture
progresses, this rate 1s increased to a maximum of 5 cm/min

Cell growth can only be monitored by indirect measurement, and the glucose
utilization rate is the most convenient An alternative 1s oxygen utilization rate
Growth yields should be determined for the particular cell ine and nutrient, so
that an approximation of cell numbers can be made (e.g., glucose utilization 1s
usually within the range of 2—5 x 108 cells produced/g glucose)

When the culture 1s estimated to be confluent (after 57 d), drain the medium,
wash the bed with phosphate-buffered saline wash, and add trypsin/versene to
harvest the cells. The efficiency of cell detachment can be increased by intermut-
tently dramning and pumping back the trypsin solution The bed acts as a depth
filter, and to recover a high percentage of the cells, the bed should be washed
through several times with medium after the trypsin has been drained off (Note
5 mm beads allow a better drainage and cell recovery than 3 mm )

Wash out the culture bed immediately with a detergent, so that cell debris does
not become fixed onto the glass beads

This culture method is basically very simple, and the apparatus is cheap and
reutilizable. It has a large potential scale-up and has been proven at the 100 L



Scale-Up of Animal Cells

69

Table 1
Physical Characteristics of Glass Sphere Beds
Bead diameter 3 mm 5 mm
Surface area (¢cm?)
Total 7400 4600
Available (70%) 5200 3200
Void medium vol (cc) 295 250
Total vol (cc) 675 625
Cell count (x 105/cm?) 0.78 2.50
(x 108/kg) 40 80
Table 2
Commercially Available Microcarriers
Name Manufacturer Type cm?/ga
Acrobead Gahl Derivitized 5000
Bioglas Solo Hill Eng. Glass/latex 350
Bioplas Solo Hill Eng Polystyrene 350
Biostlon Nunc Polystyrene 255
Cytodex 1,2 Pharmacia Dextran 6000
Cytodex 3 Pharmacia Collagen 4600
Cytosphere Lux Polystyrene 250
Dormacell Pfeifer & Langen Dextran 7000
Gelibead Hazelton Lab. Gelatin 3800
Mica Muller-Lierheim Polyacrylamide b
Micarcel G Reactifs 1BF Polyacrylamide 5000
Microdex Dextran Prod Dextran 250
Superbeads Flow Labs Dextran 6000
Ventregel Ventrex Lab Gelatin 4000
Ventreglas Ventrex Lab Glass/polystyrene 300

2A guideline only as different types vary two- to fivefold in cell yreld/cm?

bPorous matrix beads

vol scale (30 L bed of 3 mm beads) (5). It 1s more suitable for harvesting a
secreted cell product over a long period of time, rather than acting as a source
of cells resulting from the difficulties of removing cells from the bed.

3.2.1.3 MICROCARRIER CULTURE

The advantage of this methodology is that the cells, when growing on small
carriers, can be treated as a suspension culture with all the advantages of large
unit scale-up, homogeneity, and easily controlled environmental conditions.
The range of microcarriers commercially available is extensive (Table 2) (2,6),
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and at least one type 1s suitable for all cell types, however demanding. The
decision of which one to use 1s influenced by whether a dried powder or
already-prepared sterile solution 1s preferred, the cost/cm?, whether a special
derivitized surface 1s needed for a particular cell, or whether one wishes to
harvest cells by dissolving the carrier (gelatin, collagen) and thus producing a
higher quality cell suspension. Experience has shown that 1t 1s worthwhile to
evaluate several types in small-scale cultures for each particular cell line, since
significant differences 1n cell yield, cell-specific productivity, and longevity of
culture (before cell detachment) are seen

32 1.3.1 Culture Apparatus Modifications of suspension culture vessels
are used. Spinner flasks with a magnetic bar are unsuitable, but versions are
available with large paddle-type impellers (Bellco) or specially modified stir-
ring actions (e.g., Techne MCS) Sturring rates are much slower (2070 rpm)
than for suspension cells, and thus more efficient mixing at low speeds 1s
required. Scale-up 1n laboratory fermenters can also use the large-bladed
paddles, but there are several modifications of the marine impeller available
that are very efficient (e.g., SGI ascenseur)

3.2 1.3.2. Procedure Microcarrier culture 1s not a difficult technique, but 1t
does require more critical attention to experimental detail than most methods
and the use of the correct culture vessels. The following procedure 1s based on
using Cytodex 3 (Pharmacia) or Dormacell 2.3 (Pfeifer & Langen) at 3 g/L.

Prepare the microcarriers according to manufacturer’s recommendations.

1 It 1s essential that the medum with microcarriers be prewarmed and stabilized
before moculating the cells Cell attachment to moving spheres requires condi-
tions to be just right It 1s even more important with this method than with previ-
ously described ones to mitiate the culture with growing (logarithmic cells) and
not stationary-phase cells, and cells that have been rapidly prepared and are 1n
good physiological condition (i e , have not been standing 1n trypsin for extended
periods)

2 Inoculate at 2 x 10%cm? into 30-50% of the final volume Stir at the minimum
speed to maintain homogeneity (20-30 rpm) for 4-8 h.

3. When the cells have attached (expect 70~90% plating efficiency), the volume
can be mcreased to the full working volume. (Stirring speed may also have to be
increased to give complete mixing )

4. A great advantage of the microcarrier system 1s that samples can be readily
removed and microscopically examined. Unstained preparations will show
whether or not cells have attached, spread out, and then begun to grow Cell
counts can be made by the standard nuclei-counting procedure, which releases
the stained nuclet from the attached cells

5. As the culture progresses, the stirring rate can be ncreased to prevent cell-to-cell
attachment, bridging microcarriers and causmg clumps to form A maximum of
75 rpm should be achieved.
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6 In nonenvironmental controlled cultures, the media will become acidic after
34 d and a partial (50~70%) media change should be carried out Stop stirring,
allow beads to settle (10 min), decant spent medium, add fresh (prewarmed)
medium, and start stirring, gradually increasing the rate

7. Cells can be harvested when confluent by allowing the carriers to settle out, giving
a serum-free wash, allowing the carriers to settle out again, decanting off as much
of the free fluid as possible, adding trypsin, and restarting stirring, but at slightly
faster speed (75125 rpm) After 20 mn, allow the beads to settle out for 2 min
Cells can etther be removed by decanting, or the mixture can be filtered through a
coarse sintered glass filter that allows passage of the cells, not the microcarriers. If
gelatin or collagen carriers are being used, then cells can be released by treatment
with trypsin/EDTA (which solubilizes gelatin) or collagenase.

3.2.2. Scaling-Up

This can be achieved by increasing the culture volume, and increasing the
microcarrier concentration from the suggested 3—15 g/L If higher concentra-
tions are used, then 1t 1s imperative to have a perfused system with full environ-
mental control. The easiest means of perfusing is the spin filter (as described
for suspension cells), but a much larger pore size can be used (60—100 um).
This allows much faster perfusion rates to be attained (1-2 vol/h) Perfusion
from a reservoir that 1s adequately gassed is an efficient means of oxygenating
the culture. Spin filter systems are commercially available (Appeillon, New
Brunswick).

3.3. Porous Carrier Culture

Porous carriers can be used for the immobilization of both anchorage-
dependent and suspension cells to high densities (0 5-2.0 x 108 cells/mL car-
rier). They can be used in stirred tanks (6,7), fixed beds (8—/0) and fluidised
beds (8—12). Porous carrier systems like hollowfiber systems are high-density
continuous perfusion processes, but unlike hollow-fibers they can be scaled-up
volumetrically (>100-L bed volumes) The properties of several commercially
available porous carriers are given m Table 3.

3.3.1. Fixed Bed Porous Glass Sphere Culture System

This 1s the same design as the fixed bed system described 1n Section 3.2.1.2.,
except that the solid glass spheres are replaced with Siran porous glass spheres
(Table 4). This can lead to an increase n unit cell density of up to 50-fold. The
system is very suitable for secreted cell products and can be operated as a con-
tinuous perfusion process for many months.

1 Set up the system as in Fig 5.
2. Add 10 L of cell culture media to the reservior
3. Equilibrate the system for temperature, pH, and dissolved oxygen (DO)
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Table 3
Commercially Available Porous Carriers?

Diameter, Pore diameter,  Void volume,

Name Material pm yum %

Siran® Glass 400-5000 60-300 60
(Schott
Glaswerke)

Cultispher® Gelatin 170-270 1020 50
(Hyclone)

Microsphere? Collagen 500600 2040 75
(Verax)

Cytocell¢ Cellulose 180-210 30 95
(Pharmacia)

Cellsnow¢ Cellulose 800-1000 >100 —
(Kiurin Ltd)

1AM carrier? Polyethylene 1200-1500 50--300 —

ImmobaSil? Silicone rubber 1000 100 40
(Ashby
Scienttific)

9These include carrers with a high specific gravity surtable for fixed and fluidized beds, and
almost neutrally buoyant carriers for use 1n stirred tank reactors In this chapter, the fixed bed
porous glass sphere reactor and the Verax fluidized bed reactor are described

bHigh-specific gravity

“Low-spectfic gravity

Table 4

Characteristics of Siran Porous Glass Spheres
Material Borosilicate glass
Average diameter 35 mm

Pore s1ze 60300 um

Pore volume 60% Open

Total surface area 75 m?/Le
Biocompatible Yes

Steam sterilizable/autoclavable Yes

Reusable Yes

aSurface area based on fixed bed volume

4 Add the inoculum (700 mL of cell suspension containng 12 x 109 cells) to the
fixed bed (1 L) of dry porous glass spheres.

5 For suspension cells start media recycle immediately at a linear flow velocity of
2 cpm increasing to 20 cpm with cell growth
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6. For anchorage-dependent cells leave the bed stationary for 3—6 h to allow the
cells to attach before starting media recycle as mn step 5

7 Take a sample from the reservoir daily and carry out the following analysis
a Free cell count
b. Glucose concentration
¢ Product concentration

8 Start media feed and harvest when the glucose concentration drops below
1 5 mg/mL (1 e, for a feed glucose concentration of 4 mg/mL)

9 Adjust the media feed rate to give a glucose concentration n the reservior of
1.5-2 mg/mL (typically 10 L/day in steady-state culture).

3.3.2 Verax Fluidised Bed Culture System

The Verax fluidized bed culture systems range from the System One with a
16 mL fludized bed capable of producing about 1 L of harvest per day to the
System 2000 which has a 24 L fluidized bed capable of producing 1000 L of
harvest per day. The process 1s based on the immobilization of cells (anchor-
age-dependent and suspension) in porous collagen carniers. The carriers are
weighted (specific gravity 1.6) so that they can be used 1n flurdized beds with a
high recycle flow rate (typically 70 linear cpm). The microspheres have a pore
size of 2040 um, and pore volume of 85%, allowing the immobilisation of
cells to high density (14 x 10® cells/mL). The culture system 1s based on a
fluidised bed bioreactor containing the carriers, through which the culture fluid
flows upward at a velocity sufficient to suspend the microspheres 1n the form
of a slurry (1.e., approx 70% bed expansion). For oxygenation the medium 1s
recycled through a membrane oxygenator. The system 1s run continuously for
long culture periods (typically 100 d) (Fig. 6).

This procedure 1s based on the Verax System One:

1 Set up and calibrate the system as per the manufacturer’s mstructions
Set recycle flow rate to 90 mL/min.
3. Concentrate 5 x 107 viable cells into approx 2.1 1n a 30-mL syringe with 25-gage
needle.
4 Swab the septum 70% with alcohol.
5 Insert the needle through the septum and inject half the inoculum, wait 30 s, and
inject the remaining inoculum
6. Take a 3-mL sample from the reactor using a syringe with 25-gage needle daily
7. Carry out the following analysis
a Free cell count
b Glucose concentration.
c. Lactate concentration
d. Product concentration.
8. Start media feed and harvest when the glucose concentration drops below
1 5 mg/mL (1.e, for a feed glucose concentration of 4 mg/mL)
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Fig. 6. Schematic diagram of Verax fluidized bed culture system

9 Adjust the media feed rate to give a glucose concentration in the reservorr of
I 52 mg/mL (typically 1 L/day in steady-state culture)

4. Conclusion

The stirred tank bioreactor is the most widely accepted culture system for
both cells in free suspension and attached to solid microcarriers. It allows volu-
metric scale up to 10,000 L for batch suspension culture (15 x 10%mL.), 1000
liters for batch microcarrier cultures (1-5 x 10¢/mL), and density scale up (to
1-2 x 107/mL) m perfused spin filter cultures. However there are disadvan-
tages with solid microcarrier-based systems that make them unsuitable for some
cell lines. In particular, the effects of sparging and microcarrier collisions on
the cells can lead to inefficient cell attachment, poor cell growth, and stripping
of cells from confluent microcarriers (particularly in long term perfusion cul-
ture systems). These limitations are overcome by using porous instead of solid
microcarriers because the cells in the porous carriers are protected from the
effects of sparging and carrier collisions, and can withstand much higher sparge
rates and stirrer speeds than cells attached to solid microcarriers. Porous car-
rier culture systems have been proven by many workers at the Laboratory scale
and by Verax at an industrial scale. Although the superionty of porous carrier
systems has been demonstrated, they are not yet widely used in industry.
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Hollow-Fiber Cell Culture

John M. Davis and Julian A. J. Hanak

1. Introduction

Hollow-fiber mammalian cell culture systems were first conceived (1) to

mimic the in vivo cell environment. In tissues, cells exist immobilized at high
density, and are perfused via capillaries having semipermeable walls. Fluid
(blood) circulating within the capillaries brings oxygen and nutrients and
removes CO, and other waste products. This description applies equally to
hollow-fiber culture systems but with culture medum in the place of blood,
and with capillaries made from ultrafiltration or microfiltration membranes.

Hollow-fiber systems have been found to have a number of advantages over

other culture systems. These include:

1

High product concentrations: Where a cell secretes a product of higher molecular
weight than the cut-off of the fiber membrane, it accumulates in the cell-contain-
ing compartment (normally the extracapillary space). As the vast majonty of the
medum circulates 1n the intracapillary space, the product 1s not diluted 1n this, as
would be the case in a homogeneous system (e.g , a stirred tank)

A higher ratio of product to culture medium derived contaminants: This greatly
facilitates the purification of the secreted product.

Reduced requurements for high molecular weight supplements* If the cells
require supplements of higher molecular weight than the cut-off of the fiber, then
they only need to be supplied to the small proportion of medium 1n the extra-
capillary space Often, these supplements can be reduced or omitted entirely once
the culture is well established, as the cells themselves may secrete factors suffi-
cient to maintain their own viability

A low shear environment The main medium flow 1s separated from the cells by
the capillary membrane Oxygenation also takes place in the itracapillary circuit
and/or uses a silicone membrane or similar gas exchange system, and thus the
cells are not subjected to potentially damaging contact with bubbles

From Methods in Molecular Biology, Vol 75 Basic Cell Cuiture Protocols
Edited by J W Pollard and J M Walker Humana Press Inc , Totowa, NJ
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Fig. 1. Schematic diagram of a basic hollow-fiber culture system.

5. Convenience: Compared to a stirred tank capable of producing an equivalent
amount of material, a hollow-fiber system requires only a supply of CO, and
electricity (i.e., no O,, N,, compressed air, steam, and drain). It is also a much
smaller, bench-top unit.

6. Cost: Again, compared to a stirred tank of similar productivity, hollow-fiber sys-
tems are much cheaper (2).

For these reasons, hollow-fiber systems have been widely used for the pro-
duction of monoclonal antibodies and other high molecular weight secreted
products, and this is the type of application that is be described here. These
systems have also found favor for many other purposes, such as the extracor-
poreal expansion of tumour-infiltrating lymphocytes (3,4), and, in particular,
as the basis for bioartificial organs such as liver (5—7), but such applications
are beyond the scope of this chapter.

1.1. Principles

A basic hollow-fiber system is shown diagrammatically in Fig. 1. Oxygen-
ated medium at the appropriate pH for the cells is circulated through the thou-
sands of capillaries within the hollow-fiber cartridge before being returned to
the reservoir and recirculated. In the simplest systems, oxygenation and pH
control is achieved by having a gas exchange surface (usually silicone tubing)
in a CO, incubator. More complex systems have a self-contained gas exchange
unit with the mixture of CO, and air passing through it controlled by feedback
from a sterile pH probe situated in the medium flow. The cells are situated on
the outside of the capillaries, in the extracapillary space (ECS). In such a sys-
tem, nutrient and waste product exchange is largely by diffusion, supplemented
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Fig. 2. Schematic diagram of an AcuSyst hollow-fiber culture system.

by “Starling” flow (8)}—flow out of the capillaries into the ECS at the upstream
end of the fibers, and back into the capillaries at the downstream end, due to
the pressure drop along the length of the fibers. This can result in the formation
of large axial and radial gradients of both nutrients and waste products within
the cartridge, leading to nonuniform (and thus suboptimal) colonization of
the ECS. This effect can be partially overcome by the periodic reversal of the
direction of medium flow in the capillaries (9), but the system which will be
used as the basis for the rest of this chapter, the Cellex (Minneapolis, MN)
AcuSyst-Jr and related Maximizer 500 and 1000, overcomes these problems
by inducing mass flow of medium across the fiber walls. This is achieved by
the application of a pressure differential, to first push medium from the capil-
laries into the ECS and then, by reversing the pressure differential, back again
into the capillaries (“cycling”). This system is shown diagrammatically in Fig.
2. The cycling (as well as waste outflow) is controlled by ultrasonic detectors
in the base of the extracapillary (EC) and, in some machines, intracapillary
(IC) expansion chambers.

Although what follows applies to the specific system mentioned, and is
based on the use of hollow-fibers with a 10,000 Da cutoff, the methods have
been couched as far as possible in general terms, and should be applicable,
with greater or lesser modification, to most hollow-fiber systems.
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2. Materials
2.1. Cell Line Characterization

1